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Preface

At its 70th meetingin Spring 1994, the Structuresand Materials Panelheld a Workshopto addresshe role of structural
analysisdesignin relationto aircraft qualificationproceduresin orderto establishguidelinesfor the futureand to seekout
thoseareasvherethereexistsacommonalityof approactbetweemations.

Discussiorof the papergresentecandafinal summarysessionevealedsomecommonconcernandissuesandgaveriseto
severatecommendations.

It is hopedthatthe Workshop— bringingtogetherthevariousviews of the aircraftindustry andcertificationagencies- has
servedn achievinghe goal & showingaway to reducedevelopmentost andincreaseeliability o structures.

Préface

Au printemps1990Jorsdesa70eme reunion e PanelAGARD desStructuregtMatériaux aorganisé uneréunion detravail

pourexaminetie réle dela conceptiomnalytique desstructuregnfonctiondesprocedures equalificationdesaéronefs. Les

participantsonteu pourobijectif d’établir desdirectivegpour I'aveniretd'identifier desdomaine®u uneapproch&ommune
desprobiemes existeauseindespaysmembresiel OTAN.

Lors desdiscussiongjui ontsuivi la presentatiordescommunicationset pendantla seancelecléture, les participantsont
mentionné un certain nombre de préoccupations et de problémes communs dansce domaineet ils ont formulé des
recommandatioreppropriées.

On peutespérer quecettereuniondetravail, qui a permisdeconfronterles différents avisdesreprésentants del'industrie
aéronautique et desorganismesg*homologation, amontreles voiesa suivre pourréduire les colts dedéveloppement etpour
obtenirunemeilleurefiabilité desstructuresi’aéronef.

O.Sensburg

Chairman— SubCommitteeon
Analytical Qualificationof
Aircraft Structures

1
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A ROLEMODELFORQUALITY MANAGEMENT
IN FANITE ELEMENT ANALYSIS.

by
John Barlow
Rolls - Royce plc
PO Box 31
Derby DEZ2 8BJ
England
SUMMARY.

Many engineerin companies use a Qualty Management System to 1s0 9001 as a means
of controlling quality and standards in their products and” operations. The National
Agency for Finite  ElementMethods  and Standards  has recently issued a Quality Systems
Supplement on the application of Iso 9001lto the use of finite element analysis in the
design and validation of engineering  products.  The paper presents a 'role model for a
ualty  system designed to fulfil the  requirements of that document. Quality aspects of
the following topics are covered; management of the analysis operation; acquisition,
development and verification of software;  qualification and documentaton  of analysis
methods; project  analysis; education and training of personnel. comments are included,

based on experience of Iimplementing  finite element quality procedures.

1 INTRODUCTION.

Many commercial organisations have a Qualty ManagementSystem (Qis) in  compliance
with the requirements of Iso 9001 (ef. 1), BS 5750, aQAPl efc, Used sensibly, a QMS
provides the necessary infrastructure ~  for_improving and controling  the qualty  and
reliability of finite element analysis. The National  Agency for Finite  Element Methods

and Standards (NAFEMS)have produced a Quality Systems Supplement (9SS) which addresses
the application of IS0 9001to finite element analysis. The QSS (ref. 2), lke all QA
requirements specifications, is  written primarily for assessors and in the required
format of IsSo 9001. This is not the most useful form for prospective assessees, who have
to fit the ‘igsawpuzzle' of requirements into a qualty system. The purpose of this
paper is to outine a qualty = system model containing the main features required to
satisfy the ©ss. Except for items covered by the overall QMSinfrastructure, the model
attempts to cover every secton of the QSS pertaining to product integrity analysis. In
order to correlate the features of the model with the QSS requirements, references  to
sections of the QSSare included iin the tet in the form (9,4.1.1). These relationships
are also summarised in Table 1 to help identifyrelevant sections ofthe current  paper
when working with the QSS.

This  interpretation is not uniqgue and is only one of many systems which could
fulfil the requirements. However it is hoped that, by highlighting the relevant  issues,
it will help others in designing QA procedures appropriate to their  application.

2 FITNESS FOR PURPOSE.

QA does not require every analysis to be done immaculately to the highest degree of
accuracy. The key to effective QAis to match the degree of quality contro to the
purpose o the analysis. Tothis end the 9SS (Q,appendix B) defines three ‘'categories of
Importance' of analyses as either  'VITAL, IMPORTANT' or 'ADVISORY'. Briefly these
relate to the consequences of failure of the product and the role which the analysis

fulfils in the demonstration of its integrity. The degree of control 1n each QA function
is linked to this category so that, for example, the degree of control for a 'vital
analysis is far greater thanthat required for an ‘advisory' analysis. This

categorisation ~ also operates in the Inverse mode. Where an analysis with the required
degree of qualgy control  cannot be provided for the application,then some other means
of integrity emonstration, e.g. physical testing, iS  required. Also used extensively in
the document is the ‘'scope of analysis' which Is defined by the type of analysis, e.g.
linear  elastic, transient dynamic, etc and the product type e.g. pipe systems, airframe
structures,

As well as the definitions given above, the validationterminology of ref. 3 is
used to distinguish the ‘verification’ of software from the ‘quallfication’ of analysis
procedures.

3 OVERVIEW.

Like any engineering endeavour, formal QA in FE isnt implemented in a day, it is a
process of development built on intent and experience. The most important aspects are a
management commitment to QA (Q,4.1.,%) and setting up the QMSframework 1n which it can
be implemented.

(© Rolls -Royce plc 1990
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Figure 1 Qualty mcdel overview.

The total analysis QAsystem (figure 11 is modelled in terms of: -

Three serial activities

o] acquisition, development and verification of analysis and associated  software.
0 development and qualification of analysis methods, and

o] product design development and integrity analysis,

where thesole  purpose of the first two activities is to ensure the efficient and robust
operation of the latter, and
o The management functions  which implement and coordinate the activities

o] The education, training and experience  of personnel.

Figues 2 to 4 gve detals of the three csntral items of figue 1 and can be
synthesised to fom a diagram of the total QA System. The asterisks * denote ‘controlled
documents', i.e. subject to formal issue and change control  procedures.

" Each of the above aspects is addressed in the following sections, starting in the
middle.

4 DEVELOPMENAND QUALIFICATION OF ANALYSIS PROCEDURES.

Analysis  methods development is an activity which most analysis organisations
actually do, although it may not be conspicuous or documented. The development and
qualification of analysis methods is central to QAin the use of FE, it provides the
ink between the general purpose software and its use in the analysis of particular
products.  Whether it is performed within a project, or by a group set up specifically
for the purpose, it is recognised as a distinct activity coordinated by appropriate
technical management (Q,4.1.2.1),

The activity is driven by project analysis requirements. It main functions are: -
o] Evaluation of software appropriate to the analysis requirements.
o] The development, qualification and documentation  of analysis  procedures.

Fiaure 2 represents the analvsis . methods. development cvcle... starting from. the
product -analysis - requirements (2a), software is evaluated (2b) and used in the
development “of analysis  procedures. The procedures are then qualified by validation
analyses (2c¢) using independently derived resultis. After approval by the appropriate
technical and project  authorities, the documentedqualified procedure is incorporated
into the analysis procedures library (2d) and released for product analysis. Provision
is made for analysis procedure error  reporting and control  (2e). Adjuncts to the above
cycle are liaison with  software  suppliers on error  corrections (2£) and the software
acceptance procedures (2g). Furtherdetails of these functons  are outined  below.

A significant pat of the analysis methods development concerns the acquisition of
analysis and associated software and this issue is addressed first.
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Figure 2 Development and qualification of analysis  methods.
5 ACQUISITION OF SOFTWARE.

The following assumes the common situation where the majority of analysis and
associated  software is acquired from a supplier outside the product design organisation.
The QA issues relating to purchased software ae -

o Evaluaton  of the suitability of the software to the analysis requirements  of the
product and the inherent limitations ofthe  software.

o Verification of the software against its functional specification.

o The software  suppliers software  Quality  Control  (s9Q¢) system.

o The software  support service.

‘The first  two items relate to the software itself (¢,4,6.1), the latter to the
organisation supplying the software (¢,4.6.2).
51 Evaluation and verification of software.

Distinction ~ is made between evaluation  of the software and verification of the
software. Evaluation (figure  2b) is based on_the software users perception of the code
in respect toits prospective application, The function  of evaluation is to ensure that
the software is appropriate for the required application,that its inherent limitations
are known and that it is not used beyond those limits. Software verification (figure
3¢), on the other hand, is based on the software developers perception  of the code in
respect toits technical and functional specification. The purpose of verification is to

demonstrate  that the software does what it purports to do. Thus verificatonaenerally |
confirms what the software will do satisfactorily, whereas evaluaton -demonstrates its

applicability to the product analysis requirements.

Software  evaluation is pat of the product design organisation's quality system in
software  acquisition. The two sources of preliminary evaluation arethe  software  theory
and validation documents. Examination of the theoretical basis and numerical  algorithms,
together with the range of validation problems, may be sufficient to demonstrate the
applicability and limitations of the software. Unfortunately software  validation manuals

do not generally demonstrate  the limitations ofthe  software (indeed it unusual for
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manuals to contain problems that pecform badly) and the end user has to do it himself.

Similar comments apply to tests for invalid problem or solution rejection (ref. 3).
~ The software is evaluated by identifying =~ and running problems, with established

solutians. which . reflect . . the technical reouirements __ of the product analvsis.

Particularly attention is gven to the analysis type. One of the main activities of

NAFEMSIis the production of benchmark problems (ref 5 to 10) for a varety of analysis
pes, These provide a useful source of evaluaton  tests. Where these are not adequate
or the purpose, it may be necessary to seek or design well specified problems which
wil  demonstrate  the software’s  capability ~ with respect to the analysis requirements.
Evaluation  provides technical management with the required appr=ciaktion of the software
limitations (9,4.18), The evaluation tests are retaned and used. in the subsequent

software  acceptance procedures  (see 55)

Software  verification is primarily a software  suppliers tunction, andshould be
pat of his Software Quality Control = system (see 5.2), however it is the responsibility
of the user to ensure that the verification has been performed. Evidence of satisfactory
verification should be contained in the validation manual supplied as part of the
software  support. ~ The verification tests must include the fundamental tests described in
secton 22 of ref. 4. Basically these demonstrate that the software has satisfied
fundamental tests for soundness and convergence, for example, element tests for

invariance, rigid bod%/ modes, constant stress patch tests etc. If  the verification tests
are not documented, the software supplier is required to provide the verification test
for wuse in the product design organisation. The tests are examined. for complete coverage
of the theoretical basis, facilities and numerical algorithms contained in the
theoretical and other support documents. Selected software  verification tests may be
included in the software  acceptance procedures (see 5b5).

In the QAsystem, software which does not comply with the requirements  of
evaluation and verification is not made available for use in analyses of high categories
of importance. The importance of the theoretical and validation manuals, in software
evaluation and verification, should be noted. Some guidelines to verification and

evaluation testing is given in section 2 of ref.

4.
LTS

4

documentation —
— el—(2)

Theory
Softwe 3 ———s Verif cation
wabifice on
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Figure 3. Software acquisition.

52 suppliers SQCsystem.

software  suppliers are ftreated likke any other suppliers of material and services
and are required to demonstrate a satisfactory ~and effective  quality system (Q,4.6.2).
The qualty = of software, supplied for demonstrating the integrity of the product, is as
important  as the material supplied for its manufacture.

The most important  aspects of the software  suppliers SQC, relevant  to the product
user are

o] control  of the software development process,
o] verification of the software (5.1), and

o the procedures for identifying, controlling and correcting software errors,




control  of the software development process insures against deterioration of the

software  under continual  enhancement and error  correction. It provides some degree of
confidence . that the s_u%pller can continue to provide the facilities required  to support
product integrity. Withdrawal —of an important — analysis facility can have serious

repercussions on product support.  Where such a risk exists, the source code may be
lodged in escrow. Software quality systems vary considerably between FE software

suppliers. It is the responsibility of the user to ensure that the software suppliers

sQC is satisfactory. The recent TICKIT (ref. 11) initiative, on the application of IS0

9001 to software development, is useful in evaluating the supplier's quality control.
Large computer programs inevitably contain some errors and it is unreasonable @ to

expect otherwise, however it is important that the code developer has effective

procedures  for controlling software  erors. The SQCsystem must define the suppliers

procedures  for detecting,reporting, controlling and rectifying errors.

53 software  support.

elud The requirements  for support of software, used in integritydemonstration analyses,
include  :-

o error and correction notification,
o documentation,
o] training specific to the software.

In additon to the SQCaspects of eror control (5.2) the software supplier  must
establish effective communication  of detected software errors, in particular the
reporting of serious software errors so that the user can control the use of defective
software  (Q,4.13). Periodic supply of a 'bug list provides the user with a useful
monitor  on the suppliers actions.

A guide to the documentation required to support use of the software is given in
secion 71 of ref 4 As well as the normal ‘users manual the documentaton  should
cover the verification, theory and numerical  algorithms, demonstration problems,  program
structure and computer system requirements. As noted in section 51, the two documents
which are most important to QA are the theoretical and validation manuals.  Unfortunately
these are the twoformal documents which suppliers are least likely to provide and the
user may have to exert some pressure to obtain them. The theoreticalmanual is the
closest thing to a functional specification against which the software can be verified.
The validation manual provides the primary evidence of software verification. Care may
be required in differentiating between verification and demonstration problem
documentation. Where necessary, access to the software suppliers actual  validation test,
rather than those in his 'demonstration' manual, is required.

The software supplier  must provide training in the use of thesoftware. This  should
not merely cover the mechanics of input, but should include such topics as the solution
methods used, limitations ofthe theory, element formulations and algorithms, diagnostic
and error messages and their meaning, outine of the program structure and operation.
Specific examples should be included which demonstrate the use of the code over the
range of facilities used in product analysis. The course need not cover basic FE
methods, which may be provided elsewhere, but should be sufficient to enable the product
user to provide in house consultancy on use of the software (8.2).

54 Internal Software.

Methods development inevitably involves  some ‘internal’ software  development  which
may not be identified as such. Many FE systems allow the user to insert  subroutines or
to “control the execution sequence Of modules. Data generaton modules may be written and
inked in a sequence of programs. Examples include the generaton  of constraint

equations, _element stiffnesses and load vectors etc. Use of uncontrolled software  of
this Is identfied  as a significant pa sk Al internally developed software  of
this type, used in qualified analysis  procedures, is subject ~ to the same QA requirements
as external  software, albeit in abbreviated form, in respect to documentation,

verification and support. This, together with software acceptance testing, software

error  reporting (see 55) and code security  procedures, forms the minimum in house
software qual(i}[ly system (¢,4.1.2). [ the product design organisation has a software
development epartment, not particularly for FE, theSQC procedures of that organisation
can be suitably adapted to cover this aspect.

55 Software acceptance and error  control.

The Purpose of the software acceptance testing is to ensure that new releases or
updates of software or hardware do not invalidate current  analysis  procedures,

qualification analyses or evaluations (Q,4.5,4). Acceptance tests are executed at

initial release the software to product analysis and for each update of the software
or for major changes in hardware. In practice, after the initial trials, subsequent
releases use simple fle to file'  checking software to compare the output with that of
a previous  satisfactory release.  Only new tests, or deviations from previous results,

are checked manually.
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The 'software  acceptance library' consists  of : -

o the test problems wused in the software evaluation (5.2).

o selected tests, relevant to the Project analysis requirements, taken from the

software  verification tests (5.1).

o the software execution decks used in qualification of current analysis  procedures

{see 63).

_Where there are significant =~ changes in te results, these are reported to the
supplier and the product analysis organisation. Where necessary, the analysis procedures
are amended and the qualification tests repeated.  After  satisfaction of the acceptance
trials, the software is formally released for product analysis use with identification
of the versionlrelease number, revised software documentation and a summary of the
software  changes.

The functon  of the product design organisation's eror control is to liaise  with
the supplier on software erors. This involves logging and reporting errors  to and from
the supplier and disseminating information on errors — and corrections to the users.
Particular attention is given to controlinu _ the use of software containinu  known

errors. Users are alerted to outstanding ervors by warning messages displaced at access
to the programs (Q,4.13}).

6 ANALYSIS PROCEDUREEVELOPMENT.

Analysis  procedure  development requires a range of expertise covering  product
knowledge, FE modelling, software and hardware. Al these must be present in the

development  activity. The development of qunalified analysis procedures starts with a
systematic. . review of methods in commonand established . use.. Pocumentation._. and
qualification of those -methods forms the basis of the analysis procedures library. This
consolidates the product analysis operation, improves its  efficiency and eliminates
uncertainties due to variations in practice.

6.1 Documentation of analysis procedures.

~Undocumented procedures  sufferfrom atrophy and misuse and can result in loss of
experience  with changes in personnel. The documentation of an analysis  procedure (Q,4.2)
includes  the following tems. -

o] The output data for which it has been qualified and the order of its accuracy. This
is limited solely to the data correlated in the qualification analyses (see 6.3).
The order of accuracy is based on the degree of that correlation.

o The scove and limitations of its applicability, defined _ in sufficient . detail __ ta
ensure that the procedure is not used outside that scope. Typically  these include
the identifying _Characteristics of the physical structure, oading  conditions,
analysis type, limitations of the behavioural modeling and theory assumptions.

o Reference to documented analyses used in qualification of the procedure (see 6.2).

0 The maximum categol of importance of analyses in which the procedure may be used.

This is based on the degree and number of reference validation analyses. The
category of importance defaults to ‘advisory' if the procedure is not qualified.

o The input data required for satisfactory execution of the procedure.

o The software and facilities to be used, e.<. element, solution and loading types
and options, vald constraint equations  etc.

o] The analyst controlled procedures, =e.g., te geometric representation, mesh size and
configuration, treatment  of sub-scale features, representation of loading, boundary
conditions and constraints, material  modelling, solution  procedures,  stress  output
interpolation, ~ interpretation to the physical problem etc. A comprehensive list  of
these items s given in sectons 3 to 5 of ref. 4. The level of detal must be
sufficient to enable an analystt of the relevant level of competence (see 8.2), to
execute the analysis in a satisfactory manner.

o The QA checks to be exercised within the procedure; pre -anal -ysis checks such as
element distortion, compatibility and connectivity; analysis execution checks such
as numerical  stability, convergence in iterative solutions, residuals, etc;
post -analysis checks such as stress continuity, total load, small displacements

etc. Examples of thistype of in procedure checks are given in ref. 12 and sections
43 and 44 of ref. 4

o Identification of the 'procedure  owner responsible for action on errors, omissions
and queries.
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6.2 Qualification of analysis  procedures.

Analysis  procedure  qualification is performed by analyses of realistic en%ineering
structures for which results, appropriate to the purpose of the analysis, can be
confrmed by some independent means. Confirmatory results are typically obtained  from
physical tests supporting integrity demonstration of previous products,  service
experience, failure investiaations._ . alternative analvses . or thid uardv., assessments.
Many test results can be-found in the open likeraturs. The qualification tests are
executed to the defined procedure, preferably by an independent analyst of the
aﬁpropriate level of competence, to ensure that the procedure documentation is adequate.
The documentation of a qualification analysis is sufficient to enable it to be repeated
without  reference  to any other documentaton so that, if the procedure is amended, the
qualification can be repeated with a minimum of delay. Qualification analysis  reports
are subject to formal issue and change control. The software execution  decks, used in
the qualification analyses,are added to the test library (65) for software acceptance.

In assessing the qualification in respect to the category of importance, both the
degree of correlation and the reliability of the confirmatory values are taken into
account. The more qualification tests and correlations available, then the greater the
confidence in the procedure and the higher the category of importance of analyses in
which the Drocedure may be used. Qualification of analvsis Drocedures Drovides project
managementwith an appreciation of the inherent assumptions -and limitations of the
analysis method {Q,4.18}.

7 PRODUCRNALYSIS.

Figure 4 shows the project analysis cycle. The product analysis is controlled by
the proect analysis manager through the project analysis plan (4a}. The individual
analysis tasks are allocate (4b) through analysis  specifications (4<) which use the
analysis  procedures qualified in the methods development activity. After checking df the
results (448) each analysis is documented (4=), approved by the analysis project — manager
and used to update or amend the plan (4f). Details of the individual items are given in
the following sections.
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Figure 4. Product integrity analysis.
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71 Project Analysis Plan.

The project analysis plan is a dynamic document which starts as a broad outine  and
becomes more detailed = as the design evolves. It is updated and amended as analysis

results are obtained and may involve tasks in the methods development activiy. At
completon of the project the analysis plan becomes a record which correlates — the
individual analysis ~ reports. The analysis plan isa controlled document subjected to

periodic reissue and change control  procedures.

Particular QA features of the plan are (Q,4.4.2):-

0 The identification of decisions or reviews, based on stsuctural  features and
analysis  results, which may result in updating the plan and redirection of analysis
activities.

o] Quantitative assessments,  estimates, design reviews and correlations between

analyses to be used in checking the results from individual analyses.
o] The scope and category of importance of each analysis.

Based on the scope of the analysis and t  catego of importance, each analysis
task is allocated to an analysis team (supsrvisor, an and software  consultantl  who,
collectively, fulfil the requirements of experience and expertise Isee 8.31.

72 Analysis  Specifications

~ The analysis team first prepares an analysis  specification which is agreed by the
project manager before  the anatl%/s_ls proceeds. = The purpose of the specification s to
ensure that the analysis is sufficient to fulfil its purpose,that the appropriate input
data_is available and that the results are relevant to the project needs. The
specification includes: -
o] the purpose of the analysis and output data required,
o] the sources of authentc  data for input,
0 the qualified analysis  procedure to be used,
o] the input and results checking procedures to be invoked.

Where a qualified procedure iS not availakle the procedure  itself is outlined in

the specification and the results used only for advisory purposes.

7.3 Results checking
At completon of the analysis the results are checked and assessed. This involves: -

o] Confirming  that allthe analysis  procedure QAchecks (6.1) have been executed

satisfactorily.

0 Comparison of the results with the estimates and correlations identified in the
analysis plan (7.1). Quantitative estimates  are obtained from traditional
simplified analyses,  ball ark and eyeball values based on product knowledge,

comparison with coarse mesh analysis, formal assessment or review etc. Checks like
total mass, load balance between substructures and other global quantities provide
us?ﬁél g ind_icatior}s of the validity of the results. Some useful results  checks are
include in ref.

o Assessment of the results based on knowledge of the physical problem. For analyses
of high category of importance, an independent assessment i.s performed by a
qualified individual who is not a member of the analysis team. A guide to results
assessment is given in secton 52 of ref. 4

74 Analysis  documentation

The controlled documentation  of the analysis consists of an analysis report, the
analysis record and project computer data files.

The analysis  report  provides only the information relevant to product design and
integrity. It includes: -

o] the purpose of the analysis,

o] an outline of the representation of the physical structure by the analysis model,
o] summary, discussion and accuracy assessment of the principle results,
o] relevance  of results to the engineering problem and design recommendations,

o] references to enable further  details to be obtained from the analysis records.




Summaries of analysis  reports, including the scope of analysis, category  of
importance  and  identification of analyst,  supervisor  and software  consultant, are stored
on a database. This is used for subsequent task allocation decisions (see 8.3).

The analysis record  includes: -

o the analysis  specification (7.21,

o] the key input data, in terms of the physical structure and model representation,
and the sources of that data,

0 selected output relevant to the purpose of the analysis,
o a summary of QA checks,

o] location of the input in the project computer files and the wvevrsion/release number
of the software used.

The analysis record, together with the stored input files, should be sufficient to
enable the analysis 1t be repeated or updated reliably with  a minimum of effort.
Gwde(l;fnr%? to the content of analysis reports and records are given in sectons 61 and
6.2 . 4

The project computer files = contain the program input, and where appropriate, output
relevant  to the analysis. Where a number of design iterations are involved, only that
germane to the definitive version is stored.  The data to be retained is defined in the

job closedown procedures (Q,4.15) and is stored in secured files.

8 QUALIFICATION AND TRAINING OF PERSONNEL.

The oss addresses.. the aualification ... of personnel on the. basis of collective
accreditation, rather than at the level of individuals, This provides flexibility in the
movement and advancement of personnel and avoids any contentious issues associated  with
unsolicited personal  accreditation. The requirements are that a 'team’, who collectively
provide the necessary expertise, be allocate to each analysis task . An analysis team
consists of a supervisor, analyst and software consultant. One individual may fulfil

more than one role, provided the requirements are satisfied.

8l Personnel requirements

The requirements are quantified in ref. 13 in terms of -
0 formal academic or professional qualifications,
o product analysis  experience, not necessarily in FE,

o FE modeling  and problem solving relevant to the scope of the analysis, and
) FE software  application experience.

. The required  degree of training and experience varies with the category of
importance  of the analysis and must be relevant to the scope of the analysis. Formal
training in FE methods and software  application contributes to personnel  accreditation.

Job experience. accumulated in one cateagrv.. ., contributes to aualification for tasks of a
higher  category. Thus an analyst may perfiorm low category tasks, under supervision,

until sufficient experience is gained to perform such tasks unsupervised. He may then
move to a higher category under supervision, and so on. In cases where the required
software  application expertise is not available within ~ the product design organisation,

it may be necessary to contract  suitable personnel from the software suppliers

organisation. Similarly if the organisation is subcontracting analysis of an unfamiliar
product, the necessary product expertise may be provided y the contractor.

82 Provision of ftraining.

Training is provided by a combinaton of formal tuition and on job training. It is
effective to use two types of course, one in general FE methods and others in the use of
particular FE software = packages. This leads to a better appreciation of the analysis
technology and maintains flexibility in the use of different codes.

Lecture courses in FE methods are provided for all analysis personnel, except for
those who qualify by vitue of experience aone. In a large organisation it is economic
to run such courses in house using an external  specialist. The course follows the NAFEMS
recommended syllabus  (ref.  14}. This syllabusalso provides a basis for evaluating
training courses. As a follow up to theteaching, suitable 'starter packs' of product
oriented  problems are made available. Self study is encouraged through subsidising
purchase of the NAFEMSprimers (ref.  15). Training courses in the use of particular
software  should be provided by the software  supplier. The content of such courses 15.3)

is reviewed and neaotiated.. ., with.. the supplier, in respect ta the product desian
organisation's needs. The supplier may require some encouragement to emphasise the )
limitations of the software. Courses of both types are provided when the requirement s

identified (see 831
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On job training is controlled by the task allocation process itself (see 8.3 and
711. The requirements  for experienced personnel in high category of importance tasks,
forces  inexperienced personnel to be used in low category tasks wuntl  sufficient
experience  has been gained to undertake higher category = work.

8.3 PersonnelRecords
The following personnel  information iS extracted from various sources:

o Professional qualifications and years of engineering experience  from the company
personnel  records.

o Training  course attendance from the training records.

o The category of importance, scope of analysis,  identification of the supervisor,
analyst and program consultant, from the analysis report summaries (7.4)

This  information is coordinated in a data base ind used in a variety of ways: -

o In task allocation. Given the cateagry . of importance, scone of analvsis._ and a list. .
of available personnel, all possible  teams which fulfil the requirements are
retumed. This provides a management aid ia task allocation and job scheduling.

Note that this does not prevent the project manager from rejecting any team which,
based on other considerations, is deemed te be inadequate.

o] In the provision of training courses.  Given the training course type, retuns a
list of personnel that require the training in order to progress to higher category

of importance tasks. Provides a means of scheduling courses.

Q In on job training. Given personnel identi:ication, retums list of analysis scope,
category of importance and roles, required to advance to higher category tasks.
Provides a means of monitoring the advancement of individuals.

9 DISCUSSION.
The real qualty of the analysis is determined by technical considerations.
Operational QA procedures  are only necessary to ensure that quali controls  are

actually performed.  The QA systemshould be a tool to help you do a better job, not some
bureaucracy you have to overcome. A QA system, which is dominated by procedural aspects
is ineffective. The emphasis should be on technical documentation, which  generally

speeds up the operation, with  procedural Q@A documentation, which pears to slow it

down, kept to a minimum. It is important to use experienced technica staff  in

determinina . auality ., procedures. usina_ a QA consultant__. only, in. an advison. . capacity.
Unfortunately not all organisations use their most imaginative people for QA activities.
Bureaucratsgenerate bureaucracy which is a burden to managers already working  under
project ressures. A recent survg}/ by Zins (ref, 12) shows that the majority of analysts
are actually in favour of technic quality  control  procedures.

~Too much control  can stifle innovation. A good Qms shouldnt  stop you doing
anything  except endangering the product or the company. Control should be aimed mainly
at trapping emors as soon as possible after they occure. In this context, quantitative

checking is identified in six progressive phases backing product integrity

demonstration.

o In the software verification (5.11,

i,e. is the software correct?.

a In the software evaluation  (5.11, o
i.e. is the software appropriate to the application?.

0 In the analysis ualification (6.21,

i.e. is the procedure for using the software correct?.

o In the software acceptance trials (5.5).

i.e. has the software changed?.

o During executon ofthe analysis procedure (611, ) )
i.e. are the software and analysis procedure behaving well in the particular
analysis?.

o Post analysis results checking (7.3},

i1.e. arethe analysis results credible?.
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The recommended first steps in implementng a FEQASystem are toc:-
o constitute a technical body with responsibility and authority for the analysis
quality  system,
o] agree responsibilities, within ~ the organisation, for each activity required in the
QsSs,
0] review current  practices against the requirements.
~ Experience of implementing  finite  element qualty  assurance (ref.  16) reveals that
it is mainly a process of unifying, formalising and reinforcing existing practices and
procedures.
TABLE | Correlation of the Qualty Model and the @SS requirements.
Q0SS see.
requirement section.
411 3, QMS
412 54, QMS
4.1.2.1 4,7, 7.1
4122 7.3
42 61, @Ms
43 71
442 7.1
4421 7.2
443 7.2
444 7.4
445 5.1, 5.2,
446 Figures 2, 4
45 6.1
451 5.4, 6.1, 6.2, 7.1, 7.4
452 6.2, 7.4
46.1 5, 5.1
462 5, 5.2
463 5.3
464 5.5
48 5.5, 7.4, QMs
4.9.1 7.2
492 6.1
4101 5.1, 5
4103 7.
4104 51, 61
413 51, 55 72
4151 54, 74
417 83 QMS
418 . 8 51, 62
QMSdenotes that the requirement is covered by the parent
Quality Management System in which the FE aspects are implanted.
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VALIDATION DESLOGICIELS D'GRIGINE INTERNE ET EXTERNE A L'AEROSPATIALE
VALIDATION OF IN- HOUSEAND EXTERNALSOFTWARE SYSTEMSAT AEROSPATIALE

J LOCATELLI and IC SOURISSEAU
Structural Research and Development Department
Adrospatiale, Aircraft Division
316, Route de Bayonne
31060 Toulouse Cedex 03, Prance

SUMMARY :

In the aeronautical industry, the concept of numerical simulation s implemented, at first, in the
preliminary design stage, and then during the certification activities with respect to the airworthiness
regulations. This implies the development and the use of calculation software,  of which it is necessary
to improve tha validation at different levels.

The purpose  of this paper is to describe the different features  of these validation tests n the
design, use and evaluaton  of these software systems. the experience of the engineer then plays =2 major
role in obtaining  high qualty models in the design of aircraft Structures.

1. INTRODUCTION

In the framework of aircraft project  development, finte  element analysis is performed at each step
o the structural design  process.

In the preliminary design stage, the results of finte  element analysis may be used for pre - sizing
different structural components.

Additional calculations requiring the stress analysis  background of structural design specialists,
may be required from finte  element results.

During the progress of the structural design, several revisions of the analysis model 2r: made, in
order to optimize design on the basis of strength and weight criteria.

Finally, a stress report according to airworthiness regulations, is  written; t & based upon the
analysis of the finalized design, and correlated with results  of experimental data obtained ©n laboratories.

In the past, the number of analyses perfomed with finite  element tools was limited, because of the
lack of user - friendly interface foe pre- and post - processing  (consuming extensive  manpower), and because
of the law performance of computing resources.

Nowadays, i communication between designer (with his CAD.  facilities) and analyst (with his Finite
Element software  system) is st not perfect, the number of iterations in the design process increases
and the complexity of real structures is represented by moreandmore refined  models.

The fact stil remains that many assumptions arc made © reduce this complexity 1 a2 manageable level
in the finite  element model, for the best compromise between time saving and result interpretation, which
is not easy for designing details.

In addition, new domains are opened by the Finite  Element Approach. So, this approach, in the field
of idealization, must be based on specific  design check goals : the suitability of the design wmust be
judged on a variety of criteria (static, dynamic,  stability features, in linear and non-linear  domains).

Al these remarks show the complexity of structural modeling  which involves  validation o the
software itself, organization of work and associated teams, and high qualification of engineers.

2. IN- HOUSESOFTWAREYSTEMS

At Aerospatiale (Aircraft Division), finite element  calculations are performed by an in-house software
system called ASELF which provides  capabilities of modeling  conventional linear  phenomena (static,
bucking analyses, ...), and non-linear aspects (large displacements, post - bucking  ...), optimization
strategy ~ under static and dynamic constraints, and finally identification techniques (correction of
models on the basis of test resuts). Sub-structuring techniques enable very large problems : resolution
of linear systems with two hundred thousand unknowns for completely — modeling an aircraft for flutter
control  studies; to be dealt with by the new generaton of computers (Cray X.t1.?.),

ffwe limt our study to the problem of validating the software itself, excludng  modeling and data
problems, a distinction must be made between two separate aspects : the first concemns examinaton of the
finite  element library itself, and the second, the software (other than the finite .

Addiion  of a new type of finte  element always corresponds to a need either for new calculation
possibilities, or for more accuracy or reliability.

When the need appears, the first Step of the research process consists in studying the bibliography
on the subject and finally in choosing thea right  formulation according  © industrial utilization : cost
and performance, robustness, facility of interpretation of the results



2-2

Once the development of the element inside the software has beendone, its validation then comprises
two phases. Thefirst consists in checking that we indeed get the expected results by making a comparison
with results  known fromother Sources, eitheranalytical, or published by other authors with similar
types Of elements through other finite element software  systems.

The second consists in determining  the validity envelope of the alezear : limitation of geometrical
shapes, sensitivity 0 distortion. The practical validarioa is thenobtained ly comparison  between
calculations and experimental  results  of specimen tests ot existing Structures, by modifying the associated
model. The interpretation of the results  must take into azeount Modelling features of the Structure = mesh,
boundary conditions, loads ... Generally,thesecomparisons are permanent, in order 1t achieve accuracy
o structural modelling.

The secondaspect of software validation is © check the code forwhich,apartfrom the numerical
approximations due  computercalculation errors,  the apyroximations are due to the algorithms  used.
It is thennecessary o isolate,a8 far as possible, the verificationof these  algorithms.

Prom a data processing point of view, modular architecture makestests  =asfar, An algorithm & checked
similarly to a type of finte  element First of all, calculations are made aczording 10 known results
analytically or in simple and well identified situations. Comparisons  between calculations and tests are
also performed. If we take the example of the vibration modes of an aircraft, the frequencies and the
associated modal shapes are checked with those of the corresponding vibration tests, and with analysis
of the considered  structural model.

Another factor of software  evolution is the conrtinuous development of tho finiteelement method
itself, and the  progressive extensionof its soope. Research is stilil very actciva in this  field. But from
cegaazeh 0 industrial application, there is a long process that can be qualified as validation inthe
broad sense of the term,which takes Some time in some cases, for new aaalysis domains opened.
Correlations between calculations and experiments may offer some information to thecritical mind.  For
example, take the post buckling analysis of a stiffened punel, Interpretation of the results of the
experiment  shows that correlations can only be made by taking the initialconstructionimperfections and
initial stresses  into account. The practical modelling then consists  in  introducing into the model,

a very small geometric {mperfecticn resembling the deformed shape observed during testing or, for
specific loading conditions. That raises the problem of previsional calculations,without performing fests.
Futurs developments, of course, will probably permit  such calculations.

General steps of validation are available for the development of other structuralanalysis methods.
In the particular case of the boundary elementmethod, some correlations with  the finite elementapproach
are fruitful. In 2 more generalway, comparisons with  different methods are intsresting from the safety
of results point of view; especialy when well-suited experimental dataare lacking, for investigation of
new analysisz domains.

3. EXTERNAL SOFTWAREY STEAS

In the context of Europeancooperation, industrial work-sharing between eacn partner implies
responsibility for the design and manufacture  of respective sections, and consequently, finte  alament
modelling,  with a given software system. It can be softwareavailable on the market (NASTRAN) or in - house

software. Some studies (static load conditions  or flutter raleulatioas) require modeling  the whole
aircraft.

The exchanges of models between each partner raise tte problem of consistency  between element
libraries. Each partner  1s responsible  for establishing the correspondence  between the finite elements
used in the Other Software system8 and those of the software he used himsef.

Exchanges of simple representative modelling data are thenmade t check that the correspondences
are Correct. If not, the developmentof new types of element can be necessary, for different reasons :
fomula  or physical property  representation

When dataabout  aircraftsections are exchanged, a cheek & also made an significant load conditions
b make sure thatgood  agreement iz obtained with the target, to within a few percent  Validation of
transfersof information, made by specialized interface software systems, B necessary;not only on the
types  of finite elements, but on thewayin  which boundary conditions, relations betweendegrees  of freedom
(different from one software system to another) are made

The concept of Standardization of methods for transferring data between finite element software
systems 1s now advancing, via an extension of the Aerospatiale standard SET, used before strictly far
exchanges between CAD. software systems. An interface between ST and ASELF has been  developed;
interfaces with other commercial software systems are going be launched.

The above remark illustrates the destre © provide che structural designteamswith a simulation
tool that has been validated at al levels, both from the dataprocessing point of View, for total
reliability of operation, aad from the point of view of formulation,the associated  algorithms  aad the
permanent comparisons With other software  systems (aot onlybased on the finite element method, suchas
the boundary element approach for exampe).  The verdict of all these studies is the ful scale test (ground
and flight  condiions).




4 DESIGN PROCESSAND VALIDATION

The Structural Department is in charge of validating designoffice drawings,  concerning  product
definition and associated  sizing.

If a great effot & made to find the best integrationbetween their  respective (and  validated) toals,
£, - Finte Element Analysis and CAD. facilities, special  attention is focused on work organisation

in order to optimize final product definition.

For the Structural Department, i order to provide quantified information to design office teams,

different kinds of finte  element models ars involved in the iterations between analysis and design,
during the general design process.

Simplified models based on simplified geometry at the preliminary design stage, useful for first
loops of optimization tools, giving, in particular, sensitivity analysis;  then more and more refined
models, either for the whole aircraft, or for a structural component. Detalled analyses are necessary to
verify  structural behaviour for the more complex cases. Updates of the drafts are made on the basis of
interpretation of results according 1 background and experience of engineers.

Haw can interpretation be validated ? The interpretation involved  in generating  a suitable  finite
element idealization performed in a specific  analysis goal, or interpretation of the model results
according to assumptions made © reduce complexity of the real Stuctures.

Idealization means geometrical  simplifications, decisions  for assigning  physical  properties to the
model, choices for joint ~modeling and reflection upon boundary  conditions.

Some of the concepts behind various steps of interpretation, which seems justified forthe  analyst
may lead to results, that are had to interpret forthe  designer.

Developments around post - analysis  of the finite element tool, by additional calculations, arc
sometimes necessary, if rulas can be well defined. Such is the case for practical design of fastening
between panel, frames and stiffeners.

Only training, understanding  of structural mechanisms under the given load, experience and knowledge
of used finite element software features  (such as : finite element type behaviour) can provide
satisfactory resuts  for a successful  and reliable analysis, during design and certification of structures.

5. CONCLUSION

Correct adaptation  of structural analysis  software 1 technical needs, associated with training

end qualification of design teams, imples & necessary and permanent effort,  which is a consumer of
resources; therefore  a certain  investment, the cost - effectiveness of which & ensured by the quality of the
software  product, the suitability to requirements and their  evolutions.

If well-suirad training is a soluion © the satisfactory practce  of conventional  structural analysis,
the problem of handling new complex calculation (aoa linear  ...) B raised. Perhaps, in the future,
development of monitoring  systems implemented inside software, based on experience and knowledge of
technical  development teams may provide some help for that queston. Evoluton  of work organization will

probably  be necessary. Reflection must Start

From this point of view, i 1s extremely advantageous 1 participate in workshops for sharing
experience.
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ANALYTICAL CERTIFICATION OF AIRCRAFT STRUCTURES
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ABSTRACT

Analysisis expectedto play animportantrole in the designandvalidation of future
aircraft structures. This paper pointout a needfor the developmentof professional
standardsn order to implementthe conceptof analytical certification. Standarddor
analysisandcriteriafor model definitionarediscussedn somedetail.

1 Introduction

Thedevelopmenof anewaircraftor anewderivativeis anexpensiveandtime consum
ing process. The aerospacendustry aroundhe world has builtmanysuccessfubircraft
overthe years. Much of the pastsucceswasdueto extensivetest programs conducted
duringthe development.The aircraft developmentycle generally includes anyriad of
test programs: coupotests, componerests,full scalestatic andfatigue tests,ground
vibration testswind tunneltestsandflight tests. Thestestsarethe primary contributors
to theever increasinglevelopment costsA rational approacto controlcostsisto increase
emphasin analyticalcertification with necessarybutlimited) experimentaVvalidation.

Therecentproliferationof commercialandpublic domain softwardor analysispartic-
ularly, pointsto the advantagesf analyticalcertification. Finite elementprogramssuch
as NASTRAN, ANSYS, ABACUS, ADINA and ASKA are powerful softwaresystems
that permit modelingof complexaircraft and spacecrafstructures.They arebeing used
extensivelyby the aerospacendustry aroundhe world. The new structuraloptimiza
tion systems, ASTROSUSA),LAGRANGE (Germany)ELFINI (France)STAR (UK),
SAMCEF (Belgium), etc.arein intense developmernandthey providenewopportunities
for the designof ultra-light weight structureswith stringentperformance requirements.
Most of the modernstructuralanalysis softwares basedon afinite elementformulation,
andthey can beusedwith commondatabaseandpre andpost processor software.

Theseanalysisand optimizatiorsystemsare merely sophisticatedools. The success
of their applicationis contingenton the user'sunderstandin@f the physicalsystembeing
modeledandthe limitations of th-esoftware systemAvailability of theseprograms alone
doesnot guaranteeaccuracyof the analysisor reductionin computationalcost. The
technicalcommunity mustmakea concertecdeffort andalongtermcommitmento promote
analysis asa reliable certification tool. This approachis particularly appropriatenow
becausef therapiddevelopments both low andhigh endcomputersand theconsequent
reductionin computationalcosts. I all the benefits,suchas, shorterschedules, facility
for parametric studies arnthe potentialfor technologytransferareaddedup, thereis no
guestionthat analysiswill play akey role in total quality managementAnalysiscan aid
in two important areasof technologytransfer. Transitiorof knowledgeand tools from
the researchlaboratoriesand the methodsdevelopmengroupsto the applicationsand
designofficesis oneform of technologytransfer.An equally importanttechnologytransfer
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involvestransmissiorof lessondearned frononesystemdevelopmento the next. In both
casesanalytical approachaesifer significant costand scheduleadvantages.

Analysisas acertificationtool becomes realityif thetechnicalcommunityestablishes
crediblerequirementsn the form of

Professionastandardgor analysis

o Criteriafor modeldefinition

Certificationof commercialsoftwaresystems
Benchmarkingor validation

e Training- TechnologyTransfer

¢ Communicationbetweenanalysisand experiments

The scopeandlimits of these requirementmre certainly difficult to defineandneedcare
ful deliberation before recommendinghem to the community. They should remain as
voluntaryguidelinesand shouldnot abridge creative applications.

Thetechnical committee§TCS)of the AIAA (Americaninstitute of Aeronauticsand
Astronautics) areddressingsomeof theseissues. The Dynamics TC hasa subcommi
tee on technologytransferand training. The charterof this subcommittees to develop
effectivemeansfor transferringtechnology developedn the researcHaboratoriesand the
universitiesto industrywhereproduct developmentakesplace. Similarly the Multidis-
ciplinary Design OptimizationTC hasa subconimitte@n benchmarkingand validation.
The charterof this subcommitteeis to develop benchmarkproblemsof varying degree
of complexity and to provide guidelines for modelinghe physicsof the systemand its
environment.A few years agahe National Agency for Finite Element Methodsind Stan
dards(NAFEMS) in the UK hadundertakerthe admirabletask of developingstandards
for finite element modelinglt has alreadyublisheda numberof booksandprimersand
continuedo orchestratenodeling issues a lively magazinecalled “BenchMark”.

The purposeof this paperis to initiate a dialogueand toidentify someof the issues
of importancein analyticalcertification. It isjust a beginningand by no means awell
researched thest® makespecificrecommendationat this time.

2. Standardsfor Analysis

The discussionin this sectionis in the context of finite element analysiFEA) as
appliedto aircraft structures. Why finite element analysis? Aircrafitructuresar-egen-
erally built up of many structuralelementssuchas panels,beamsand joints. They are
articulated andonsistaof a complexarrangemenef sparsyibs, skins,sparcaps,rib caps,
stiffenersand longerons. Before the adventof finite element analysisircraft designers
madegrossapproximations, such aspresenting lifting surfacesby equivalentbeamsor
platesand thefuselage bybeams. A representation withhods and shearpanels (inthe
contextof a multi-cell box beam)was the most sophisticationthat was availablebefore
the eraof generalpurposefinite elementcodeslike NASTRAN.

Aircraft structures areoo complexor clutteredto be represented bgingle contin
uum models. Thesesimplemodelsdo not provide enough accuracgnddetailedstrength
and stiffnessinformationto designmodern aircrafivherethe performanceandweight re-
quirementsareextremelystringent. The behaviorof plates,beams,androds fromwhich
aircraft structures areonstructeds governedby oneor more differentiakquationsand
they can besolvedwith strict assumptionsf continuity andcomplexboundaryconditions.




Howeverwhenthey all cometogetherat thejoints, with their differentialequationsijt is
difficult to establishcompatabilityand makea meaningfulanalysis. Finite elementanat
ysis, on the other hand, allows modellingthesediscretestructuresy approximatinghe
differential equationdy algebraicequationsvhich do not normally requirecontinuityand
compatabilitybeyondthefirst level. Also, it is easyto representomplexboundarycondr
tionsin simpletermsin a finite elementanalysis. An evenmore importantconsideration
is that the algebraicequationscan be solvedvery efficiently on moderndigital computers.
In responseéo this facility andversatility numeroudinite elementanalysiscodeswerede
velopedduringthe 60sand 70sfor public domainor commercialpurposes.They areused
extensivelyfor the analysisof aerospacemechanicalgivil andmarinestructures.A partial
list of frequentlyusedfinite elementcodess: NASTRAN, ANSYS,ABACUS, ADINA and
MARC. Emphasidgn the 1980shasbeenon the developmenbf multi-disciplinary prelim-
inary design‘programs suchas ASTROS.They also are basedon finite elementanalysis.
In addition,they haveextensiveoptimizationcapability. When thesesystemsare fully
operational,they canreally bring the impact of modernsupercomputergo the design
office in an unprecedentedvay in orderto improvethe performanceat a minimumcost.

The purposeof afinite elementanalysisis to determinethe performanceof aerospace
structures. The strength,stiffness,and staticand dynamicaeroelastipropertiescan be
estimatedquite accuratelyby analysiswith finite elementmodels. Whenthe physicsof
the problemis well definedby appropriateelementsboundaryconditions(geometry)and
loading conditions (flight environment) a finite elementanalysiscanbe very reliable and
cost effective. The costof testingcanbe significantly reducedby promotinghigh quality
analysis.

Theobjectiveof analysiscannotbe achievedvithout a disciplinedandwell definedap-
proachfor developinginite elementmodels trackinginput datafor a givensoftwaresystem
andvalidating the output of the analysis. The presentanalysispracticeis unstructured,
andit is oftendifficult to verify its validity. In 1987a preliminary Data ltem Description
(DID) wasproposedn an ASIP (Aircraft Structuredntegrity Program)Conference('for
the delivery of finite elementmodels. The DID calls for threerequirementdor presen
tation of finite elementmodelsfor verification. The generalrequirementsdeal with the
developmenbf a narrativeof the analysisproblem. The analysisdatarequirementsare
developedfor five typesof analysis. The output requirementsare for validation of the
analysis. The contentsof this DID aregivennext.

21 General Requirements

Thefinite elementdatasuppliedmustaccompanya problemnarrative. This narrative
mustincludethe following items:

o Configurationversion.

o ldentificationof the documentsand/ordrawingsfrom whichthe modelwasgenerated.
Copiesof thesedocumentsnustbeprovidedif theyarenot availableto thegovernment.

A key diagramshowingthe location of the componentbeing modeledin relation to
therestof the structure.

A brief descriptionof the physicalphenomenaeing modeled.
e A discussioron the coarseness/fineness of the grid selected.

o A rationalexplanatiorfor the elementsselectedor the model.
o An explanationof the boundaryconditions.
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e Materials- Identification of the Mil Standardrom which the mechanicalproperties
werederived. Reasons foany deviationsfrom the standargroperties.

e A complete descriptiomf the flight maneuverdgor which the loading conditionsare
attributed.
¢ Planformused foraerodynami@nalyseshowing all important dimensions.

2.2 Analysis Data Requirements
Thefinite element analysis modedseclassifiedinto the following five categories:
Static Analysis Models
Dynamic Analysis Models
Aeroelastic Analysis Models
Heat TransferAnalysis Models
Acoustic Cavity Analysis Models

a & w N PR

221  StaticAnalysis Model Requirements

A static analysisbasically requires agood stiffnesgepresentation.However,when
gravity loadingor inertiarelief conditionsarespecified, a goodmass representatioris also
required. This massrepresentatiommustinclude both structuralndnonstructuramass
distributions. The finite elementmodelsfor static analysismustconsistof the following

itemsasa minium.
1. Geometry- (asappropriate)

Grid Point Coordinates
ElementTypes
Element Connections
CoordinateSystems

2. ElementProperties (asappropriate)

Thicknesses
CrosssectionalAreas

Momentsof Inertias

TorsionalConstants

Fiber Orientations

Otherproperties asequiredfor special elements.




THIS DocuMENT PRavipeED BY THE ABBOTT AEROSPACE _
. TECHNICAL LIBRARY

3. Material Properties (asappropriate)

Isotropic

Anisotropic

Fiber ReinforcedComposites
TemperatureDependentProperties
StressDependentProperties
ThermalProperties

DampingProperties

Otherpropertiesas requiredfor specialproblems.

4. BoundaryConditions- (asappropriate)

SinglePoint Constraints
Multipoint Constraints
Partitioningfor Reductionor Substructuring

4. Loading- (asappropriate)

StaticLoads

Gravity Loads

ThermalLoads

CentrifugalLoads

Otherloading conditionsasrequiredfor specialsimulations.

For bucklingor nonlinearanalysisadditionalinformationis requiredonthefollowing items:

¢ How the nonlinearmatricesare derived.
e Themethodof solutionfor the nonlinearproblem.
e A descriptionof the methodin the caseof aneigenvalueanalysis.

2.2.2 Dynamic Analysis Models

The dynamicanalysismodelsrequirei) geometry,ii) elementpropertiesjii) material
properties,andiv) boundaryconditionsas describedor the staticcase. In additionan
accuratenonstructuramassanddampingrepresentatiois required. Generallyfive types
of dynamicanalysisarecontemplated.
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Normal Modes Analysi®r
e Complex Eigenvalue Analysis
Frequency Response Analysis

TransientResponsé\nalysis
RandomResponsé\nalysis

In the first two cases onlythe methodof eigenvalueanalysisand thefrequency(modes)
rangeof interestneedbe specified. For frequencsesponse analystbefrequenciesf inter-

estmustbe specified.For transientresponsenalysis the dynamicioad must bedefinedas
a functionof time or mustbe providedastabularvalues. Forandom response analysibe

statisticalnatureof the input(suchasPSD, Auto Correlation)and thestatisticalquan

tities of the outputdesiredmustbe specified.In. additionall the informationon dynamic
reductionand/ormodal reductiomrmust bespecified.

2.2.3 AeroelasticModels

An aeroelastic analysis requiresathematicalmodelsof the structure and theaero
dynamics. The structureis generallyrepresented by finite element model§FEM). The
requirementgor the structureanodelsareasspecifiedunderstaticanddynamic analysis.
They include mass stiffnessand dampingepresentationBoth structuraland nonstruc-
tural massdistributions shall bencludedin themass model. Theaerodynamienodelsare
generally based on panelimg equivalentmethods.Therequirementof the aerodynamic
modelsarethoseof the panel geometryhich coversall the lifting surfaces includinghe
control surfacesthe empennage (horizontahd verticaltails) andcanardsurfaces.The
fuselageslender bodyand interference panelshall bemodeledto representhe flow-field
adequately.The altitude(air density)mach numberandotherrelevantaerodynamiga-
rameters musbe specified. The details of the aerodynamidheory andthe limits of its
validity must be clearly defined.In addition,datafor the force and displacementrans
formations fromthe structuralgrid to the aerodynamicgrid {and vice versa) shall be
includedin the aeroelastic modelsTwo typesof aeroelastic analysiare contemplated.
Both dealwith the phenomenormf aeroelastic stitbility Thereal eigenvalueanalysisis the
basisfor determiningthe static aeroelastcstability. There area numberof methodsfor
determiningdynamic aeroelastistability (flutter analysis)and thedetailsof the method
(referencesand thenecessarydatashall beprovidedwith the models. Flutter analysis
is generallyan iterative processand can alsoinvolve more than one flutter mechanism.
There areoften specialtechniques associatedith the flutter analysis,and theycanbe
definedin termsof therangesof the aerodynamicparameters. Suchdatashall beincluded
in the aeroelastic modelsin addition,provisiors mustbe madeto includethe effectsof
therigid body modeson theflutter model (bodyfreedomflutter). If it is anticipatedthat
thesemodelswill be usedfor aeroservoelastianalysis,then the datashall be provided
for a statespace formulation.Also sensoractuatorlocationsand their rangeof opera
tion and/or limitations shall be included inthe data.In addition,a flight controlsystem
block diagramshall beprovidedwith sufficientinformationto define alltransferfunctions
and gainsusing S-domain variablegor analogsystemsor 2-domainvariablesfor digital
systems.The units of importantparametershall be provided.

2.2.4 HeatTransfer AnalysidModels

There are threelementsto heattransfermodels: the heat conductingmedium,the
boundaryconditionsandthe heasourcesand/orsinks. Thedatarequirementgor theheat
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conducting mediunare similar to thosedefined forstatic and dynamicanalysis. For in-
stancehe geometry definition includethe grid point coordinateselementtypes,element
connectionsaand coordinatsystems.Elementscan beclassifiedinto volumeheatcondue
tion andsurfaceelements.The elementtype designatiorfor the volumeheatconduction
elementis generally derivedrom the degreeof approximatiorof its shapdunctions.The
surface elementare usedto model aprescribedheatflux, a convectivelux dueto the
differencebetweerthe surfacetemperaturendtherecoverytemperaturer local ambient
temperatureandradiationheatexchange.Appropriate materiaproperties,singlepoint
and multipoint boundaryconditionsand descriptionof the heatsources(appliedforces)
havea similar correspondendea the static and/ordynamicanalysis. The surfaceheat
convectionor radiationdetails shall be provide@@hroughsurfaceelements) aspproprt
ate. Theresponse variables imeattransferanalysisaregenerally gridpoint temperatures
or thetemperaturgradientsand heatfluxeswithin the volumeheatconduction elements
and the heat flow into the surfaceelements. Four typesof heat transfer analysisare
contemplated:

Linear SteadyStateResponse Analysis
Linear TransientResponse Analysis
Nonlinear SteadyStateResponse Analysis
Nonlinear TransientResponse Analysis

PR

It is often necessaryo adoptspecialtechniquedor obtainingstablesolutions,par-
ticularly in the last twocases. The datapertainingto thesespecialtechniqguesandthe
limitations of the nonlinear algorithms shaltie fully identified.

2.2.5 Acoustic Cavity Analysis Models

Basically there are three elements in acousticavity analysis models:the acoustic
medium,the boundaries, anthe sourcesf excitation. The acousticmediummodelshall
consistof grid points andacousticelementsconnectingthese gridpoints. The response
variablesaregenerallythe pressurdevelsand thegradientsof the pressures (with respect
to the spatialvariables)at the grid points. Sofor a generalthreedimensional acoustic
analysistherewill be fourdegreesof freedomper node (correspondingp four response
variables)in an acoustiemediummodel. The propertiesof the acousticmediumcan vary
with thetemperaturendpressure distributioanddensity. Theboundariesf theacoustic
model can besolid walls, flexible walls, openingsin the walls and walls with acoustic
materialwhich can be represented as complex acoustic impedancdzor complicated
boundaryconditionsseparatdinite element modelsnay be necessary irorderto derive
theboundaryconditionsfor the acousticmodel. Theséinite element modelarebasedon
solid mechanicsaandtheir datarequirementsare similar to thosedescribedfor the static
anddynamic analysis earliefl.he acousticexcitation sourcenodelshall have information
onthespatialdistributionandthestatisticalproperties (irtermsof thefrequencycontent)
of the noise. For a deterministiccase, however, definitioof the forcing function includes
the magnitude phasingandfrequencyalongwith the spatialdistribution. The acoustic
excitationis generallygiven asvelocity or pressure applietb themediumoverprescribed
surfacesor at gird points. If the disturbanceas from mechanical sourcesgparatdinite
element modelsf thesourceshall be supplied as requirefihesemodelsarealsogenerally
solid mechanics modelandtheir requirementsaresimilar to staticand dynamic analysis
models. Generallyhreetypesof acousticanalysisare contemplated.



¢ Eigenvalue Analysis
e SteadyStateSolution
¢ NonlinearAnalysis

In the eigenvalueanalysisthe acousticfrequenciesand modeshapes aredetermined.The
purposdsto compareghenaturalfrequenciesf the cavity with thosef theforcingfunction
andestimateheresonanceffects,and tocomparehenaturalfrequencieso theresonant
frequencie®f anystructurevhichmay beplacedin thecavity. Thisanalysis provideaseful
informationfor designchangesn the cavity eitherby alteringthe overall dimensionsr by
introducingnoisesuppression mechanismmach adafflesor by addingnoisesuppression
material to introduce acousticwall impedance. This analysis(doesnot require explicit
definition of the forcing function. The steadystate solution givesthe responseof the
cavity to a givenexcitation. This analysiscan bein the time or frequencydomain. The
nonlinear analysisvolvesaniterative solutiorwhenthepropertiesof eitherthe cavity or
the acousticmediumvary significantlywith the pressurdevelsand/or temperature.

23 OtherRequirements

In additionto theinput dataa summaryof output results (suchks deflectionsstresses,
frequenciesgetc. at critical areas) shall bprovidedfor future validation of the models.
Also a brief descriptionof how these resultgvere usedo satisfy aspecific desigrcriteria.

3. Criteriafor Model Definition

The criteria for model definitionis discussedn the context of designoptimization
usingsoftwaresystemssuchas ASTROS Similar observationsre valid in the caseof just
an analysisaswell.

The designeris often in a quandryasto what level of detail (finite elementmodel) is
appropriatdor optimizationin preliminarydesign.Thedistinctionbetween globahndlo-
cal (detailed)modelsis the key to answeringhis question.Theglobal modelsare intended
for predictingthe overall responssuch aghe stiffness(displacementsjhe dynamic char
acteristics (suchsnaturalfrequencies)the staticand dynamicaeroelastic response, etc.
The stress informatiomerivedfrom suchmodelsis approximateandrepresentonly an
averageover a region. In spiteof this limitation it is not advisableto includethe details
of cutouts,connectionsexactstiffenerconfigurations etc. in the global models. Although
these detailareimportantin structurallife prediction,their effecton the overall response
is not significant enouglto justify their inclusion in the global :modelsMoreover,their
presencaisruptsthe overall loadpath selectionin optimizationand produces unrealistic
(undesirable¥culptureddesigns.Thelocal models,onthe otherhand,aremoreapproprt
atefor predictingthe effectsof stress concentratiomndfatigue and fracture properties,
etc. Howeverthese details canndite ignoredin preliminarydesign, becauseptimization
becomesounter productivé the designrequires significant modificatioafterwards.The
purposeof this paperis to outline a procedureto accountfor the local effectsin a global
designoptimizationby modifying the strengthcriteria. As anexamplethe procedureis
outlinedin the contextof the local bucklingof metal andcomposite panelsSimilarly the
impact damag@ compositesandfatigue andfracture in metalscan bebrought intothe
preview of the definition of strengthcriteria.
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3.1 PanelBuckling Analysis

The mathematicaimodelof anairframestructureconsistsof anumberof panels.Each
of thesepanelsis modeledby oneor morefinite elements.Optimizationof the structure
using a finite elementmodel requiresthe definition of a strengthconstraint. The object
is to definethis constraintin suchaway that the paneldoesnot buckleunderthe service
load. Two aspectof bucklingareexcludedromthis discussionA detailedoucklingmodel
is consideredmpracticalin a globaloptimizationmodel. Similarly, allowingfor buckling
and possiblereconfiguratiorof the load pathsfor examiningoostbucklingbehavioris not
apart of this discussion.
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Fig. 1: Rectangular Paneland Loading

An anisotropicrectangulamplatesupportedon oneor moresidesandsubjectedo the

loadingin Fig. 1 is likely to buckle. The buckling conditionis governedby the partial
differentialequation(?3)
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wherew is the transversedisplacemenof the plate when it buckles. N, N, and Ny,

arethe stressresultantsat the edges.The coefficientsD arethe elementsof the flexural
rigidity matrix shownin the relation
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The mid-surfacestrains,;, andthe curvatures K, arerelatedto the stressand moment
resultants throughthe A,B andD matricesandtheir elementsaregiven by

h
Ap = /i ,Qij dz (3)
-4
5
Byj = / Qi 2z dz (4)
-%
h
D;; = j Qi; ¢* dz (5)
Y

The @ matrixrelatesthe stresseandstrainsthroughthe generalizedHooke’sLaw.

Therelationship betweethe stresgesultants anthestrainsis throughthe A matrix,
while the momentresultantsarerelatedto the curvaturesthroughthe D matrix. The
coupling betweenstretchingand bendingis through the matrix, B. For a symmetric
laminate B is a null matrix which signifies uncoupled behavior The phenomenorof
buckling as discussedn this paperis only relevantin the latter case. Only the elements
of the D matrix arerelevant indeterminingthe buckling loads onhe plate. For alayered
compositeplate computatiorof the D matrix involvesintegrationover the thicknessof
theindividual layersandthetransformatiorof the elasticconstantsnatricesto acommon

reference axisPointstressanalysisprograms such a§Q5(4) havesuchafacility, or they
can be generated with relatiease.

Whenthe principal directionsof the symmetriclaminate(directions of the maximum
and minimum stiffness) coincidewith the axis of the rectangular panel (paralléb the
edges)theflexural rigidity coefficientsD,g andLls would be zeroandequationl reduces
to thewell known biharmonic equation

tw Stw tw w Nw Oy
D11ﬁ+2(D12+2D66)1p§28_y2—+D22_3—§Z = Nz@'{‘ZNzymﬁ'Nya—yz (6)

For anisotropic plate,the coefficientsaregiven as

Et®
Dy = Dyy = Dyy +2Dg; = i (7

2(1 — v?)

Thereareanumberof methodsavailabldor the approximateolutionof Eq. 1in order
to obtainthe bucklingload. Galerkin’'smethod,a seriessolution,andthe finite difference
method are appropriat@ethodsfor the solution of the differential equation. Rayleigh-
Ritz andthe finite elementmethodarealsoappropriatavhentheformulationstartswith
the potentialenergyof the system. The aspectratio, the boundary(support)conditions
of theplate,thethicknessto oneof the sidesratio andthe materialmechanicabroperties
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arefactorsaffectingthe buckling load. In the caseof layeredcompositeplatesthe stacking
sequencef variousply orientationsandtheir percentagealsoaffectthe magnitudeof the
buckling load. For a given aspectratio and boundaryconditions,the bucklingload is a
function of the elementf the D matrix.

Ny Nx

Ny

Fig. 2: Independent Edge Loads

The solution of Eq. 1 can be obtainedfor separateedgeloadsas shownin Fig. 2
andthen theycan be superimposedh the senseof an approximateinteractionformula
discussedn the next section. Alternatively, a combinedsolution can be obtainedby
assuminga proportionalchangein N,, N, and &,,. The proportionality relationshipis

derivedfrom the global finite elementanalysis(discussedn the next section).

3.2 Relationship Between theGlobal Analysis and Panel Buckling

Analysis by programssuchas ASTROSand NASTRAN is basedon finite element
models. Thepanelin sucha modelconsistof oneor morefinite elementsoveringthearea
betweenmajor stiffening componentsuchassparsandribs or longeronsand transverse
frames,etc. Panelbuckling analysisis generallybasedon idealizedsquareor rectangular
plates, subjectto uniformly distributededgeforcesa in Fig. 1. The panelsin real
structuresare not necessarilyidealizedrectangularplates, and also the internal loads
from the finite elementanalysis(the displacementmethodin particular)do not comeas
distributededgeforces. The naturalelementforce outputof a finite elementanalysisis
a setof discretenodalforcesor averagestressesn the elements.It is necessaryo make
someapproximationsin order to establisha correspondencbeetweenthe finite element
modelandtheusualpanelbuckling analysis.An alternativeto this procedurdas to makea
panelbucklinganalysisusinglocal (refined)finite elementmodels.Panelbucklinganalysis



usinga finite elemenmodelis anunnecessargomplicationandinvolves needlessxpense
in termsof modelingtime and computationakost.

A procedurefor deriving an approximaterectangular panelfrom a non-rectangular
panelis shown in Fig.3.
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Fig. 8: Panelldealization

ThepointsA, B, C andD arethemid-pointsof theirrespective sideT helongestof thetwo
linesAB andCD is designatedisthepanel length;a”, and theshorterlengthis then “b”.
The approximateectangular panel witkidesa and b is shown inFig. 3b. The quality of
this approximation deteriorates #se anglebetweenthe two linesAB and CD deviates
from 90°. The new reference axder the panelis the line AB andits perpendiculaidine.

Fromthefinite element analysishe averagestrains thequadrilaterapanel(Fig. 3a)
can be obtainedh the elementlocal coordinatesystem, andhey are designated byhe
strain matrix, e. This strain matrix carbe transformedo ¢ with respectto the new
coordinate systerby usingthe relationship(Molir’s circle transformation?

E o= re (8)

wherer is the rotational transformation matrix.

The correspondingapproximateedge forceganbe determinedrom therelation
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for a layeredcompositeplatethe matrix A is the same ashat indicatedin Eq. 2.



The bucklingloadsfor the threeseparateedgeloadscanbe expresseds afunction of
the elementsf the matrix D. Thethreebuckling load designationsare shownin Fig. 2.
The effectivestressratio correspondindo the buckling of the panelcanbe written as

t ! Nzrr
Bsr=(N2) 4+ (X2 4 (Lo

< —=) (10)
Nzl Nyl Nzlyt‘

ThestresgesultantsN,., N, and N, aredeterminedrom Eq. 9, andthe critical buck

ling stressresultants.. Ny and &4, for the threeedgeloadsin Fig. 2 aredetermined
from the panelbuckling formulasavailablein the literature.

The ESR computationin Eq. 10would not be valid whenoneor two of the buckling
loadsin the denominatorare very smallcomparedto the largestbuckling load. In such
caseghetermscorrespondingo the lower buckling load shouldbe neglected.

if the value of the ESR is greaterthan 1, the panel is assumedo be buckled and
otherwisenot. If the panelhasbuckled,thenthe new strengthconstraintfor the panel
canbe definedas
Xpew = 224 (11)
new = ESR
where Xorp is the strengthallowabledefinedin the previousoptimizationrun. This
processof redefiningthe strengthallowableis repeatedor all the panels. Thenthe opti-
mizationis repeatedwith the new strengthallowables.

This processbecomeseven simpler for metal panels,sincethe A and D matrices
can be written asexplicit functionsof the two elasticconstantsandthe thicknessof the
plate. Simple panelbuckling formulas are availablefor metal panelswith a variety of
edgeboundaryconditionsand aspectratio v-alues. The column buckling formulasare
evensimpler. They canbe checkedn a similar fashion,and strengthconstraintcan be
redefinedif necessary.

Theprocedureoutlined herefor checkingthe local buckling effectsis quite simpleand
canbe implementedvith relative easein a standardinite elementanalysis.

A similar procedurewill be presentedin Ref. 5 to accountfor the requirementsof
fatigue,fracture,and crack propagation.Basically,this procedureoutlinesa simpleway
to definethe strengthconstraintdasedon durability and damagédolerancerequirements.

The essentiapoint of this sectionis to promotethe conceptof separataglobal and
local modelsin the interestof analysisreliability. Thecommunicatiorbetweenthe models
canbe establishedndirectly. More detailsof this approachareforthcomingin Ref. 5.

4. Certification of Commercial Software

The conceptof softwarecertification arousesseriouscontroversyandthe commercial
developeraill stronglyresistthird party intervention.Fearof abridgementf their pre-
rogativesandthe bureaucracygenerallyassociatedvith any certificationprocessarethe
underlying causefor this aversion. Their argumentis that natural selectionin an open
marketenvironmenwell weedoutthe substandardodes.Although thereis a strongcase
for this argumentjt takes time,and often damages donebeforethis happens.It is not
unreasonabléo demandfrom commercialvendorsthat they spendat least a fraction of
their marketingeffort in identifying the limitations of their codes.Controversyis only part
of the impedimentto certification. A moredifficult issueis how andwho is qualifiedto do
suchcertification. TechnicalSocietiesareprobably bestqualifiedto addresghis issue.




5 Benchmarkingfor Validation

Thepurposeof benchmarkings to developstandard testcasedor verification of new
analysismethodsand/orsoftwaresystems.The test caseshould bedesignedo highlight
the basic physicof the systemand its environmentand not the specialfeaturesof a
particularsoftwaresystem.Someof the AIAA coinmittees, withthe oupportof theresearch
laboratoriesthe universitiesand theaerospacendustry, arénterestedn the development
of benchmark problems.

6. Conclusions

Analytical certificationoffersthe bestopportunityfor reducing developmermostsand
improvingthe quality of the system.Theongoing efforts byhetechnicalsocietiesand the
researcHaboratorieshouldyield effective guidelines foincreasinghe role of analysisin
productdevelopment.
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SUMMARY

Since the use of compositematerialsis largely extendedin aircraft construction, it is necessaryto
develop analytical calculationsto avoid the presentdependencyn structural tests.

With that objectivea test planof 25 representativespecimensf 9 different shearwebs geometries
with accessing,inspectioningor lightening holes, envelopingthe A320 tailplane design, has been performed,
including simulateddefectsand impactsfor two environmentalconditions.

Finite element linear and nonlinear analysis, using a very refined mesh, has been performedto corre-
late test results. Very good correlation has been found even in the post buckling behaviourof the structure

This_analtysisallows the prediction of the postbucklingcapability of thesestructural elements,and
the derivation of a failure criteria.

1. INTRODUCTION

As a part of the developmenttestsfor designingthe Airbus 320 Horizontal Tailplane completelymade
in carbonfiber, testswere performedin 1.985 and 1.986 on representativespecimensof structural elements,
designedto withstand in-plane shearloads only, and containinglarge holes for accessing,inspectioningor
lightening of structure. Thesestructural elementsare sparwebs and ribs (seeFig. 1.1).

The philosophy for designingsparwebs and ribs With large holes is different becausespar webs are
highly loaded structural elementswhilst ribs are low loaded. Therefore,to designribs it is sufficient
to develop buckling criteria though incontrasttodesign sparswebs, it is necessaryto develop strength
and buckling criteria.

On the other hand, for designingboth sparwebs and ribs, environmental conditionsand damagetolerance
must be considered.

The main objectivesof thesetestswere:

1. To determinethe validity of stress/strain analysisprocedurestaking into account environmental
conditions and damagetolerance.

2. To derive failure criteria for both structural elementstaking into accountenvironmentalcondr
tions and damagetolerance.

Tests performedon sparweb specimensshow a very important nonlinear behaviourin the vicinity of
the buckling load. Analysis performedwith finite elementmodels (F.E.M.) and analytical calculations show
good agreementeven in non-linear zone. Furthermore,it has been possibleto develop a failure criteria
considering strengthand stability aspectsfor theseelements.

On the other hand, tests performedon rib specimesshow a good correlation with buckling load predicted
by FEM. allowing derivation of failure criteria from buckling load.

Therefore, the studiesallow the design of these types of structural elementswithout the needto
perform more structural tests.

2. TEST DETALS
SPECIMENSDESCRIPTION:

The test specimenswere defined for the 3 most critical areasof both front and rear spars, and for
3 ribs, summing 25 specimens,summarized in table 2.1.

They were made from Hexcel T300/F533 graphite/epoxy plain woven cloth. Its propertiesare listed in
table 2.2.

Geometries,thicknessesand ply layups of these specimensare shown in figures 2.1 to 2.9. In these
fi%ures it can be seenthat specimes,representingfront and rear sparshave a plain hole and those of the
ribs have a flanged hole, which was expectedto give the shearpanel better buckling resistance.lt can be
seentin fig. 2.9 that R10 have a special designwith cut-outs which allow the continuity of the skin stiffen
ersin the real structure;therefore, the existing geometric stressconcentrationin those cut-outs, has
been consideredwith theserepresentativespecimesalthoughthis design aspectis nos handledin this docu-
ment.

All web layups are symmetric laminatesand thereforespeciallyorthotropic. o
Some specimenshave stiffenerswhich were designedto give simple support condition to the webs. The
stiffenersare integral co-cured parts with the web.

LOADNG AND SUPPORT:
Specimens®$1213 and FS1112 (accordingto table 2.1) were defined asa beamloadedin 3 - point bending

in which the web was the actualtest specimen(seeFig. 2.10).
The rest of the specimenswere defined to be loaded in a picture frame as is shown in figure 2.11.
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The choice of text fixture was determined by specimen aspect ratio. Specimens with aspect ratio greater
than 3.0 were tested as beams in order to prevent load introduction problems such as concentration in the

corners.

Loading of the picture frame was performed by applying tension to diagonally opposite corners, using
a hydraulic jack. The beam specimens were simply supported at both ends and loaded at, or near, the center
by a single hydraulic jack as is shown in figure 2.10.

INSTRUMENTATION :

Specimens were mounted with back-to-back strain gauges located at critical positions. The generalized
installation plan is shown in the figures 2.12 and 2.13.

CONOITIONING:

The influence of defects and moisture content was investigated.
Some of the rear spar and rib specimens (RS0203-3,4,5 ; R10-5;6), as is indicated in table 2.1, were
fabricated including artificial defects, and impacts were performed at more critical locations.

Figures 2.14 and 2.15 show the introduced damages arid defects.

Furthermore, these specimens were conditioned reach'ng the moisture content corresponding to the equi-
librium for 70%RH to achieve its end-of-lifetime moisture content (0.88% normalized to a resin content of
40% by volume) and were tested at 70 qc (hot/wet condition).

3. PRESENTATION CF TEST RESULTS
SPECIMENS TESTED IN RT/DRY CONOITION YITHOUT DEFECTS:

Figures 3.1, 3.2 and 3.3 show the different behaviours of the specimens tested. They show the varia-
tion of axial strain gauge readings versus applied load by the hydraulic jack, according to figures 2.12
and 2.13.

Figure 3.1 presents exactly the results of the specimen RS0203-1 which are similar to the rest of rear
and front spar specimens except for RS1213-1, FS1112-1 and FS1112-2. The behaviour of these 3 latter speci-
mens i s given by the figure 32 which corresponds exactly with the FS1112-2 specimen. The difference between
these two behaviours is because in RS1213-1, FS1112-1 and FS1112-2 a point of strain divergence appears
clearly as is shown in figure 3.2 located as "estimated buckling load".

Figure 3.3 shows exactly the strain gauge readings of the specimen R7-1 which are similar to the rest
of rib specimens. This figure reveals a behaviour similar to figure 3.2 for the gauge readings located near
the flanged area of the hole, but in the flat area of the panel (see Fig. 2.13 to locate the strain gauges).
The strain gauge readings at the edge of the hole are different since the hole flange does not lie in the
same geometric plane as the remaining panel, and the applied shear moving from panel plane to flange plane
causes a moment around the flange.

The specimens failure mode i s sketched in figures 3.4 and 3.5 which show the crack positions of the

anels.
P Failure data of rear and front spar specimens are stmmarized in table 3.1. Table 32 gives failure
data of rib specimens.

Estimated buckling data. according to fiagures 3.2 ard 3.3.. are included in tables 3.3 and 3.4 for spar
and rib specimens, respectively.

It should be emphasized that specimen FS0607-1 did not fail because this test was stopped due to frame
problems, and that the beams specimens R51213-1 and RS1213-2 failed prematurely due to flange crippling and,
consequently, did not fail at the hole edge.

SPECIMENS TESTED IN HOT/WET CONDITIONS YITH DEFECTS:

Table 3-1 gives the results for the rear spar specinens. The greatest strength reduction from the
RT/DRY without defect tests is approximately 30% but the 'Failure mode and type of behaviour described before
did not change. It is not clear whether the higher failure loads of specimens R$0203-4 and RS0203-5 were due
to the lower moisture content or the difference between defect types, delaminations or scratches.

The results for specimens R10-5 and R10~6 are summarized in table 3.2. It can be seen that no influence
of hot/wet conditons together with defects can be found clearly on the specimen failure load. Futhermore,
it can be seen that influence of vertical stiffeners on rib strength is insignificant.

4. ANALYSIS

The analysis have been performed developing analytical calculations and finite element models (F.EM.),
handling linear, buckling and geometric non-linear analys'is.

FINITE ELEMENT MODELS:

Figure 4.1 shows the FEM. for the specimen RS0203 (FEM. type 1). The FEM. shown in figure 4.2
have been used for the rest of rear and front spar specimens, altering the dimensions and thicknesses to
represent the different configurations (FEM. type 2). Fgure 4.3 shows the F.E.M. for specimen RS0203
modified changing the plain hole by a flanged hole to study this concept of hole design which corresponds
to R5 R7 and R10 specimens (FEM. type 3). Furthermore, two FEM. were performed corresponding to speci-
mens R-10, with and without stiffeners, to study their buckling behaviour which are shown in figure 4.7.

All models consist of cuadrilateral and triangular 2 - dimensional plate elements only. Also, all were
constrained representing simple-support condition and were loaded at the edge nodes simulating a uniform
shear flow.

Linear and buckling analyses were performed using NASTRAN FEM. program, and geometric non linear
analyses were done using ARGUS FEM. program.
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The linear analysis performed on type land 2 F.E.M.reveals maximum concentration of cincunferential
stresses at 452, 1350, 2252 and 3152 as is shown in figure 44. The maximum value of the concentration factor
is in the range 6.5 to 7.25 for the indicated FEM. These values were obtained extrapolating results of
plate FEM. elements near the hole edge. Also, the analysis reveals that the larger the holes, the larger
the affected area. However, considering the distance from the hole edge at which the axial stress returns

to its nominal value (1.0}, it can be seen that this occurs at approximately 50%of the hole diameter. In
addition, the distance at which the concentration factor became 2 IS aproximately 25%of the hole diameter.
Also, this analysis reveals concentrations of in-plane shear stress at 0Q, 902, 1802 and 27092, as is shown

in figure 4.4. Maximum concentrationfactor for these FEM is 18-21 Again, larger holes affect a bigger
area. However, thepeakvalues occur at approximately ~ 25% of the diameter for PEM  and these concentrations
dnt  decay rapidly. This analysis for thetype 3 FEM gives complex results because the hole flange does )
not lie in the same plane as the rest of FEM  and consequently moments appear around the ~flange.  The figure
4.5 shows the different concentrations.

Buckling analysis carried out with type 1, 2 and 3 FEM.  reveals the buckling modes shapes shown in
figure 4.6. Various modes are shown together with its load level factor refered to the first mode. It has
been found that the panel with flanged hole has approximately (4% difference) the same buckling load as the
same panel without hole, whereas the panel with plain hole shows 40%reduction in the buckling load level
as respect the same panel without hole. As the panel with flanged hole is not symmetric, it could be expected
to obtain different results depending on the sense of the load but resutts_have shown that the buckling load
level is approximately the same (3%difference). Also the mode shape is the same, as can be seen in the figure
4.6.

Buckling analysis performed with FEM. corresponding to Rib-10 specimens with and without stiffeners
reveals the buckling mode shapes shown in figures 4.7. 1t can be seen that FEM. with stiffeners show buckle
wave on the hole, whilst FEM. without stiffeners show buckle waves between holes.

The buckling analysis is needed inorder to specify properly the load increments for the geometric non-
linear analysis, to avoid numerical problems near the buckling load. Geometric non-linear analysis was performed
for the FEM. corresponding to specimens FS1112, RS0203 and RS0405. The results are presented in detail in
chapter 5.

ANALYTICAL CALCULATIONS:
Stress Concentration:

Analytical solution of stress concentration around all elliptical opening in an infinite elastical ani-
sotropic plate under shear stresses can be found in chapter 6 of reference 1:

ab "E—Gi
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7,8, a and b are given in figure 48
i1, and g4 are the roots of the following equation when the plate is specially orthotropic. as itis in our cases:
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Properties relative to laminate principal directions which must coincide with ellipse directions (see Fig. 4.8)
This formula has been computerized. and for our case gives:

Oy =f77-; Ifrl =5.448

and it will be,

fer
Ey

Epg =

In the next chapter we can see the correlation of the tests with this formula. It should be emphasized
that these results donot take into account the finite aspect ratio of the panel.

Buckling:

To estimate the buckling shear flow of a specially orthotropic plate with a circular opening loaded
uniformly by a shear flow g and simply-supportedasit is shown in Fig. 49. it is suggested to apply the
following expresion:

3 )
Gro= K R2 K3 4 {acr = 9guckLne
CR .
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K; is a constantfor an infinite length panel which is a function of the material and the stacking.

Kz is a constantto take into accountthe finite aspect ration a/b and it is a function of the material,
stacking and the aspectratio a/b.

K3 is a constantto quantify the effect of a large centrally locatedplain hole which is a function of
the ratio g/b.

Ki and K2 can be found applying the energy method given in chapter14 of referencel assumingthe
following expression,in the form of a series, of the out of plane displacements:

N I P
w=LLA4,,sin%® ‘sm—ib

[

which satisfy all edgeconditions, and minimize the potential energy of bending, plus the work done by
the shearforces. The solution of this problem hasbeen obtained with numerical methodswhich give, for Kj
and K2 for our material, figures 4.10 and 4.11 respectively.
K3 has been taken from reference?2 which gives:

ks = (1 - 8/b) (1 - p/2b)
for our caseof all laminate 100%+ 45Q is:
Ky = 188750N/mn?

5. ANALYSIS / TEST CORRELATION

The analysis proceduresdevelopedin chapter4 have been used to attemptcorrelationwith the test
results.

Analysis/test correlationis presentedin figures 5.1, 5.2 and 5.3 for R$0203, R$0405 and FS1112
specimens,which show all sparweb specimensbehaviour. Moreover, buckling analysisis correlatedwith Rib10
specimens.

Before commentingthis correlation, it should be pointed out that important factors affect the real
behaviourwhich have not been consideredin the previous analysis:

1.- The influence of low interlaminar shearstiffness:
This effect is difficult to quantify. It is fundamentallya resin property. So therefore, it will
be influenced by environmentalconditionsand internal defects. It can be importantwhen the plate
is relatively weak in the transversedirection and when the plate responseis sensitiveto the
transversestiffenessas in buckling. More inforination aboutthis factor can be found in the re-
ference 3.

2.- Geometricimperfections:
The difference in behaviourfor perfect and imperfect panelsis illustrated in figure 5.4, taken
from reference4. This referenceprovides more details aboutthis factor.

3.- Edge supportconditions:
True edge supportconditions generallylie betwean the simple supportedand clamped limiting cases.

4- Eccentricity: ] _ _
In reality, the aplicationof load and its reactionin the panel are not in the sameplane, out-of-
plane twisting apperaringduring test.

Furthermore, we must considerthat the strain gaugesare locatedin a position of severestrain gra-
dients and installation position tolerance willbe a significant factor.

DISCUSSION:

From Figure 5.1:

1.- Analytical calculationsof hole edge strain and buckling of the panel do not agreewith the results,
becausethe local reinforcementaroundthe hole, which has this spec’imen,is not large enough for
thesecalculations,which considera flat panel, to be applied.

2.- The geometricnon-linear analysisby which F.EM. accuratelypredict the hole edge axial strain.
The built-in offset reinforcementthat has this specimen clearly drives the non-linearity.

3.- The shearflow buckling predictedwith F.EM. is beyondthe point of strain divergence explained
in chapter3.

4.- This specimencannot reachtheir theoretical buckling load due to the non-linear compressionstrain
responsewhich causethe ultimated failure.

From Figure 5.2:

1.- Analytical calculationsof the hole edge strain eppear conservativeto predict the average behaviour.
However, it hasto be consideredthat strain gauges readingscan vary appreciablywith its location
nearthe hole and that this prediction doesnot lake into accountthe finite aspectratio of the
panel.
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2.- The geometricnon-linear analysiswith FEM. predictsquite well the point of strain divergence
although it also givesconservativeresults.Noting that in this specimen,without lTocal reinforce
ment, geometric non-linear analysiscannotpredict the initial non-linear behaviourof the
specimen, which would be due to the imperfectionsor twisting. However, near to the Strain diver-
gencepoint, geometricnon-linear analysisapproachesthis behaviourquite well because,when,
out-of-planedisplacementgeach sufficient value to be important, thesedisplacementsdrive the
non-1inearity, as was shownin figure 5.4.

3.- Analytical calculationsof shearflow buckling give slightlyconservativealues of strain diver-
gencepoint .

4.- The shearflow buckling predictedwith FEM. is beyondthe strain divergencepoint. However this
predicted value is when strain startsto rise sharplywhich can be considereda better value of
inestability.

5.- This specimencannot reachheir theoretical buckling load.
Fom Figure 5.3:

1- Analytical calcultationsof the hole edge strain, approachconservativelythe averagestrains
nearthe hole.

2- Thesespecimenseachand clearly exceedtheir theoretical buckling load.
The geometricnon-linear analysisapproachesthe strain divergencepoint very well and shows godd
correlationwithin the postbuckling range,despite theinitial non-linear behaviourthat cannot
be predicted.

3.- Analytical calculationsof shearflow buckling give conservativevalue of point of strain diver-
gence and those predicted by FEM. is higherthan this point but really representthe straindi-
vergence.

From Buckling Analysiswith F.E.H. for Rib 10 Specimens:

Very good correlation has been found between the estimatedbuckling load given in table 3.4 from
tests for Rib 10-1; 2 specimens with stiffenersand the buckling loadfound by FEM. shownin
figure 4.7:

Average Test Result : 52.8 N/mm
FEM. Result 1 49.2 N/mm

On the other hand the buckling loadfound by FEM. for Rib-10 specimenswithout stiffenerswas
34.2 N/mm,

Comparing theseresults, with and without stiffeners, with its respectivefailure load, it can
be concludedthat despitethe fact that specimenswith stiffeners have higher buckling loads than
specimens without stiffeners, these latter specimens have more postbuckling capability.
(Approximately 35%). For this reasonthe ribs of A320 tailplane have not stiffeners.

6. FAILURE CRITERIA

Sparwebs without defectsand RT/DRY condition: Thefailuremodeof sparwebs is rupture in compression
in the hole edgedue to stressconcentration,before or after buckling.

There is a correlation between T test/ T buck vs tweb shown in Fi?. 6.1, which can be adjustedby a
linear relationship, line A, taking into accountthat all testresultslie on or abovea parallel line which
gives 90%of T test/ 7 buck called 0.9 A. This line establisheshatpanelswithtweblesshan3.5mm.have post
bucking capability and panel with tweb greaterthan 3.5 mm. will not achievethe theoreticalbuckling load.

In figures 6.2, 6.3 and 6.4 are representedthe maximum compressionstrain at hole edgefor test spe
cimensRS0203, RS0405 and FS1112 (which resumeall sparweb specimensbehaviour)vs the percentagect the
panel theoretical buckling load, % qcgp which is calculatedaccordingto analytical method given in chapter4
fbut k:’? has been modified correlating with FEM. resultsto give better approachofbuckling load. The new
ormula Is:

Kz= .94 (1- §/b)

In figure 6.5 those curvesarejointedin the range of -5000.£ and -10000~£ . It can be seenthat type 1
and 2 specimenshave very similar behaviour, whereastype 3 specimenis quite distinct. Both type 1 and 2
specimenshave web thicknessesgreaterthan 3.5 mm. (ie 8.88 and 5.76 mm. respectively), whereastype 3
specimenhas web thicknesslessthan 3.5 m. (ie 2.4 mm.).

Based on the observedbehaviour, a failure criteria has been defined which states thatthe "usable
buckling load seeFig. 6.6, is dependantupon the material compressionstrain allowable and upon the panel
thic||<ne_ss. It thereforerepresentsa combinationof both "strength and "stability" aspectsof panel stress
analysis.

Sparwebs with defectsandhot/wet conditions:

Of the 3 specimenstestedwith defectsand in hot/wet condition(see table 2.1), specimenRS0203-3 had
the lowest failure load level. This specimenwas fully aged, and had simulated delaminationsat each of the
maximum Sstressconcentration areasThe hole edge compressionstrain level is shown as a function of the
theoretical buckling load in Figure 6.7. In this case, the theoreticalbuckling load has been calculated
using aged material properties. The hole edge strain of this specimenis showntogetherwith the present
failure criteria in figure 6.8. It can be seenthat excellentcorrelationexists. The maximun differencein

% qcg  for a given value of compressionstrain is approximately2%. It can thereforebe concludedthat the
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presenthole edgestrain limitation criteria is valid for the moisture andteniperaturerequirements.

Rib Webs:

All specimenstestedwhich are representative ofrib designshave presentedtheir failure afterreaching
buckling load. Therefore, a simple failure criteria basedin the buckling loadcan be derived:
Non-buckling at Ultimate Load.

7. CONCLUDING REMARKS

Results have been presentedof testsdone on shearwebswith two designsof large holes: plain and

flanged.

Flanged holes revealbetter buckling resistancethan plain holes, but theypresentthe most severe
stressconcentration, therefore, they should be used in shear webs, under low levels of load, designed
far huckling requirements.

All  specimenspresentnon-linear behaviour. Linear analysiscannot predict this behaviour and conse
quently non-linear analysisis need to approachaccuratelythat loading response.

However, analytical calculationshave been presentedto get a preliminary estimationfor the average
strainsat the hole edgeand forthebuckling load.

Geometricnon-linear analysishave been done by finite elementsmethod for "plain holes' and theresults
reveal very good agreementwith the tests nearto the buckling loadand evenin the postbuckling range.

Buckling analysishas been done by the finite element method for both designs, plain and flanged holes,
obtaining very good correlationwith testresults.

Failure criterion have been derived for two design:;.

I't should beemphasizedthathe conclusionsgiven 'in this papercan only be consideredvalid for these
particulartypes of shearpanelsconstruction,with geomeiric characteristicslying within the range of those
panelstestedand analysed.
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AREA REFRESENTED No. OF ARTIFICIAL DEFECTS SCHEMATIC - - A )
DES1N CONCEP | OF A310 TAILPLANE | SPECIMENS AND IMPAGTS COMDITIONING |~ Fraure TEST VALUES
SPRCIMENR CODE Y] s
REAR SPAR BETMEEN Eins 2 RO RT/DRY . TYPE TEMFP/COND. | ALLOW B | MEAN
z )
R50703-145 3 ¥BS HOT/WET h
TENSILE STRENGTH (0°) RT/DRY 475
BETWEEH RIBS = S ——
4 AND & 1 HO RT/DRY Fig. 23
RS0405-1+2 (N/mm?) HOT/WET 450
BETWEEN RIBS i
12 AKD 13 ] wo RT/DAY Fig. 2.3 TENSILE MODULUS (90°) . RT/DRY — 52
RS51213-142 I
WEBHN RI 2 i —
FRONT SPAR BETWAEN RiDS 2 o J— (KN/mm?) HOT/WET 52
.. 5006142 .
r . COMPRESSION STRENGTH (20°) RT/DRY 460
BETWEEN RIBS
4 AND 7 2 no RT/ORY Tig 1.5
F50807-1432 (N/mm?) HOT/WET 450
BETWERNK RIBS "~
;én‘l.:iinllﬂ T no RT/DRY Fig- 3.8 COMPRESSION MODULUS {90°) RT/DRY 39 47
REBS o 2 Ho RT/DRY Fig. 2.7 (KN/mm?) HOT/WET 1] 4
ngmnf’ 2 NO RT/DRY Fis- 28 IL$S STRENGTH (96°) RT/DRY 83
RIB 10 __No RT/ORY | Fix 2.9 [N/mm?} HOT/WET 60
RIQ-1+8 ¥ES | sormer POISSONS RATION (-} RT/DRY — 905
HOT/WET — 904
1= AGGORDING TG PIGURES 2.14 AND .16 ]
(ss)  RT/DRY : ROOM TEMFERTATIRE / DRY (AS RECEIVED) IN PLANE SHEAR STRENGTH RT/DRY 104
HOT/WET : 10° / MOISTURE CONTENT - IDATA NORMALIZER
X s :ugsa‘r‘\truv%?.uum (3 /mm?) HOT/WET 36
SPECIMEN R10-5: .08%
SPECIMEN Rioe: 86% IN PLANE SHEAR MODULUS RT/DRY — 3l
{s++) RI0-1:2 WITH STIFFENERS
Tl Rl MATHOUT STIPPENRRS (KN /mm?) L HOT/WET J_ 27

E4 v we) R10-6 ;98 WITHOUT STIFFENERS

TABLE 2.L- SUMMARY OF TEST SPRCIMENS

Prepeg areal weight = 345 g/m?
Prepeg Tesin content : 44% (+/- 2%) (weight}

A (o1 | wae [ae]

SPECIMBN | SPEGIMEN | LOAD | SHEAR FLOW | SHEAR STRESS | atcpys | #erars REMARKS Fibre areal weight : 193 g_,'m2
LADBL NUMBER IXN) N fmam) (M fmm?) Hecay Heray Fibre ;: T300 3K
+ 12000 4100 Resin : Hexcel F-593
R50203 1 40334 8472 29 - :"“:‘“" :m Material designation : WIT-282-42-F593-i4
B - CASA code : Z.19.776
2 5980 5160 T04 - 4000 -
- 8300 -
k] kb Kol 3 M 15 X T Lk - f
% T3] aRa 135 - D WITH DEFECTS
JEVPUUURNN SO SR 1. X3 SN TF SO ISR LT A N MR S— TABLE 2.2- MATERIAL FROPERTIES
, - 10200 | 9300
AS0408 3 39280 4175 100.3 - 8300 3900
- 8250 9100
[ T B P (1 o
3 10187 5011 wa.e - s700 4600

R51213 1 5034 143.3 68.3 - 2900 5500
T 81.84 L&1.7
FRO4DE 1 3.0 4048 276 - GBOD 6200
- 7050 8750
= RE00 Triog e R
? 0981 @33 faad T | feee SPECIMEN [ SPECIMEN | 1OAD | SHEAR FLOW | BREAR STHESS
LABEL | NUMBER | (KN) {N/mm) {N/mm? REMARKS
- 10800 P00
roen? 1 33839 3Te0 T4.2 :2:% :m RIBS 1 £1.45 725 50.4
TSI T f] 4.0 T 53.5
k' F05.33 4832 Lo - 3000 7100
- 60
e Tt T e EL L B REBT 1 78.30 121.7 5.5
sewe | sa00 A | Tasel et o LB
Fs:112 1. 4087 1585 134 ;20'0 - B - 3,7, - 575#50_ 115.9 .— 6.6 —
- 2800
SIEET [T W0 RIB10 WITH STIFFENERS
) 8.7 149.4 [ 1-%] [ -
-3 N
S WITHOUT STIFFENERS
WITBOUT STIFFENERS
[} pre: MAXIMUN COMFPRESSIVE STRAIN FOUND IN ANY OF THE HOLE EDGE GANGES, WITH DEFECTS
ptenra: STRAIN IN REVERSE FACE GAUGE CORRESPONDING TO avc
nacavt AVERAGE STRATH, (pde; + ur. /7.
(ae} per: MAXIMUN TEHSION STRAIN FOUND IN ANY OF THE HOLE EDGE GATIES,
wirais: STRAIN IN REVERSE FACE GAUGE CORRESPONDING TO pry.
Wezay: AVERAGE STRAIN. tye, + nesaralfT. TABLE 3.2.- FAILURE DATA OF RIB SPECIMENS
TADLE 3.1 - FAJLURE DATA OF BOTH REAR AND FRONT SPAR SPECIMENE
IPECIMEN | SPECIMEN | TOAD | SHEAR FLOW [ SHEAR STRESS —T - o e o
LABEL NUMBER | (KNJ (N/mm} _{N/mm?) REMARKS o o pepfo) [ P 'l
SPECIMEN | SPECIMEN | LOAD | SHEAR FLOW | SHEAR $¥RESS | pecors | ueenis | REMARKS
RIB 5 1 14.71 25.7 17.85 LABEL [ NUMBER | (XN)_| = {Nfmm} | = (N/m?) ¢ pecay Jserav |
2 INSUFFICIENT STRAIN GAUGE DATA 8500 | 4600
RS1213 1 56.35 182 576 3000 | 5700
RIB 7 1 32 | 56.0 33.34 S B . e O
7400 | 4400 :
I 2__...| INSUFFICIENT STRAIN GAUGE DATA i . FS1112 1 29.40 125.00 3.2 | 3000 -
-5200 $ = 50 mm
RIB 10 1 29.37 18.7 28.98 : T T 7200 5300
WITH STIFFENERS z 26.95 -2600
R I A se9 | 88T | ] A0 |
3 47.06
INSUFFICIENT WITHOUT STIFFENERS
4 30.96 STRAIN
REST OF SPECIMENS DO NOT SHOW BUCKLING BEHAVIOUR
GAUGE DATA
5| 4605 WITHOUT STIFFENERS (a){o+): LIKE TABLE 3.1
8 4115 WITH DEFECTS

TAALE 4 7. ERTTMATED RUCKLING DATA OF BOTH REAR AND FRONT SPAR SPECIMENS
TABLE 3.4.4STIMATED BUCKLING DATAOF RIB SPECIMENS
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BEECHCRAFT STARSHIP STRENGTH CERTIFICATION
by
E.H.Hooper
Beech Aircralt Corporation
PO.Box 85
Wichita, KS 67201-0085
United States
OUTLINE:
° BasicAircraft Description ° Certification Basis
° Material Qualification ° Laminate Analysis Validation
¢ Environmental Considerations ° Damage Tolerance Evaluation

Beech Aircraft, in te fal of 1982, launched one of the major aircraft development  programs in the
recent past I is caled te BeechSTARSEIP shown in Figure 1

FIGURE 1
This  particular airplane resulted from several years of study and research at Beech considering a
variety  of configurations. These included performance analyses,  structuralefficiency studies,  and wind
tunnel tests © verify  the parameters.
The configuration selected is rather unusual in the general aviation market. I is a canard configured
vehicle. The forward wings or canards pvot in order © timthe airplane depending upon the position

of the flaps. When the flaps are extended in order © slow the aiplane down and control the deckangle
for landing, the foward ving pivots forward automatically to tim the pitching  moment  Propulsion  is
provided by two pusher turbo prop propellers mounted close © the body © minmize the effect of engine

out on control characteristics. Directional stabhility is provided by vertical stabilizers, one mounted
a thetp of each ving, which also houses the rudders for directional control. The pitch  control  on
the airplane involves both the elevator on the forward wing andthe elevon on the aft vine, vorkinein

conjunction. Al fuel for the aircraft is caried in the tiangular secton a the leadingedge root

and the basic ving box is free of fuel

Composite materials are used in the Starship. Significant gains are made in strength,  veight, fatigue
life,  and corrosion resistance.

There are several major concepts for structural configuration as shown in Figure 2.
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FIGUBB 2

The approach tat & used lagely in te Starship is onewhere there is a smal number of spars and
shear webs. The skinitself 5 te honeycombsandvich  that is stiffened  and stabilized within itself o
cany necessary loads. One of the main advantages of sandwich construction is its stiffness and
strength  properties shown in Figure 3. The Starship randvich  configuration largely utiizes graphite-
epoxy prepreg facesheets and te middle <ore is NOMEXhoneycomb (n a varety of densies  and shepes).
Oneof the man advantages of the NOMEXcompared © alunnum core iste  avoidance of corrosion.

— =y , ;
— g [ SRR A G U

Relative Stiffness (D) 3700

Relative Strength 100 700 925

Relative Weight 100 350 106

100 103
FIGUBB 3

| woud like © share just a fev examples beginning with fuselage. The fuselage is 70 inch da andthe
pressurized section is 35 feet long. It is a monocogue (no frames or stringers)design made of NOMEX
core and subsequenty  bonded together. Figure 4 schematically show hov these two fuselage shells are
joined together with a 2 type bond line. Adhesive as a secondaryoperation is cued © join these two
halves. As a fal -safety measure, inside the fuselage along the topand botiom centerline, the joints
are reinforced by a complete row of mechanical fasteners that woud provide limit load  carrying

capability in the eventuality of a complete bond failure.

H/T pacte Adhesive F

S
L—————:w—dLg_; T \\L\.lm

i Outer Splice

BE/T TFilm 2dnesive
0.00°

FIGURE 4



THIS DOCUMENT PROVIDED BY THE AE‘BE“TM A;EI;SPA:E
“TechnicaL Lisrary I

6-3

The wing is made in a 54 footlong tip © tip continuous  skin. I has graphite epoxy facesheets with

NOMEXhoneycomb  core. Thereare  no concentrated spar caps or stringers. Theskin & designed vith
three shear webs attaching the upper and lover skins to each other. Al te bending and torsion loads
are carried within the skin.

A key element 1 this particular design, shown in Figure 5, is the end view of a prevoven structural
joint called an "g" joint.

FIGURE 5
This joint has aunique feature in vhich the fbers passthrough  the intersection o avoid any peeling
stresses. The fibers pass through the jointin the vertical direction and inthe  horizontal direction.
The continuousfibers maintain  the strengthmuch higher thanif  laid up.
The Starshipvas certified © FAA pat 23 regulationsincluding the commutsr categoryoption, amendment

4, and special conditions.

STARSHIP 1

Certification Rules: FAR 28

Historically Limited to 12,500 Lb € 9 Passengers

Amendment 84, 1986, Allows up to 19,000 Lb
€4 19 Passengers

PLUS: SPECIAL CONDITIONS

A M
FIGURE 6

Special  conditions vere published by the FAA inthe  Federal Register, August 8, 1986. These are
additional regulationsvhich are needed inte viev of tr FAA o cerify new technology project vih a
level of safety equivalent © that intended by the existhg  body of rules.
The special  conditions, in addion © the companys nomal demand for safety assurance, caused the
STARSEIP to become one of the most rigorously tested aiplane  ever certified in theUnted — States. Some
of the previously unthought -of test included: flight test of the 85% scale demonstratorvith pressure
taps t verfy wind tunnel based panel pressure calculations; flight test of the fullscale prototype
vith  simulated  bugs plastered on the wings; two lightning strike tests an the samelocation, before  and
after  repair. In the end, five special conditions applied 1 various aspects of the airframe and only
one specffically addressed certification of composite  structure.
The FAA special condion  on composite  structures specified many tests  or analyseswhich would normally
be conducted inthe course of a major composites program.  These included:
Flaw gromh studies instead of fatiguelife orfal -safe evaluaton (@l thetme  maintaining  limitload
capabiity).
Strength after impart ~ damage regarded as an intrinsic property  and therefore a material  allovable
associated vith designultimate load.

Bnvironmental effects.
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But, the requirements included for certification of adhesively  bonded compositestructures were entirely
different than anything envisioned  ineary coordination meeting vih te Fas engineers. Infact, these
abandoned damage tolerance practice developed over te last rwenty years on metal structures (including
bonded metal structures) and vent beyond the exising FARpat 25 tanspot  ajrcraft rules.

STARSHIP 1

FAA Special Conditions Published 1N
Federal Reg. 8-8-8G (Pages 28500 - 25)

13 Conditions: 5 Arframe,

Including Composite Structure

FIGURE 7

MATERTALS

The best materials  commercially available a te time of te program stat were chosen based on fiber
strain  © failure (fordamage  tolerance), resin cure temperature (for processing  economy and toughness)
and resin glass transiion temperature (for the vequired envionmental  resistance). A vide variety of
weaves and areal weights (w=ight of fibber in grams pz sq meter) are used © provided maximum  design
flexibility.  Multiple fiber suppliers vere qualified n the certification program  and additional
prepreg vendors are being qualified for  production.

The amazing fiber tensie  strength, over half a milion pounds per sq n fom flaments ofonly 8
microns in diameter, is a reminder of the theory behind composite materials. In  material fundamentals,
puiy equals strength and a fnely dram flament is a way © achieve puriy. The resin matix &
necessary 1 transfer lobad b the fibers, bind the  fibers  together, and D enable the material D be
molded © shape. Very roughly,resin is added and we are left wih S90%of the fiberstrength (250,000
05 ples are laminated © give strength in - multiple directions leaving  50% of the unidirectional
stength (125000 @ This is typical of the Starship wing skin in the spanvise direction; a further
factor  of approximately 5% is applies in aircraft design  © account for practical stability and
durability requirement,giving a maximumdesign stress at ulimate load of about 60,000 psi

For comparison,  aircraft aluminum has a maximum strength  of 85000 psi, and fatiguelife considerations
restrict the design stress a ulimate load © about 45,000 psi Finally, the density of graphite/spoxy
is only 57%of that of auminum.

The materials qualification program established the lamina properties for each formatcertfied. Tests

are performed in Cold/Dry, RT/Dcy, RT/Wet and Hot/Wet environments. I’ B now based on recent HWIL-HDBX-
17 committee recommendations but includes an increased number of tests in the first  batch tested. The
tests are performed according © ASTH D 3039-76 and ASTQD 695.

i | N R:/D:ry
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FIGURE 9

Once the definitions of maximum temperature and moisture  were fuly  documented, material  qualification
testing could be completed.
FAR 23.613 requires that material  design values mustbe takenform  MIL-HDBK’s 5, 17, 23, efc. Starship
qualification program was conducted  using the test matix and statistical methods published by the ™IL-
HDBK-17 polymer matrix compositescommittee. The chat shows typical  properies  obtaned at the py (or
lamina) level of material  testing. Nine different lamina properties are required for use in laminate
analyses for each material qualified; about 8,000 material  testswere conducted in the initialmaterial
qualification program.  The next level of testing up in scale from material coupons is element testing.
About 1,200 panelswere  tested for tension, compression, shear, strength and stiffness in  combination
with  cond/decy, room tamparaiuca/dry, room remparaturs/wei, and hot/wet environmental conditions. Large
chambers were custom -buit 1 condition groups of specimens as they were available from the composite
fabrication shop.
Test article conditioning was accelerated by increasing the chamber temperature to 160 degrees F. when
conditioning coupons and 140 degrees F, when conditioning assemblies. The advantages  of basing the
conditioning on RH (instead of % weight gain or number of days) are tat it works regardess of the
materials involved, also, when a large number of pats are declared ready for test, tey can be
maintained in the  chamber until test capacity is avilable. Exta time in the chamber makes only a
minute difference in moisture  content.
The pumpose of the element test program was to valdate  the Beech- generated Laminate Analysis Software
Package (LA3SP)., With a validated analysis  method, it would nothe necessary © test every possible
combination ~ of material plies usedin  the airplane structure.
The basic  building block of  all structural analysis is knowledge of the stiffness or modulus of the
structural elements. The chart, Figure 10, shows calculated stiffness compared b measured values for
different loading cases and laminates  typical of those used in  wing and fuselagestructure.

STARSHIP 1

MATERIAL QUALIFICATION DATA

1.33 08 287 ] |%697.92 10.96
9.92 ™ B / 1185 ]
18.55 1809 / / / / / /|8.55
T/- — 1709 |/ 117 |/ / / /1588 1/
Y j /|oss |/ / / /
/ / f / / / / /
/ / y / / / / /
/ / 7 / / / / /
A | — / / / /
Bzl Exc Eyt Bs Xt Xe Yt S
(M8} (MSI) (MSI)  (MSI) (KSI)  (KS1) (KSI)  (KSI)

: AS4/8TK8 Prepreg Roving
Cellon/9400 Wet Wound Roving

FIGURE 10
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In modem aiframe design, the falue  modeswhich control the maximum load capability o much of the
structure are stability modes; the part does not fl  because of law strength  but deflects or bends
excessively due © lack of stiffness. and the usual panel failure n compression wil be due © column

or panel bucking.

If stiffness or modulus of a panel can be calculated accurately, then the failure load in  coluan
bucking, also, ought t© be predicable.

ENVIRONWENTAL DEFINITION

Because te mechanical properties of composites are sensitive D environmental conditions, a Cclearly
documented  definition of the extreme conditions under shich the structure  would be interrogated was of

prime  importance.

THE ISLAND OF GuaM s situated in te Pacific Ocean 13 degrees above the equator.  The climate  provides

steady exposure 1 combinations  of high humidity and taicly high temperature @ " Py, both around-the~
year and around -the -clock; ideal condions  for the accumulation of moisture in composites.  AndersenAir

Base, Guam, was identified as the worst -case base formoisture exposure in a USaF sponsored survey of
156 bases,  word -wide.  Actually, many Pacifin/tropical locations would provide  similar humidity

condions  and figure  12shows typical  hours of =exposure: per year in each rzlative humidity bracket The
average humidity  for the most humid month ~ (83% in  Harch) was chosen as a simple single level

representation of the year - round exposure. A litle margin - was added far test chamber control purposes,

gving a RH of 87% as the exposure requirement D generatt maximum moisture  content far static  testing

@ slighty lower BH was used n fatigue ad flaw growmth tesng based on a mission/moisture analyss)

DEATE VALLEY,CALIFORNIA, must be another wonderful place © Ive.  The ambient temperature on a typical

July afternoon s 116 degrees F The highest ever recorded there was 134 degrees F This worst - ever
temperaiure  is not considered in combinaton with €£ligzh+ loadsas the airplane systemsare not qualified

for take, -of with ambients over 120 degrees F. In addton t© the very high ambient temperatures the
airplane upper sufaces may be heated by solar radiation of 310 bitu/sqtt/ac, The high  ambient
temperature  and solar  radiation combined in solarsoak  tests ©D heat te ving upperskin  © 150 degrees
F whenmediumgray  paint was used.

STRUCTURAWALIDATION

Over 1200 panels vere tested for  strength and stiffness; tension, compression, and shear; and
environmental effects of cold/dry, room temperaturs/dry, room tsmpsratura/wat, and hot/wet conditions.
Large chambers were custom -bult  © condition groups  of specimens as they were available fom the
composite  fabrication shop.

TEST ARTICLE CONDITIONING was accelerated by increasing.the chamber temperature to 160 degrees P when
conditioning panels and 140 degrees F. when conditicning assemblies. The advantages of basing the
conditioning on RH (nstead  of percent weight gain or numberof days) are that it works regardless  of

the materials involved, and when a large number of pats are declared ready for test, they can be
maintained n the chamber until test capacity is available. Exta tme in the chamber makes only a
minute difference i moisture content.

GEOMETRY { EXTERNAL
LOADS
NASTRAM S
ANALYSIS Slf\l.u...f ICSIS
ERTY CAR s/ h 4
PROP iy STRAIN AND }//
A DEELZCTION CHECK
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SAFETY
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FIGURE 11
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VARTIOUS TTPES OF DAMAGE were introduced into test panels, including impact damage covering  the range
from no visible damage © puncture 1t define the Threshold Of Detectability (T0D) damage level  for
various  laminates.

4lso, large, complex -load path subcomponents of the airplane were conditioned D moisture saturation,
heated © 160 degrees P, and loaded to appropriate intemal pressure  and bending loads. Strain  and
deflectiondata showed that temperature and moisture conditionsalone created afew hundredmicro - strain
preload inthe  structure dd not change the final accuracy of predictions under environment and load
combinations.

FATIGUE AND DAMAGE TOLERANCE

Carbon fibercomposites are remarkably resistant o fatigue loading and test samples were cycled at very
high percentages of ther maximumstrength in order © generate flaw growth data

STRUCTURAL ANALYSTS

Substantiation of composite structure was proposed © be by laminate analysis  techniques which had been
validated by panel tests, taking into account interal loads on  each composite element, the required
environmental conditions, and the appropriate lamina properties. The intemal  loads woud be calculated
by finite  element analysis and the accuracy checked by comparison © full scale statc tests  rununder
lab ambient conditions as shown in the flow chart, figure 1L

THE PAA RESPONSEwas: "Good idea.  State -of -the at program, in fact  BL what about the effect of
temperature  and moisture  on internal strain even before  mechanical loading is applied? And, how
accurately  will  finite element analysis predict  combined effects of environment and mechanical loading

on complex three dimensional structures? " Theseconcermns  were successfullyaddressed by twomethods:

One, a commimentwas made that analysis  predicted strains  would maich the test resuts  within @ ten
percent. This was achieved by careful modeling of the tested structure with its internal

reinforcements, tet loading, and the tie -downs and restraints usedin  the test

THE LOAD SPECTRUM applied in ful scale damage tolerance testing was based on three mission profiles

generated from executive usage data in te exstng King Ar fleet The cyclic loads applied  included
gust, maneuver, cabinpressure, landing, engine torque, thrust, and minimum  on- ground  load.

A SCATTER FACTOR ON LOADSof 115 was applied which alowed one senice life © be statisticaly
represented by two lifetimes of laboratory testing. All safety  of fiight components  were tested in the
fullscale program,  including: forward wing and nose structure carry - through,main wing andits  fuselage
attachments, pressure  cabin, Vvertical stabilizer, and control  surfaces. The first test  lifetime was
applied t as-manufactured  structures, after which additional damage was mechanically inflicted D each
test article.

INFLICTED DAMAGE representedsuchin -service undesireables as impact damage, lightning strike, loose and
missing  rivets, disbanded adhesive joints, delaminated  and punctured  composite parts, and cracked  or
gouged metal parts.  The method of simulating lightning strike  damage was © bum the  composite with a
weldng torch untl the appearance and size of the bum was similar o that seen from lightning strike
tests.

RESIDUAL STRENGTH TESTS concluded the damage tolerance program © demonstrate  that the load carrying
capability of the structures had been maintained D a least design limt load. Strain and deflection
histories ~ were evidence  that  overall structural stiffness had notchanged © an extent that would effect
flight flutter margins.

ADEESIVELY BONDEDJOINTS were proven © be extremely  tolerant of fatigue loading and highly resistant o]
flaw (disband)  growth. However, additional analyses were conducted © show redundant load paths or D
identify joints  which needed back -up mechanical fasteners D meet te FAA special  condition. The option
of production proof testing was chosen rather than add rivets 1 certainextremely weight sensitive and

light -gageparts such as control  surfaces.

CONCLUSION

The all - composite aifframe can be successfully designed and analyzed with  todays  technology. Simple
designs using essentially monccoque techniques facilitate economical fabrication of pats and
assemblies. An FAA certification program  demands careful planning and coordination, especially
conceming  regulations,interpretations, test  criteria, test plans, and test winessing.
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THE ROLEOFANALYSIS IN THE
DESIGNOFCOMPOSITE MATERIALS

StepheW. Tsai, Jocelyn M. Patterson, José L. Pérez, and Steven L. E
USAF is Lab, WRDC/MLBM, Wright-Patterson AFB, OH 45433 USA

SUMMARY

The currentole of analysish thedesignof advanced polymer composite materialsresented.The correlation
betweerstructural property predictiorand measuremeis discussed foboth material characterizatiand
componenttesting. isreported thato predict the stiffnessf multidirectional laminatefsom the unidirectional
materialproperties, laminated platigeoryis reasonablyaccurat@ndgenerally accepted. Strength predictarsis
muchmoredifficult becausef thelargevarietyof failuremechanisms, andsomeof the existing failure criterige
inaccurate. Becaus# its simplicity, the moswidely useds themaximumstraincriterion,althought ignores
multiple failure mode interactiorsndis not easily adaptable tmodelprogressive failuresA much better
altematives the quadratic failure criterioacknowledgedsthe mossoundanalytically, internally consisteand
easily adaptable progressivdailures. but still not generally accepteoly mostof industry. Followingan
assessmeof the most advanced and most accueatalyticatechniquess a discussion of fewof the most
detrimental, although commonly accepted, shortowsalysis. lis concludedhat: (1)therole of analysiss
critical, (2) the best contemporary analysis techniguesnderutilized ang3) widely usecturrentpractisesre
compromisedy useof outdated rules.It is recommended that analytical tods built on fundamentals,
developinganintegratemicro-macro-mechanics design methodologwith the goabf using analysis rationallp
tailor newmaterials. Thefull potentialof Compositenaterialanthenberealized.

1. INTRODUCTION

Currently black metal desigtis predominantly used: replacing a metat with anidenticalonemadeof carbon
fiber reinforcecpolymer(CFRP) and achievingnly thedesign advantageovidedby theweightsaving®f these
lower density materialsindustry's inclination is generallyot to deviatetoo much from a quastisotropic
laminatealthoughoptimal desigrcan onlybe achievedvhenlaminatesre™tailored”, orienting thdoadcarrying
fibers in thedirectionghat theloading conditions dictateF-or anysystenof fiber and matrixmanydifferent
materialgn theformof different laminatesre possible-too manyto characterizempirically however.

Thenumberand ratioof ply orientationsn alaminateshouldbedecidedby analysis rather then arbitrary rules
suchasthe 10percent ruleand the rulespecifying the usef balanced laminatemly. These rulesesultingin
anineffective or evepossibly unsafe usef compositenaterials, werintroducedwo decadesgodueto the
lack of analytic understandirendlack of computingpower. Thereareseveralteasonsvhy simplisticrulesare
still usedfor design: (1)analytical toolsareunableasyet to provideall the answerg2) structural optimization
utilizing directionalityis regardedassecondary to other factorssuchasdamagéolerance.While simpletools
maP/Erovidea short term solutioriprther develoEmemf analysis willreduce th@umberof unknowns, allowing
aglobalperspectivéhatcantake intoaccountll theaspects  of design.

Laminatedplatetheory,the acknowledged foundaticemalysisis currentlyonly usedduringthefinal design
stages, althoughought to beintroduced during preliminarydesign. This goalcanbe achieved todaythanksto
theexplosive advances modem personal computers and workstatiohs capitalizeon the opportunityto
"desigrthematerial, it is essentiathatthe ability to calculatés exercised,improvemerageemadess experience
is gainedandconfidence in analyticatechniquess built, sothatadvantagean hetakenof these tools tguide
design Areasof analyticatlevelopment include techniéssues suchasthe selectionf the constituent materials
andtheir processingand thedesign criteria for stiffness, failure, fractupdy orientations, plydrop, stress
concentrationandothers. Much workremainsto be accomplishedparticularlyin the analyticmodelingof
progressivéailures inthreedimensional compositaminates.

2. COMPARISON OFPREDICTIONS ANDMEASUREMENTS

A composite iformed whenfibers arecombinedwith a matrix material. Micromechanitssthestudywhose
objectiveis to analyticallyrelate the materjadopertieof thefiberandmatrixconstituents thoseof the resulting
compositenaterial. At this time, thereare many micromechanictheoriesnearlyall of which arelimited to
stiffnesproperty prediction, being inadequatterelate the constituent strength propettiiaboseof the ply.

Macromeehanicks the study whosebjectiveis to determine the valug output variablessuchas laminate
strengthfor a setof conditions, or required laminate thicknessl orientation to satisfya setof loading
conditions.Once thenaterial propertylatahavebeendetermined, thegre usedin conjunction withboundary
conditionssuch ageometry antbadingdataandserve as thstarling pointo analysis. Themostfundamental
part of macromechanics, laminated platéheoryis a two dimensional theory theainconsistently predict stiffness
measurements a multidirectional laminatérom theply properties. Its usis becominggenerallyaccepted,
displacingthereliance onnaccuratéechniquesuchasnettinganalysisandcarpeplots. Comparisoaf laminate
stiffness measuremeraadpredietionby laminatecblatetheory generallganbe expectedo be within a few
percent.

A. FiberandMatrix

Empmcal testingf fibers anf thematrix materials generallyfor quality contropurposesand noto determine
input values foranalysis. Fiber tests include filament strengthegfsinctionof gagelength and strand tests.
Althoughmanyfibersareorthotropic, we ae not awareof amethodto empiricallydeterminghe transverse and
shear propertiedn additionto theusualstiffnessandstrengthestsof the matrix, a numbef testssuchasthe



gel permeation chromatograplPC), differential scanning calorimet@SC), glasstransition temperature, the
wetting and bondingttheinterface, and compact tensifinture toughness foGy ¢ arenotused quantitatively

in thedesign of composite laminates.
B. Unidirectional Laminates

Thegoalof material property testinig to sufficiently characterize a materigbthata rationaldesignprocess can
be exercisedfor improvementsn materialsandprocessingaswell asfor leadingto costeffectiveandreliable
structures. While isotropic materials, suchs metals,have the sameamaterial properties inall directions,
compositedave differenproperties in differentlirectionsas a functiorof thefiber orientation. Consequently,
more parameterarerequiredto characterizea composite nateriathan a metal.For metals, the moduluand
Poison'sratio will completely describe the materiaiffness, and onestrength values valid not onlyfor all
directionsbut alsofor both tension andcompression.For composites, the following material properties are
required for accuraemcturaktharacterization:

Ex Longitudinal modulus
Ey Transvenenodulus
Es  Shear modulus

nu  Poisson'gatio

Longitudinal tensile strength
Longitudinal compressive strength
Transverse tensile strength
Transverse compressive strength
St tl

W< <X

These unidirectiongbly propertiesaresimpleto determineandrepresent théasicbuilding block for analysis.
They can be determinedby doing a minimum of three repetition®f five uniaxial testson basic specimens.
Guidancefor the tesprocedures can Heundfrom ASTM Standards.Thetensiontestof aOdegreespecimens
and%0 degree specimens is descri STM D3039; the tension test of 845 degreespecimen to determine the
in-planeshear properties describedoy ASTM 3518. Compressiortestingof a O degree specimeis a more
difficult test and therare several test methods in existerfor,example ASTMD3410. The compression strength
of a90degreespecimencan bedetermined usindhSTM D3410, or alternatively ASTM D695 which govems
nonstructural plastics.

Stiffness correlations generally accurateithin a fewpercent. Stiffness, whichreflects the lineabehavior of
compositesjs easierto measurethan strength,which represents the point of failure. Strength correlation,
hopefully varyingby less tharlOpercentjs moredifficult because of several factors: material variability, quahty

of specimen preparation, stresscentrations dueto misalignment of the specimen and load introduction, and test
parameters such as loading rate. Confidence idataés improvedby increasing the number of repetitions.

C. MultidirectionalLaminates

Similarto the problems associatadgth determining materiadtrengththe strength prediction of a laminate is much

more difficult thanthe stiffnessprediction. A strength prediction capability ithe neighborhood of ten percent

shouldbeviewedassuccessful. With composites, many different failomedesarepossible. It is impossibleto

haveonecriterion thatcan consider all themechanismsWhile thereareseveralfailure criteriain existencethe

Ir;1aximum strairfailure criterion is the mostwidely usedbecausef its apparent simplicityut is not adequate
ecause:

« It ignores failure mode interactiorisym which carpet plotgan bgustified.

+ It doesnot normally include progressivaatrix degradatiorthat can bridgebetweenfirst-ply-failure
(FPF) and the ultimate failure of a laminate.

« |t isnotinvariant; i.e., a0.4percenistrain is notcoordinate independent

Theneed to improve the analytic predictionf thebehaviorof laminatess urgentlyneeded to achieve a high level
of confidence ircompositematerials. Theuseof quadratidailure criterionisrecommendedsafirst step. This
criterionis superior because:

+ Itis the simplest criterion to include failure mdderactions; from whichcarpet plotsareeasily shown
to bedangerous andoinjustice to composite materials.

It provides an easy transition between matrixfamat failuresby use of a matrix degradation factor
It provides asimpledeterminatiorof FPFandtheultimate strengths.

It is a scalar criterioad thereforénvariant. Its the easiesb manipulate mathematically.

It can beappliedto describébothinterlaminaraswell asintralaminar failures.

L S .

D. Structural Elements

Thereis anentirebook of ASTM Standardslevotedto composite materialgsting, whichoutlines abouthirty
tests. In addition, becauseof the extensive time anefffort involved in establishing alASTM Standard,
government agencies sucasNASA andcompaniesn industry havedefinedtheir own intemaltests. The
Standard Test Methods Task FokS&ACMA) represents current efforts withihe US to unify composites
testing. Unfortunatelymost testsre not designedvith analytical considerationgprovidingessentially empirical
data for qualitative comparisoandareoften unableo provide the desired inputo the analyticmodeling of
composite laminates anguctures.

Currently, many othetestsin existencere more of astructural component test than material characterization.
manycasestheseests have been definbyl materialsandproces®ngineersvho arenot concerned with analysis
and design.Tests for quality contrahouldinvestigate thgparameterseflectingtheperformanceof composite
materialsfor their intendeduse. Testssuchasshortbeare shear, opethole compiessionfransverse impact,
bearing, nano testaandothersaredesignedor specific applications; desigmplicationsof these tests shoulzk
regardedvith skepticism.

For example an empirical databaseis being expandedising thisopenhole specimen.Since the data are
complicatedto measureand difficult to interpret, evaluatiofasedon this difficult testresults in anunfair
assessmeiof compositematerials. Prior to the measurement of failuserain for anopenhole compressiotest,
which is boundarycondition dependentpasic materialpreperties needto be identified. With these datan
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analytical model of an open hole  :i eicanbe ¢, predictive power can be developed and the need for this
pirical test will £ liminat 1 ly, tests must be designed, and at least verified by some analysis for
measured deformation and failure modes

3. DETRIMENTAL SHORTCUTS

Insteadof developing andmproving analytical techniques, theseoften a tendency ipracticeto discount or
dismiss analysisasbeinganinadequate basis for design, siit@esotyet answer all thécomplicatetissues
of boltedjoints,damage tolerance, etBesign is accomplished througtbmparisowith empirical databasesd
"experienct In view of themechanicsvork in the Material&.aboratory over the padiventy yearsandaccepted
;h_eor(ijei)y the academiandresearcltommunity, desigdrivenby simplified theoriesndconservativeractices
isinadequate.

A. NettingAnalysis

Nettinganalysis ignorethe smcturalcontributionof thematrix withina laminate, considerirmly thatthefibers
ae carrying theloads. Thisconceptanbetreated asaspeciataseof laminatedlatetheoryby letting thematrix
degradatiofiactorapproactzero. As anexample, thelifferencebetween nettingnalysisandmoreexactthick
wall cylinderanalysis caibe seerin Figuresla andlb for the optimunpressure vessel undatemalpressure.
Theoptimum vessalnderextemapressurés shownin Figure2a ancb.

Maxtmum Materiel:1300/5208
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FIGURE 1 aMaximumintemalpressure capability verstigepercentage dP1 in cros9ly laminatesfor three
thicknessed pressure vessels defirdtheratio of innerto outeradiia/b; b) Maximumintemal
pressure capability versus thrgentationof angleply laminatesfor three thicknessed pressure
vessels defineloy the ratioof innerto outer radii/b.
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FIGURE2 a)Maximumextemapressure capabiliyersushepercentagef [0] in crosgly laminatesfor three
thicknessesf pressureesselgefined by the ratioof innertoouteradiia/b; b) Maximumextemal
pressure capabilite]/ versus thieentationof angleply laminatesfor three thicknesses pressure

vesselslefinedby the ratioof innerto outer radiiy/b.

Simplestress analysief pressure vessels prediti@lf asmuchsiress in the axial direction relative tthe
tangential direction. Accordinglynettinganalysisranslates the 1to 2 stress ratio. into a 1to 2laminate thatis
[0/902]. As seenin Figuresla and2a this canbe an acceptableriteria forcrossply laminatesbut leadsto
misleadingconclusiongor angleply laminatesjn which load interactionand matrixcontributions aremore
important. Netting analysis incorrectly impli¢isatthe[0/202] andthe[£54.75] laminateare equallyacceptable.
Additionally, nettinganalysis doesot differentiatebetweerextemalandintemal pressurendiscriminately
specifying the same laminate. According moresophisticated thick watlylinder analysigrigurelb shows
that for intemalpressure [+52] laminatds significantly betterthana[+54,75], while Figure2b showshatfor
extemapressure {£60] laminatesthebestangleply. Notethat thick wall cyiinder analysis ableto predict a
maximumpressureapabilitythatis threetimes greater undextemapressure.

It canbe concludedhat nettinganalysiggnores several importafdctors,suchasload interaction and matrix
degradationand consequenttyversimplifiesthe analysisandleadso erroneouslesign.




B. CarpetPlots

Another examplef a detrimental shortcainbe seenin the comparison ofaminates designed by carpet plots
versus thosby laminatedplate theory.Carpet plotssimplify laminate analysiBy decomposing a complex stress
into threesimple stressedasen theassumed validitpf the principle of superpositiofior strength. Figur@
compares thewo design methods.
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FIGURE3 Numberof pliesrequiredasa functiorof composite materiab sustairanapplied load 4,-2,1}
MN/m, aspredictedby laminated plate theory and carpet plots.

For anapplied load{4,-2,1} MN/m, the carpet plot desigr. would treégtasmultiple loads:(4,0,0}, {0.-2,0},
and{0,0,1}. For this load, carpet pla$ gver conservative by a factorof two. If a loadis complex,it must be
treated assuch. Superposition doesot workfor strength.

We axesorry to report that carpet plotarestill in use, including the data shafgdthe consortium of the current
European fighter. Ware not challenging a discrepanaf 20 percent that magxist betweendifferent
approachesWeare talking about sever@undredpercent.As greatascomposite materialare,they cannotoe
competitivaf simplified approachesrry with themsuchpenalties.

C. Noninteractive Maximun$train Criterion

If failure modesre norrinteractingasit is assumedh themraximum stres@andmaximumstrain criteria,multiple
loadscan be'synthesizeds one complestress.Figure 4 comparethethicknesses of laminategsignedor
thesimplifiedoneloadcaseandfor the actuathreeloadmultiple case.
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FIGURE 4 Numberof pliesrequiredasa functionof composite material tosustain a&aseof multipleloads
{(4,0,0}, {0,-2,0}, and{0,0,1} MN/m, aspredictedoy laminated plate theory and carpet plots.

Fora multiple loactcaseof {4,0,0}, {0,-2,0}, and{0,0,1} whichwould requirethestress analysisbedonethree
times, the desigis simplifiedto the stressnalysisof asingle, complexload{4,-2,1}. Figure 4 shows that this
reductiorof theloadcasdeadsto thicker laminatethanrequired, calling for morthantwiceasmany pliesand
makingcomposite materials unwmpetitivéheerrorhowevelis not consistentin other load cases)e predicted
resultcalls for less pliethan necessaryesultingin an unsafe design. We cannetfford this simplified approach.

D. Progressive Failurerediction

Oneexampleof industry's dismissaif analysisis thattheyignore matrix failure, theignal ofinitial laminate
failure. Thedisagreemernis whethemnatrix failuren to ultimatefailurein amultidirectional laminate shoule
considered. Industmglaimsthat theyare only interestedn ultimatefailure causedy fiber failure notrecognizing
thatfiber failure depends omatrix failureandmustbe accounted for in theanalysis.

The differencéetweena failure criteriorwith mahixdegradation and that withouts shown in Figures for an
applied complestres®f {3,2,1) MPa. Note thafor adesign thatignores matrix degradationnsafelaminates
are selected.lt is therefor@nunconservativeaethodology.
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FIGURE5 Numberof plies requiredo sustain a loadf {3,2,1} for differenta/4 laminates with andithout
mahixdegradatiotheory. Thesequencef numbersn bracket®nthe ordinatexisindicate the
ratioof 0, 90, +45, -45 degree plie# the laminate; for exampld230] implies[®3,902,453,-450]s.

Anotherexampleof the comparisonanbe seenin Figure6 wherethe strength ratiosf two laminates are

comparedor a varietyof loadingvectors.
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FIGUREG6 Ratiobetween number gliesrequiredby theorieswith andwithout mahixdegradatiowersus
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withoutmatrix degradation, like carpet plots, givasunsafedesigrprediction.
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The ratioon theabscissa axishow thathe predicted strengtf laminates designed using a criterion tues
not considematrix cracking will behigher (translatingnto alesserequired thickness) thahatdesignedvith
onethatdoes compensate for maturacks. Theformer overestimates the strengih thereforeinconservative
by a factor oveR.2for some loadingsTodatewe believahatsucherrors havebeenhiddenby the multitudeof
safetyfactoramposecht so manysteps irthe desigrprocess.

The problem withignoring progressive failure thatit severely handicapghe understandm@f composites
behavior. Using metals terminologynitial matrix failure canbe viewedas limitstrength andfiber failureas
ultimate strength. While the ratmf ultimateand limit strengths for metals typically 1.5,this ratio for
compositess very laminatedependent. A physical interpretatisithatthiseb  determines whether not the
failureisinstantaneouandcatastrophic

4. CONCLUSIONSAND RECOMMENDATIONS

At present, laminatiois guidedby simplerules,and failure predictionaregenerally madesingthemaximum
strainfailure criterion. Inherent this failure criterion ighe concepf strain allowableswhich is easyto
visualize butdoesnot dojusticeto compositematerials. Redundasgfety factors, conservatidesign,and
extensive empirical testing have resultechany successful composites applications. Nevertheless, composites
design hardlytilizes directionality, fallindgar from structural optimization.

Structurabptimizatiorrequires the useof analysis.Whenanalysiss usedin composites desigit,is the accepted
laminated plate theory, usuallyroduced during thelaststage®f the design process. Laminated plhtory
shouldbeintroduced earlier, alongith a progressivéailurecriterion. Thismethod provides a reasonafitst
approximatiorandbetter reliability thamurrent design practisesThis approacttanthenbedevelopednto an
integratediesignmethodologyss outlined inComposites Design.

As an illustrationof the level®f analysis, Tabld isintendedo summarizéheanalytical capabilities. Level,
baseddn classicalaminated plate theofCPT) and the maximumfailure criterionjs theaccepted practiday
manycompaniesLevel2, basedon CPT and thequadratidailurecriterionwhich includes progressiviailure,
shouldbeconsideredheminimum. Level 3isbeingdevelopedandLevel4 shouldbereadyin thenot too distant
future. These levels are geneficmulationsof boundaryvalue problems. Problem$openingsboltedjoints,
andtransverse impactaresolvablewithin the sam&ameworkusing differenboundary conditions.
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TABLE 1 PRESENTAND FUTURELEVELSOFANALYTICAL CAPABILITIES

Level Noduli Failure Progress failure
1 CPT 2-D Max strain Not inciuded
2 CPT 2-D Quadralic 2-D included

Intra - quedratic

Orthotropic 3-D -
3 P Inter - parabolic 2-D included

Intra - quedratic

4 Nonoclinic 3-D _ . 3-D included
Inter = parabolic

Ourrecommendatiois that Level3 shouldaccommodattheanralysis of thick laminates, with progressive failures
for bothintra- andinterlaminarfailures. Aypical flowdiagranmaylook like thatshownin Figure?.

FINITE

PRE-PROCESSOR ELEMENT [———»P0OST-PROCESSOR -}{:';UJ].—
Tz 1 ANALYS|S
Intra- & Inter-'*__

ply degradation
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FIGURE 7 Key ideasf the Level3 (orthotropic threalimensional) theorgcheme

Thefirst generation thredimensional modek bestlimited to homogenized, orthotropic materials. With this
assumption, albff-axis pliesmustbe grouped togetherHiving only nine independent constants, fast stress
analysisigossible. Thepmgressive failure analys&conduzted ona ply-by-ply basis. Thisapproach halseen
appliedusing laminated plat&eory on simple structures, suetsa platewith a circular hole subjecteéd normal
stresseswith good results. The effect of thehole sizehas been shown withouésorting to theuseof an
empiricallength for the poinstres®r averagestress approximation. #uly threedimensional approadsbeing
developed.

It is hopedthatasimprovedstress analysis and failure criteriaredeveloped, theorrelation between analytic
predictionof failures will matchexperimental observation closancanbeachieved today. With improved

tools,a factorof two weight reduction over aluminumill be routinely achievable thestructural utilizationof
composite materials/NVe expecto reachthis capabilityin lessthanfive years
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ABSTRACT

On the basis of the experience with the FOKKER 100 development and full-scale testing, the
gualification process leadingto a certified aircraft structure is reviewed.The question whether the
state of the art is satisfactory or not is discussed, seenfrom the viewpoint of the F.EM. specialist,
the manager, the structural specialist and the authorities. Special attention is givento the
problems with derivative aircraft with respectto the requirements. Computer simulation as a
replacementfor full-scale testing is discussed and rejected. The practical compromises in full-scale
testing and F.E.M.model verification are discussed and some crucial experiences with the
testprogram are considered.

1. INTRODUCTION

Inthe aircraft industry there is a tradition of testing to support the analysis. This tradition is notthe
same in Europe and the USA and in both regions it is not such that the extent of a test program is easy to
establish.

For completely new types the tradition leads more or less directly to afull-scale test program with two or three
test articles. When the type is successful a series of derivatives may follow for which tradition and legislation
are inadequate in defining the level of testing.

There areformal requirements, issued by J. A.AA. and F.AA. butthe articles are such that additional
interpretative material is necessary and even then interpretation depends on several parameters of a subjective
nature.

Especiallyforderivative aircraft, for which a basic design has beentested earlier, there is no definition of what is
to be considered as "acceptable extrapolation".

This is even more difficult when a step by step approach to development isfollowed. Somewhere in this process
the discussion will start whether new tests are necessary or not. Different opinions, depending on the different
responsibilities, will arise. The F.EM. specialist, the manager, the authorities and the stressman/designer may
disagree. Inthe case of the FOKKER 100, after a discussion period which lastedfor more than a year, a new full-
scale test program, probably unprecedented in scope for a derivative aircraft was established.

Comparing different industriesit is clear that the aircraft industry is in a favourable position because
full-scaletesting is a possibility. Afull-scale test on a skyscraper for earthquake hasto wait for a natural earthquake.
Since there are more industrieswhere there is no other way than reliance on other means of compliance than
full-scale testing this workshop intends to investigatewhy the aircraft industry cannot rely mainly on improved
analysis techniques.

2. VIEWPOINTS

The hypothetical viewpoints of different specialists will be considered. They are more or less
caricaturistic in order to illustrate the situation of conflicting interests

2.1 THE VIEWPOINT OF THE F.EM. SPECIALIST

Working inthe field of FEM codes and testing of finite element behaviour, he is adept at designing
FEM modelsfor problems with a known theoretical solution and hopesto Seehis knowledge reflected in
production models.
However, itis a horror for himto Seethat production models are composedby stress people who insufficiently
understandthe mathematics of discretizationand who, under time pressure, are satisfied with geometrical
compromises.
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He will not be surprised by bad correlation with measuremerts. It is beyond his understandingthat it is normal
practiceto predictfailure loads with linear elastic analysis.

Onthe other hand he sees within reachthe next generationd computers enabling another order of complexity in
analysis with which he claimes true simulation of structural behaviour may become a reality, and analysis may offer
many more possibilities than full-scale testing becausethe mathematical test article will be re-usable.

2.2 THE VIEWPOINT OF THE MANAGER

For this purpose the manager is defined as a specialist in getting things done and who has to take the
decision where rationalityfails or in the case of conflicting interests. Considering the level of structural integrity of
the aircraftflying aroundthe world and observing (inthe cas? of the FOKKER 100 that inthe static full-scale tests
failures only occurred above the load levelto be certified, he could be satisfied with the state of the aft in
structures.

He could ask: "How can we save costs; can we omit these exgensive tests when the only use of it is to show that
the design team did a goodjob ?" and "How can this design team do such ajob faster and cheaper '

He expects from automation a fast pre- and post processing replacing engineeringjudgement by a push-button
procedure.

up till now the design team has asked for ever better computer power but this did not result in less man hours per
weight unit. He is suspicious concerningimproving analysis g Jality and he fears hobbyism. A method which
prevents exploding analysis cost is to limit resources. There are a lot of other areas in which the money can be
spent with more promising sales potential.

2.3 THE VIEWPOINT OF THE AUTHORITY

Authorities are not equippedto check the analysis in detail. They know that computer results and
other paper work is one thing and an aircraft is another. Thert?have been a number of surprises during tests and
with the operation of aircraft. At leastin Europethey see full-scale tests as means of compliance with the
requirements.

However, their position is morejurisprudential than technical. They are also victims d their own legislation as far as

interpretation is concerned.
Inthe interpretative material the following is added to JAR (ACJ 25.3071and illustrates the nature of the bargain:

“In deciding the needfor and the extent of testing including 1he load levels to be achieved the following factors

will be considered by the authority

a) The confidence which can be attached to the constructor',; overall experience in respectto certain types of
aeroplanes in designing, building and testing aeroplanes

b) whether the aeroplane in question is a new type or a deve opment of an existing type having the same basic
structural design and having been previouslytested, and how far the static strength testing can be
extrapolated to allow for development of the particulartyfe of aeroplane.

¢) The importance and value of detail and/or component tes’ing including representationof parts of structure
not being tested, and

d) the degree to which credit can be givenfor operating experience where itis a matter of importingfor the first
time an old type of aeroplane which has not been tested."

It requires detailed knowledge of the design parametersand foregoing experienceto arrive at a subjective
judgement. Based on these ground rules decisions needto be taken inthe early stage of a project. Authorities

do notliketo be put in a position of taking part in decision making which they consider as the manufacturers
responsibility. This means that pre-interpretation hasto be do1e by the manufacturer and agreement sought from
the authorities much later when sufficient information is available. This conflict of priorities is avoided when the
manufacturer decides in an early stageto go for full-scale testing. If testing is considered necessary than JAR
requires in principle ultimate loads whereas FAR states: "The administrator may require ultimate load tests in cases
where limit load tests may be inadequate”.

if it concerns a development of an existing type it can be expected that the manufacturer's interpretation differs
from his authority's and even different authorities may have different opinions.

24 THE VIEWPOINT OF THE STRESSMAN/DESIGNER

The stressman especially is aware of the iterative nature of the design process which, in his
perception, may not converge to the ideal solution. The final F.E.M. results based on final loads will come after
drawing release and hopefully intime for certification. The design phase is a hectic period in which things do not
always go along the lines he desires. in case of a derivative design there is a great pressure to maintainstructural
lay-outs as much as possible. It leadsto a more efficient structure but there is a risk of going too far.




8-3

In the fixed period between go ahead and certification ever morejobs are crammed. Already during this period
new variants upon the basic aircraft are started inthe design office requiring the attention of the same people
who are already overloaded. The task of damage tolerancejustification isforced into this period as well.
Implementation of the damage tolerance requirementstoday is different from the expectation at the issue date of
art. 25,571 in 1978. From the side 0f the legislator it was not intended that the available data for inspections should
be better than a safe assumption; it could be updated along with improved knowledge. However, this approach
was notto the satisfaction of the operators who require the final results on certification date.

Asfar asfull-scaletesting is concernedthe stressman should believe in his own analysis and the conservatism of
the assumptions. Added t o that the knowledgethat real structure should show better reserve factors than analysis
because 0f positive geometry tolerances and better material data than the design values he should advocate the
uselessness of testing. Nevertheless he is the one who hasfirstly to answer the question whether such testing is
necessary or not. Although this question is confused by politics and company intereststhe stressman is considered
to be able to come up with cheaper alternatives with sufficient conclusiveforce.

3. PECULIARITIES OF AIRCRAFT STRUCTURES

A very important difference with other industriesis that aircraft are built in series production in
numbers than can reach to over a thousand of a type.
As a means of publictransport the highest level of safety is required; the impact of a failure 0N public opinion and
onthe industry is enormous.
The aircraft is the only means of publictransport that cannot stop in its own environment and cannot operate at
factors of safety appiied to the other forms of transportation. The requirement 25.303 imposesa factor of 1.50n
the external limit loads. These limit loads are not impossible in normal operation.
The structural concepts are such that non-linear elastic behaviour is accepted below limit load and non elastic
behaviour below ultimate load.
To determine the allowable loadfor a structural part is often not a simple task. Simplifying assumptions are used
for which itis not always possible to ascertain that they are conservative.
Allowable loads of structural elements have been established in general based on non-elastic behaviour but
without feed back, up till now, to the FBEM analysis in terms of stiffness reduction. Furthermore there is the
influence of detail design on general instability phenomena and fatigue. This influence is generally too complexto
take into account and often not revealed before failure on test or in service.
Aircraft structures are composed of many bits and pieces with a great number of attachments and fasteners.
The load transfer and local stresses follow a different pattern at ultimate load condition and under fatigue loading.
(yieldingversus elastic).
In many cases the influence of yielding is taken into account by very simple assumptions. The elastic stressesfor
fatigue loads in complex details could intheory be better analyzed but this requires an effort which is notfeasible
during the development phase.
Up till now the internal loads are calculated with linear elastic methods, also for ultimate external loads.
Consideringthe uncertaintiesat and below ultimate load one could have doubts whether the usual analysis
procedure can produce sufficient means of compliance with article 25.303 or not.
Given the fact that full-scale testing is a practical possibility and, in relationto the development cost of a new
project, also an economic possibility it is understandablethat it became a tradition.

4 GENERAL CONSIDERATIONS ABOUT FULL-SCALE TESTING

Although full-scale testing for new projects is reasonably well defined in J.A.R., working groups still
discuss whether it could be sufficient to test nofurther than limit load. Infact this is the basic F.A.A. requirement
although occasionally in the USA ultimate load tests have been done. Itis the author’s opinion that a limit load test
requirement makes no sense.

From a mature industry it can be expected that their products are anyway good enough to take limit load.

A strain gauge measurementprogram makes sense in the linear phase but this is a separate subjectand not
necessarily connected with limit load testing as a requirement. Inthis respect it is interesting to quotefrom (ref. 1).
"The accuracy of durability analysis will be improved by direct stress measurementsfrom the full-scale test article
eliminating the needfor costly finite element analysis".

Somewhere between limit load and ultimate load uncertainties beginto appear. Often a premature
failure is introduced by a local secondary deformation or even a real omission such as missingfasteners. The
ultimate loadtest is obviously the only way to reveal such points or to show that they are not important below the
tested ultimate value.

An inconsistency is introduced with the acceptance of a certain growth on the basis of extrapolation; acceptance
of extrapolation based 0n subjectivejudgement and pragmatic legislation is not consistent with the turmoil which
is produced by a test failure at load factor 1.48instead of 1.5.
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Only the failures are corrected which emerged under 1.5and not the onesjust above 1.5 because they remained
unknown.

Since every successful type gets larger derivative:: tne truth of the matter is that not many aircraft in
operation have been certified according to the test specification.
Should the basic type have been tested only up to limit load this could mean that after a growth period, only 70 %
of limit load or less than 50 % of ultimate load is covered by test results.

A last opportunity is a test to failure. It is obvious that doing this only one load case can be tested when
the damage is not repairable. Usually wing upward bending is chosen because it is in the manufacturer's interest to
establish growth potential. The breakspotis then improvedfor further growth by extrapolation.

A remarkable precedent has been created by the Dutch RLD. Intheory a downward wing bending test
is at leastas important as an upward bending because generally the lower skin has many more cut-outs.
RLD agreed with the omission of such a test for the FOKKER 100 providedthat it could be shown that an additional
safetyfactor inthe order of 1.5 existed.
In practice this is not too difficult because the lower skin is designedfor a fatigue life of 90.000 flights so the
compressive stresses are relatively low.
Extending this precedent could mean that the normalsafety factor of 1.5 is only valid in case a test is done,
otherwise 2.25 is required.

As far as fatigue testing is concernedthe European and the US requirements are also different
although in the wake of the Aloha incident F.A.A. NPRM's are i1 the pipelinewhich should eliminatethe differences.
The main discussion item is the two life times full-scale test requirement but again derivative aircraft are difficult to
compel into this concept and old timers for which it is really important were often nottested adequately.

Requirements is one thing, manufacturer's interest another.
The confidence which is created on the side of customersand authorities by a good test program is of great value.
Revealingdiscrepanciesearly in the production phase is an important driver, confining costly correctionsto fewer
aircraft.
The timely solution of one discrepancy can pay back the total investmentin testing.

Testing also has its imperfections.
It is unknown on which side of the scatter band a full-scale test result lies.
Despite good test results cracks may appear in service revealing that some details in the test load applicationwere
not representative or the typical flight definition does not correspond with later operation practice.

5. ANALYSIS QUALITY

Analysis is not confined to the definition of the F.E.M.idealization. Interpretation of the results and
transforming them, if necessary, to enablethe comparisonwith allowablesis the realjob of the stressman.
Judging the quality of this processas a hole is not easy; one niissed local problem might ruin the confidence inthe
total effort.

There are only incidental occasions for checkingthe quality since it can only be done by full-scale testing and even
this check is not perfect.

There may be differences between manufacturers because of differences in resources, philosophies and
experiences. Some general remarks about limitations of the analysistechniques have also been made in other
paragraphs.

i will expand now a little on some peculiaritiesof the FOKKER 100 F.E.M.analysis. dated 1984, especially those which
we intend to improve in the next generation.

Competitionfor computer capacity meant we had to choose between detailed modelling within components with
debatable boundary conditions or optimizing componentboundary conditions at the expense of some details in
modelling.

We decided to opt for an almost complete aircraft model built:upfrom substructuresin order to get the best
compromise in global and local stress distribution. The price 0° this was a lumped stringer concept (72 real fuselage
stringers:=32 model stringers, 17 wing upper panel stiffeners:=9 model stiffeners, 28 lower wing panel
stiffeners:=9 model stiffeners). Cabin windows were treated as panels with reduced stiffness. Cut outs for doors
and hatches were rectangular with sharp corners. (fig. 1}.

Fuselage frames were eccentric beam elements, coupledto the skin grid by shear cleats with low radial stiffness.
For cabin windows and door cut outs the F.EM. analysis gives only general results which haveto be interpreted by
engineeringiudgement. Improvement of such details for fatigue analysis requires very fine modelling (plate
bending effects should also be taken into account).A trial calculation with rounded off cut-out corners which
could be compared with strain gauge readingsfrom the fatigue test article (fig. |d ) was made after the static
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failure (ref. par. 6.1.1. ad). The correlation was promising atthe fatigue load level butfor the ultimate load case the
stresses were so far above yield stress values that no relation with the failure load could be established.A thorough
investigationis still necessaryto explain this.

The centre wing upper panel is subjectedto a complicated loading system. Wing bending together
with loadsfrom crushing, cabin pressure and inertia loads supported by elastic ribs.
The FEM. analysis only producesthe wing bending stressesto be usedfurther in a compression bending
calculation.

Research analysis has been performed by the National Aerospace Laboratory{N.L.R.} on the critical loaded stiffener
with the computer program STAGS (ref.2). The collapse behaviour was investigatedtaking into account different
combinations of the variables. Although the results are really interesting this analysis isfar from the wish to
simulate the complete upper panel with its curvature and varying load distribution in chordwise direction.

The collapse load comes remarkably closeto that 0f the formal certification analysis in which the area where
yielding takes place was assumed on another location.

Since this type of structure, as a consequence of weight growth, will be used up to itslimits it is a strong desire to
know the collapse load very accurately.

The NR report closes with the remark that "In principle such complete simulation of the panelwith all its details is
coming within the range of possibilities. The only barrier at this moment is the tremendous computer costs
connected with such undertaking".

Such a remark is outdated very soon; a new generation of hardware and software may change the world.

Although the analysis is done accordingto the requirements, combining ultimate wing bending with
1.5 x cabin pressure (max. relief valve setting). we usedthe escape clause that for testing a lower level can be
agreed with the authority. We consider stability problems induced by cabin pressures above max. relief valve
setting unrealistic and sufficiently covered by ultimate wing bending with afactor of 1.2 onthe max. relief valve
setting ina full-scale test.

The FEM. model, designedfor static loads has also been usedfor the fatigue loads. The results, in
terms of element loads, are in generaltoo crudeto be used directly in a damage tolerance analysis. They haveto
be translated by engineeringjudgement into detailed stress distributions in small areas of real structural elements,
taking into account local eccentricitiesand secondary effects. The required accuracy is very high since there is an
exponential relation between stresses and fatigue life.

Added to this isthe incidence of substantial scatter in real hardware and the influence of parameters such as

fretting, surface condition, residual stresses and manufacturing variations.

Only a large margin between required and calculated life may be considered a reliable guarantee of problemfree

life. But often afactor of two on the results means the difference between a serious problem and no problem at

all. People working inthis field are sometimes at their wits' end and not preparedt o take responsibility for the

conclusions.

There S a real gap between this world and the suggestion which is provoked by the requirement25.571 that it

should be possibleat date of certification to deliver the ultimate proof.

A more accurate F.E.M.analysis can make this process more reliable but it remainsonly a part of the game. At least

one positivething can be mentioned about this imperfect process: It requires additional attention for the

design details with respectto damage tolerance which means a quality improvement; gaining experienceis the

only way to improve methods.

Similar conclusions can be found in professor J. Schiive’s paper (ref.3).

quote: 1) Predictionsfor specific design situations can be considered as estimates only, which generally will have
low and unknown accuracy. If they are still usedfor design purposes substantial safetyfactors should
be introduced with the risk of undue weigh penalties.

2) Inview of the limited accuracy of predictions. experimentalverification is very much necessary if
weight penalties should be avoided. Fromthe previous discussion on full-scale testing it will be clear
that such experiments should be carried out on realistic specimens with realistic flight-by-flight load
sequences.

6. TESTING OF THE FOKKER 100

Consideringthis project as a derivative aircraftthe discussion about the necessity of testing was
difficult. It would becomethe first derivative with a full-scaletest program which was a disadvantage againstthe
competition in program cost. Inthe beginning the status of the project was to extend the F28 production line for
anumber of years. Nobody saw atthat moment the sales success which developed. Duringthe design phase the
project status alteredto a state of the art concept for the future.

Together with a number of geometry and weight increases this ledto the conclusion that extrapolationfrom F28
testing had no credibility and a new test program was established.




This program consists of two full-scale test articles for wing and fuselage (staticas well as fatigue), a
test set upfor the horizontal stabilizerwith upper fin part and test set ups for engine support structure, moving
surfaces and main undercarriage.

In this lecture attention is mainly confined to the two test articles for wing and fuselage (fig. 2).
Inorder to fitthese tests into the building facilities one test rig was designedto perform bothtests
consecutively. This led to considerable complicationin schedulingthe program.

The total elapsed time, includingthe decision phase. is inthe order of ten years.

1year decision phase

3 years preparation phase

6 months static testing and test article change

2 years crack initiation

2 years crack growth and residual strength testing

1year somewhere in the programfor test article change and failure test

Risks in performing this scenario are numerous. Ultimate load testing should coverthe design
envelope but every load case has a potentialfailure risk jeopardizingfurther testing.
The endurance test will produce cracks. In order to gather knowledge about crack growth those cracks are allowed
to grow much further than in operation butthen repair may be much more complicated and not representative
of the standard repair. When a redesign is necessary, either a retro mod or a series production mod, this should be
fed back into the test butthen life time until repair is missed or the test time should be extended.
The requirementto test two life times at a conservativespectrum is really a challenge; during the second life time
damages might be expected which are beyond economicrepair if the design isjust good enough.

Forthe static test program 12 symmetric load cases were selected representing maximum bending
and shear inwing andfuselage and a few cases with local importance. This was blown upto 45 test cases because
first a series of limit load tests was done, then the ultimate loads and after that some cases at increased load levels.

Thefatigue test is based on a conservative spectrum covering also the operation in heavy gust areas.
This spectrum has been convertedto a test spectrum by trunzation on the high end and omission at the low end.
Theflight types and the sequence of loads in each flight have been fully randomized. The heaviest load is repeated
once per 5000 flights. Details of this test spectrum were presentedin a lecture at the ICAF conference 1985 (ref. 4).
The test spectrum loads have been increasedto 110 % in order to speed up the test experience. An economic
repair life of 90.000 flights will be covered. With a scatter factor of two on the results this is 180.000equivalenttest
flights. The test duration and test experiences will be corrected for the 110 % load level.

6.1 SOME INTERESTING TEST EXPERIENCES
6.1.1 Statictests

Fourfailures have been encountered.

a1) A stability failure of stiffeners in a beam supporting the aft pressure bulkhead, just below the required
2 X cabin pressure.
No modification was required because the specified load could be maintained.

a2) A stability failure inthe tailcone 3% above the requiredlcad (stabilizerdown load) (fig. 3).

a3) A tensiontype failure in the main undercarriage back up structure under lateral loading 6% above the
required load.

ad) Atensiontype failure inthe fuselage side paneljust above the wing, starting from the aft emergency hatch

cut-out, under high shear load from a landing case (fig. 4.
Although the load was above the specified load this case was superseded inthe meantime as a result of main

shock absorber drop test data.
Certification could only be obtained by modifying the shock absorber characteristicsand new drop tests.

Testing only upto ultimate load would not have revealed these weak spots and extrapolation would
have been accepted.

Although in general such failures are part of the game they are still a surprise. The exact failure
phenomenonwas not predicted and afterwards it is not always easy to explain it.Inthe case of a2) it is almost
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impossiblet o distinguish primary and secondary damage. Case a4)taught us that the quality of the F.EM.
modelfrom the design phase was inadequateand that the presentstate of the art (detailedcut-out corner
idealization) gives @ much better indication of local stresses.

Are we sure that this was the last lesson we need ?

There are still supporters of the vision that speed during the design phase is more important than sophistication !

6.1.2 Endurancetest

Although scatterfactors are applied to the test results in order to arrive at safe inspection instructions,
the nominaltest results may stili be considered as representativeof what might happen in operation. Considering
that a heavy test spectrum has been chosen, it might well bethat in a real aircraft such cracks will develop much
tater if the particularaircraft encounters a lighter spectrum.

by  Cracks developed inthe corners of the emergency hatch cut-outs above the wing at 20.000 test flights and
more (Sedig. 5a and 5b).
This problem has a relation with the static failure a4).
A weak spot has been improved in series production by extending an existing doubler to postpone cracking
andto create additional static strength. Repair patches on the test article must show the quality of the repair
inthe event of cracking.

b2)  Afuseiage circumferentialjoint strip at the wing spar Stations developed cracks after 30.000 test flights (see
fig. 6a and 6b).
This was a serious deficiency which could have resulted in the loss of aircraft if it had remained unknown.
A prompt modification action was started and no aircraft are flying with the original design. With a detailed
F.EM. model for the stringer coupling the stress at the location of the highest loaded rivet could be
establishedand the phenomenon explained afterwards.
However, the stress department hasto take the blame for not having payed enough attention to thisjoint in
the design phase. The fatigue test has paid off itself !

b3) Rear spar web cracks developed from the attachmentsto the lower boom at 52.000test flights and up {fig.7}.
Correctedto 100 % load ievei this means weii over 70.000 unfactored flights and so only aircraft operating
under a similar spectrum might expect such cracks before the 90.000 flights. Howeverthe inspection
requirementandthe eventual repair are a burden for the operator so a modification was considered
necessary.
A more thorough fatigue analysis during the design phase could have revealedthis short life. However the
comparisonwith F28 typestogether with the service experience until then gave no reasonfor suspicion.
The analysis presentedfor certification did not revealthis problem. Afterwards the results were adapted also
to earlier models of the F28.

b4) A serious crack inthe wing lower skin initiated from a circular cut-outfor a fuel probe at 60.000testflights
(fig.8). The cause was a design omission (theincreased panel strength had not been introduced in the same
ratio in the cut-out compensation).A redesign was considered necessary.

b5) Inthe connecting elements of the forging and the built-up frame structure of the rear spar fuselage frame
cracks developed at 45.000 test flights (fig. 9). A straight forward repair in case of cracks was notan
acceptable approach because of the inspectionburden for the operator. A terminating action has been
prescribed by means of an improved connection. Correctedto the 100 % load level 45.000 test flights means
63000 unfactored flights. The predicted unfactored life based on measured stresses was 106.000flights and
435.000flights based on F.EM. stresses.

b6) At 40.000 and 50.000 flights the first cracks were discoveredin the piano hinges of the cargo doors.
The cracks initiate from a sharp machined edge which can be considered as an improper detail design.
(Thetest article is of the basic configuration with the small belly doors).

7. F.EM. VERIFICATION

One of the formal objectives of a full-scale test is the verification of the analysis. Part of this isthe
F.EM. analysis which, to a certain extent, can be verified by strain gauge measurements.
The question is whether the model maker created a good simulation of real structural behaviour.
Verificationis confined t o the linear elastic behaviour; in consequence only strain gauges on locations where this is
the case can be used. Generally this excludes the verification of stresses inthin panels of the fuselage because of
early buckling.
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F.E.M. models have been designedto the state of the art of the available computer power and man power, so very
often they do not adequately represent local stress gradients.exactly the subject of interest to the stressmanwho
defines the straingauge locations. The number of strain gauges always has a limit below the desired number so only
a relatively small number is suitedfor verification.

Also for the 'ideal' locations there are causes for discrepancies,

1) A special FEM.modelfor the test situation is infact needed becausethe boundary conditions and the load
applications are different from the real aircraft. This extra effort is not always done and then the comparison
is made with the model which is usedfor aircraft certification.

2)  Every FEM.modelis still a discretization of reality.
Every new generation shows much more perfection an3 as long as this has an influence on the resultsthe

final model has still to come.

3)  Secondary load paths which have not been incorporate3 in the model may contribute to the stress
distribution.

Inthe FOKKER 100 case cause 1) is applicable and we had to wait for more than two years after
certificationfor an opportunity to correct this.

The criterion for "good correlation" is often not investigated and may differ per location. Comparedto
the theoretical stress (realstress in a theoretical aircraft with zll geometries of nominalvalues and the nominal
Young's modulus),a measured stress which is 20% lower might have a reasonable probability and even more for
machinedforgings. in clean stiffened panel structure, like a wing upper panel. a better correlation must be
expected but anything within 5% is at hazard.

Since the analysis has its own unknown deviations, for which 10% can not be consideredas bad in a complicated
structure, a measured stress which is 30% below the calculated value is not unconditionallya bad performance.
Higher stresses than caicuiated at important locations are anyway considered as baci correlation. The explanationfor
a deviation is difficult to find because, mostly, only an incomp ete picture is available of the stress pattern.

To bring a F.E.M. verification, if ever possible, to the scientific level of a physical experiment goes beyondthe
objectives of a commercial activity.

Nevertheless some useful lessons are learned from measurements which deviatefrom analysis. It directs usto the
locationswhere we may achieve improvementsinthe F.E.M. models.

Inthe formai sense verification has only to show that the analysis is conservativeand we are fortunate
that is most cases this is true.

As a matter of fact the occasionsfor a verification by full-scale test are very rare and it is a one shot
happening performed by a team without an earlier comparab e experience. The existence of a fatigue test article
provides the opportunity to have second thoughts and to do local measurementsduring a longer time span.

Only authorities are in a positionto be able to collect and compare knowledgefrom different sources in a relatively
short time span but even on a global scale this experience is liinited.

8. F.E.M. ANALYSIS IN FUTURE PROJECTS

Inthe last 30 years rapidly increasing computer bower stimulated a considerable improvement in
analysis quality.
There are still practical limitations in the way these techniques are thrown into gear. Also the nature of a design
process is at odds with perfection in analysis.
The first improvement within reach is a better accuracy in the linearfield so that sorne fatigue prone areas can be
analyzed better and earlier. This requires more perfection in modelling and more coinputer power. This will not be
the ultimate answer in fatigue analysis (ref. quotation in par. 41 but if pre- and post processingautomation and
computer power improve, it will be cashed.
Standard rules for sufficient model perfection are not available. The author is not aware of any case study in which
the model for a representative aircraft structure has been refined until no further improvement of the resuits could
befound. Automation can provide us the possibilityto gain more knowledge in this respect.

Going beyond linear elastics is several steps ahead. In principlethe methods are available but practical
application is very limited. It requires another order of computer power and another approachin problem
definition. Every load case has its own critical areas for which tie model hasto be designed. The reliability is
doubtful. especially because secondary effects are difficult to incorporate or, more probably, are overlooked. But
evenforgoing secondary effects, the authorities requirethat the reliability of the analysis can be shown so the need
for testing remains.
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Itis not easy to see where the profits lie 0f such an extension in FEM. efforts requiring high
combined skills in structures and methods.

One could think of weight saving but if this is substantial then some inherent safety from the traditional approach
is removed and new failure phenomena could emerge.

There is a tendency to Seeno limitst o the application of computers. Especiallythe aerodynamicistsare looking
forward to the second next generation of super computers.

What is different in aerodynamics comparedto the structures ?

Aerodynamicists have to reach there final answers before go ahead because they are essentialfor the geometrical
definition. The last sophication can have a pay-off in aerodynamic efficiency. They are not hampered by structural
details or changing loads but they havethe free air available for element definition.

In structural analysis it is the other way around. Depending heavily on the solution of structural details andthe last
issue of loadsthe final analysis hasto wait for the finalization of these input sources. The importance of the
analysis is more formal; it has to show that despite the irregularitiesduring the design process. inthe end the
structure is still strong enough for the latestset 0f loads. Duringthe design processthe F.EM. analysis is improved
as an interaction between design and analysis.

Do we need complex non linear methodsfor that or does this mean replacing one kind of
engineeringjudgement for another ?
There seems to be an imbalance between the urge to sophistication in strength analysis and the level of accuracy
of external loads.
Shouldwe haveto adopt a philosophy which sets limitsto computerization where those limits no longer are
dictated by hardware and software ?

Improved analysis quality removesto a certain extent one of the driversfor ultimate loadtesting.
However the subject of testing is not so strongly relatedto analysis quality but more of a philosophical nature. One
could argue that the added safetyfrom tests is debatable. especially because we do not know where inthe scatter
band the result, good or bad, hasto be situated.

In general we are working in the margings of the accepted probability of a failure.

Since it is impossibleto produce a legislationfor derivative aircraft which is consistentwith the principlesfor a new
design we shouldfind a way that eliminates the controversal situation.

if the safetyfactor of 1.5 hasits legitimation basedon the tradition of testing then the consequence is testing or a
higher safetyfactor for every situation which is not tested.

9. CONCLUSIONS

Authorities in Europe see the ultimate load test as an essential part of certification. Their organization
is not able to verify the analysis in detail and the tradition of low safetyfactors is an important factor in not
relying on analysis only.

The acceptance of a certain amount of extrapolationfrom earlier test experience must be possible for
pragmatic reasons but is in principle an inconsistency. The floating interpretation may leadt o varying conclusions
among manufacturers and authorities.

Although test experiences sometimes seem to show that the state of the art in designing for a certain
ultimate load has maturedto great reliability, inside knowledge may revealthat the failure modes and loads were
not predicted.

The analyst s still looking forward to the next opportunity. Then he can incorporate the lessons learnedin the last
round and take advantage of the latestimprovements in software and hardware.

Although in FEM. analysis great achievements have been reached in the last decades, modelling
technique is still in its experimental phase and mainly based on secluded experience.

The analysis quality in itself cannot guarantee the capabilitiesof a structure. Errors in detail design, in
drawings and production instructions, in procedures and on the shop floor add their own deficiencies. Full-scale
testing isthe only possible way to coverthe end product.

These conclusions are valid. for different reasons,for static loads as well as for fatigue loads.

For static strength substantiationthe requirementfor ultimate loadtests could be traded againstan
increased safety factor. For damage tolerance substantiation it is already common practice to use different scatter
factorsfor analysis and for test but reliance on analysis only is still not considered acceptable. The aging aircraft
issue drives towards a fullscale test requirementalso inthe U.S.A.
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DESIGN-ANALYSIS-TEST
by G AODavies
IMPERIAL COLLEGE OFSCIENCETECHNOLOGY& MEDICINE
LONDOIEIJ KS\N_ZBY

SUMMARY

Therole o structural analysisin the Design-Analysis-Test cycleis addressedsnd particularly the
role of Finite ElementAnalysis. It is suggestedhat the dominanceof finite elementode
application in structural analysisis movingiom simplestressand deformation evaluationto the
predictionof failure, particularly in areaswheremultiple testingwould otherwise benecessary.
Theuseof analysisto predictfailure, insteadadf experimentatestsraisesmany problemsand
thesewill beexacerbatedf finite element codeBecomecommontools of non-specialistsA way
forward is suggested.

1 INTRODUCTION

In 1983 theNationalAgencyfor FiniteElementMethodsandStandardfRef 1] was setupin the
UK to address standard&th avery widebrief in theuse of finite element codes fatructurabnd
otheranalyses. The neeggarkingsuchanorganisatior(andothersare appearingRef 2} ) are
discussed [ater. In1984in a newslettedn articlewaspublishedRef 3] which speculatedhnthe
prospectsor finite element analysigplacingstructural testingin thecertificationof structuresn
Aerospacend othersafety-critical aeaS It seemed tostrike achordatan AGARDmeetingatthat
time andtwo successivétructuresand Materialspanelmeetinggeviewedaspectsf "qualification
d structuredy finite elemenimethods. It is thereforgimely to see if anythinghaschangedr
become clearelin thepast sevegearsad whethetthepracticadesigranalysistestyclefor
Aerospacavill changepr shouldchange.

Theorginal concerns of 1983 weresomewhabaiveandsimplistic,namelythat theCAD-CAM
cyclewasbecomingo automatethatthefinite elemenmethodwasbecoming anembedded
feature andlikely tobeused by designersrengineersvhoknewnothingof te manysources of
error presentn the finite element modellingnd analysis proces3 hereare still available
CAD-CAM packageslt finite elemensystemsnd the CADaspectbiavebecome much more
sophisticatednd userfriendly. fully ableto take advantagdf the massiveesourceavailableon
modemgraphics workstations. CApackagesnarketintegratedlesign/analysis/automatic shape
optimisation/parametric design all as aconsequenadf thecommerciasuccesandpressures the

ADmarket. Weshould remembehatCADis morethananorderof magnitudemoreimportant
cqnnn}srliially thanFEM, andan extralike "finiteelement$or dumbusers * is another sales
gimmick.

It is naturalthatthe CAD-FEM interfaceshouldbebrokendown. No onewantsto generaténo
separatenodels,andeveryone wantsstanidesignchangeso beassessed immediatelyfor
safety productionandcosts. Yet whatcanbeintegratednto aCAD systemis claimedto bea
shadowor whatfinite elementanalystsctuallywants[Ref 6 ). Thereis much activity athe
international level designedb produceagreed standatdeutral format)interface$ut theimpasse
hasnot yetbeenremoved. Meanwhile commercial systeriiiee CATIA-ELFINI claimto have
removed it. Yetwe arestill someway fromrapid desigrandredesigrwith structuralntegrity
updatedprevenbetteranoptimumdesignincorporated What istrueis thatthe systemsaremuch
mare interactive, friendlierandrapid, and thigrend is inexorable athe 10Mflop workstations
appeain 1990, to become20Mflopsin 1992, etcetc. Thus oneaspecbf evolutioncannobe
ignored. Designand analysis getting cheapeandtestingis gettingmoreexpensive Even
allowing forte factthatdesignsrebecomingnore ambitious acompetitiveworld, the
incentive toreplacdestby analysidiasnotdisappeared in thepastseveryears.
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Anothernaiveassumption is 10 supposéhatCAD is purelyamechanicaéxercisdo fit formto
functionandthento follow it with a CAE-=CAM exercisdo produce the articlewith minimal costs.
At leastin Aerospacéheiterativedesigreycleis much morecomplex andnvolvesthe
interdependencaf manyconstraintsheextemalaerodynamishapendcontrolstheintemal
structure, aeroelasticoupling,thewholesystems-driven targetsandmisson  requirementsand of
course themanufacturingonstraints. Add to this anidenticalscenaridr theengineand its
system.andthechancesf an automatedesigrncyclemay seenfar away. Howevepptimum
designis nowin commonusageseparateljn configurationabnd aerodynamicdesigim structural
designandin filling missionrequirementsThus althougfanembeddedinite elemenpackage,
untouchedby human hands not yeta threatwe shouldbeprepared. Howeverlet us tum to the
topic of whetheffinite elementnalysiswill replace tesh theairworthiriess certificationprocess.

The role of structural analysisn certifications coveredatlengthin aseparate articker this
meetingoy P. Bartholomewandonly someof theconclusionsvill berepeatedhere. Finite
elementinalysisasreplacedraditional analysis eveattheprojectstagdor early identificationof
load paths, foithe selectiorof worstcasesandthelikely envelopdor final selectedests
hopefullyjust onestatic,one dynamicandonefatigue, supplementetly as manycomponent tests
as maybedeemedecessay.  Full scale testings still mandatoryfor anew prototypebut maybe
waivedfor futuremodifications, certainijorcivil aircraft if notfor military aircraftwhere the
ulimate design loads amuchmorefrequenbccurrencePowerfulcomputingandfriendly
software toolsnakeit more likely thatarefined FE mode! will beused abinitio and that
condensationthe oppositef refinement thenfollows for optimumdesign exercisasr
aeroelastievaluation.Thustherole of analysigan be seenatoneextreme merelyas a way of
defining acomprehensiveestprogrammevith asafe envelopeandof coursen savingthe
manufacturer timandmoneyin rapidly achievingan optimumdesign. No onedoubts thathe
designand simulation cycléasbeendramaticallyimproved in bothaerospace andengine design,
31# IS thet%stalwaysmefinal proofof airworthiness, and has finséeementnalysisnadeany
ifference?

2 THEIMPACT OFFEA

Classicahnalysis involvedexactouions " to anapproximate structurepnstructed irhe
imaginationof the skilled engineeandstressmanThe FEMis anapproximatesolutionto the
nearesmodelto reality that the analysistanconstrucandthecomputeraccept. Generationef
stressmen becarneedto theideaof ananalysigproviding areasonable predictiank "loadpaths
thenlocalloads would beappliedto acomponensuchasapanel,shell bulkheadframe, beam,
joint andso on. Data sheetsould be (andstill are) used to assess te capabilityof thecomponent
in withstandinghelocalloads. It iscommonto find modentinite elemengackagesriticiscd for
deliveringdetalledand complextress fieldswhich make the familiar datssheetémpossibleo use.
Thiscriticism is old fashioneaf courseputis voicedevenmore in thefieldsof Civil,
MechanicalandChemicaEngineering whereodesof practice haveeen evolvedby trial and
errorto dealwith localloadingsbendingnomentsand intemalorces. Themaindriver for
renderings attitudeobsoletas of course theadvenitof newmaterialsand innovative
configurations. Pasionventionsid practice willlet us downin theuse of novelconfigurations
in metal,andevenmorefor composit@andceramicsiructures. 10 producesven moredia sheets,
hesed on empiricism theoryand testfor thenewgeneratiorf materialcanbeaverylongand
expensiverocess.

We assuméherefore thatyith enougtcomputingpewer and timeto construct models thefinite
elementnethod willdeliverintemal stresses m structurenuchbetterthantraditionalmethods.
Thenext stepis to usethe FEMnotjust to predictstress levels,but to predictfailurealso. In
aircraft structureailure” usually meanbuckling in compressioffiollowed laterby material
failure) andfracture unstable crack growtbr fatigue in tension.Pure materialfailure otherthan
fracturecan occuin tensionin localaess of stress concentratiorparticularlyjoints. All these
failureprocesses hawanething in common- theyare all nonlinear.
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Non linearanalysisasbeenthoughtaf asanexpensive businessandsubjecb algorithmic
problemswvhether largeleformationsr elastopastimaterialbehaviour. Computingresourcese
now cheapandsomecodesextremelyrobust,yetit is notcommeon to hear of anonlinearanalysis
usedto predictfailure. Theauthotasnot hearabf a globalincrementahnalysif acomplete
aircraft,with nonlinearcapabilitiesso thatalocal failure anywheris followedby loadshedding
andfurtherfailureelsewherePostbucklinganalysisi individualstiffenedcompressiopanels,
andcollapseamechanism&r mechanicgbintsare” tho local exceptionsand yetdatasheetsre still
used (anananipulated) téind ultimatecompressiopanelloadsand joint strengths. Local
analysiof cracksstill tendgo belinearelasticfracturemechanicsith empiricalo datasheet
strategies taccounfor plasticity. Theuse of finite elementanalysisaloneto predictthe ultimate
designloadof anewstructure is goingto dependnits success predicting failure. Unless
confidenceand credibilitycanbegainedin predictingts in its manyguises, then FE analysiswill
neverreplaceesting. Theouteto successfulndpersistensuccess failurepredictionisa
complexamalganor manyfactorswhich will now bereviewedby example. Unfortunately
succesandfailurein usingfinite element analysia thisfield is oftena closelyguarded
commerciabssetso many ofthe quoted examplefaveto comefrom the author'swn
experience.

3 STATICAND DYNAMIC FAILURE PREDICTION
e BucklingandPostbucklingin Metal Panels

As hasbeenmentionedheuse of datasheetsor predictin%bucklingand t-buckling
stength  is well establishedy it is suffcientto simplyaskthe FEM to deliverlocalpanel
loading. Howeverit is often necessaryo makeassumptionabout thducklingmodeof
stiffenedpanelsisit anoverallmodeor alocalmode?Computecodes tendsto beused
as standaloneaidsratherthana re-run of themaincode. Oncesuch code VIPASA

[Ref 7 ] andits laterNASA developmeniRef 8 ] is well known andit makesthe
minimumof assumptionaboutthebucklingmodesg.g. platestiffnernode linesie not
assumed to remainstraight VIPASA is atwo-dimensional code(afinite strip method)
which cannot predicthe couplingvhich mayoccurwhenanoverall modein an
eccentricalljoadedplate causdscalstresses which precipitatdocalbuckling. Some
modelling expertises alsocalledfor - asin mostanalysis.Forexample, howdoesone
representherestraintofferedby mechanicallyoinedstiffnersinfig.1?

Dedicatectodesparticularlynow thattheyare easily mountednworkstationsvith
graphicg/O andinterrogatiorare apowerful diagnostic. VIPASAhasanearlysuccess
explainingunexpectetucklingmodesn the spacshuttlein themid-70sand its
decendents ae in continualise today. A simplified codehastheadvantagéhatit canbe
incorporatedh anoptimum desigeyclewith no greatoverheads whealargenumberof
iterationsae performed. Computing timesnzy be betweet00 or 10,000 times  faster
thanagenerapugaosémiteeIemenprograrr[Rcf 18]. Howeverthesecodesie atrisk
whenused to predictfailureas mentionedanddiscussed again alatersection.

¢ Fatigue anarackgrowth

One ofthestrongest argumentsgainst omittingifull scalgtestiste fatigueproblem.
Because fatiguesources are dss  concentrations therels a fearthatthefinite element
modellermaymissthecrucial sourceevemhoughtheanag/sisis perfectly capablef
deliveringhree-dimensional dess _concentratiofiactorsandstess — intensityfactors.
Surelyts @ nolongerbetrue? Theproblemremainsof courseof simulatingfatigue
damagéeforecracksor very small cracksTre civil routeof defininginspectable crack
lengths andthereforerestrictingtheanalysigo predictiornof sess  intensityfactorand
unstablegrowth,may not beanoptionfor military aoa The predictionfor crack
growthunderacomplex loading history igss straighfiorward. Somecivil aircraft, or
military tanspots, ~ dohavevery oddloadinghistoriesnvolving many peakoadsof either
sign,andhencehelikelihoodof retardatioror accelerationdf normalcyclic crack




growthunderconstanamplitudes.lt is unlikely thatall feasiblespectra for all possible
mission profilesan betestedfor all possiblecrack sources. A theoreticaprediction,
particularlythe effecbf crackstopperss desirable.In particuladifferentmaterial
propertieshouldt capablesf beinginjectedinto themodel.

An attempto constructhefinite elementolution of cyclic crackgrowih, atamplitudes
muchlessthanthe static unstablerackgrowthlevel,wasmadeat Imperial College

[Ref 10]. Theentireelasteplasticmaterialbehaviour in thevicinity of the craclkwas
simulatedjncludingbothkinematic andisotropic: hardeningCrackgrowth wastested
usinganenergyreleaséG) device forthechosernFE meshandtaking ~ critical valuesG, to

includethecracktip plasticwakeleft behind Initially it appearesuccessful sincecrack
sharpeningndera high overload WasuccessfuIlly)redicted(see Fig 2) butthe
consequenhcreasén G wasnot sufficientto explainbelowthresholdgrowth. It was
realised that theusual strategyof allowing avirtual crack extensioto evaluateG wasnota
truephysicalsimulationof cyclic crackgrowth. It is necessary to allow te plastic slip
lines to createminutefreshsurfacesvithout crackopeningpnefor loadingandthe other
for unloading. Thisneeds acompletely newurnerical analysislt  finite strain slip
lines,s0 acommon 1se wasthendeployedusingamixture of FEA coupledwith
empiricism Thefmite elemenmodelisused to predictthecrackclosure- @ opening
afterhigh overload ounderload.This closures thenused to updatethe usual law
which reliesof courseon two experimentallyetermined coefficients. However the
predictionswith retardationsre goodasFig.3shows. A mixedstrategy of finite element
simulatiorplusempiricisms an acceptableomﬁromiseandis stillmuchcheapethan
test. It carbeused with crackstoppers sucaschanges plate thickness.

Impactin metals low andhigh velocity

Low velocityimpactin metal structuress localarid ot really aproblem. Wholeaircraft
crashworthinesss anissueparticularlyfor civil aircraftor military helicopters.
Simulationof this type of low lelocity impactis relativelystraighforward using either
lumpedbeam models &KRASH) Ref 12] or genuine FE model{DYNA 3-D, DYCAST,
etc). Possiblytheonly limitation favouringthe KRASHapproachs the computing
demandsvhenmodellingacompleteaircrafta helicopter structurewith morethan20,000
unknowns. A simplifiedelasteplasticshell elementCIS {Ref. 13} hasbeen shownto be
adequatandfar less demandingn computingesource High speed (ballistic) impacis
alsoamenabléo simulation andDYNA 3-D iswidely used for bird innpacior armour
penetration, Ballistic impactpenetrationn aircraft isnot usuallya structurailssuesince
theprojectileentersandleaveghestructure cleanlgmlcss it isexplosiveas well. The
samdsnot m edf fuekHilled wing boxeswherethekinetic energyisconverted b pressure
- HydraulicShockor Ram. Thismodeof destruction isalso simulatable but themarriage
of fluid Euter codesind astructurafinite element codean beexpensive. A finite element
fluid code(HYDRO, #Ref. 14] ) hasbeenconstructed for hydraulicshock-structure
interaction. Thefluid finite elementsre simplyacoustic with no flow, but@ain ~ can
bemodelledandagreement with testis good. (Se: Fig. 4). Howevermany modelling
mistakesveremadeon theway, including theomission of high pressurevaterflow back
throughtheentryface,te movingcavitation profilethrough Lagrangiarelements,
andthesensititivity of peak pressureto projectileentrydetails. The big problem herés
thecarboncompositeving box which is moresusceptiblé impactandwhosematerials'
dan rateeffectsarestill improperlyunderstood.[Ref 15].

Dynamics

All finite elementodesavea dynamic capabilityyoth stea?j)etateandtransient. Recent
benchmark studidly NAFEM3Ref 1 6] revealthatmostcodes argoodin predicting
naturalmodesandfrequencies only afew missedsomemodes.Howeverthese
benchmarkgssentiallfestthecodeandnotthe user. A parallelbenchmarkingexercise
[Ref.19] recentlyconductedthosea fairly simplefabricated structureconsistingpf a
cylindermounted on abeam, andaskedl2codeusers anddeveloperso model it. The
resultan thefollowing tableshowtheworstpredictions for ninemodes were morghan
50% differentfrom theexperimentabalues, eitheway. It wasno consolation that there
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waseverybit as muchscattein thefrequencyesponsérom experimentatlestsconducted
onthe sare structureby avarietyof research andommercial organisationsThesdarge
discrepancieseredueusuallyto poor joint modelling- thebetenoireof dynamicists.
Jointsae nonhexr  and havainknown dampingcharacteristicsTheonly solutionto this
problemdoesseento be adatabasefjoint propertiesierivedby a largenumber of
organisations the privateandpublic sectors like AGARD for example.

Rigid Body Modes Beam Bending Cylinder Bending
RIT R2> R3G|B1l B2 B3|ca @
Minimum| &4 43 57 87 &b B o7} 77 B
Maximum| 100 A 5] 151 150 1 1 14 103,

F.E. versusTest

Theability to predictdynamiaesponses mostcrucialfor helicopterf courseandthe
seParanonneededJy rotor forcing frequencias embarrassmﬂymallfor typical
helicopterstructuresoftenof orderonly 4 cyclespersecond. Neverthelesene
helicoptelthe WG30) hasbeenclearedwithouttest.purely by FE prediction. This
machindliffersconsiderablyrom theLYNX military helicopteifrom which itis derived.

4 COMPOSITE STRUCTURES- AND FAILURE

All of theuncertaintie®f anaI%/sis, material properties, modéfailure. andmodelling, are
compoundegavhenwe switch frommetalso composites. Suds thedegref uncertaintyof
carborie  compositenodesof failuredf fl  scale componenthatseveraveight penaltiebave
oftenbeen builin to somedesigndy theuseof "knock down' factorso allow for material
variability or environmental degredatiorY.et suchfactorsof ordertwo mustberemoved, for
carbon compositas showtheirtrueweight saving anehcreased performanc@hethreatof
degredatiomn compressiorgueto mamxmoistureabsorption, istill with us. Itsabsorptiortan
be analyticallypredictecknd thepropertydegregation estimatedeasonablyvell. This is
fortunately sincairworthinessrequirements effectively prohibibrethan 15% degredatiom
propertiesanddonotevenrecommendhmajor test witha degradedtructure. Othermodelling
problemgemain.

® Throughthickness stress@scompositeplates

Someyearsagowe lookedat thepostbucklingstrengthof simply supporte CFC platesat
a timewhenindustrywastoounsureto let this be even designcasgRef. 20). At te
timetheonly way to predictpost bucklingailurethresholddueto bendingstrains wasto
use amiE  faillurevalueof 5000 microstrain, A careful andontrolled experimental
test programmeevealed thatailurewasactuallydueto interlaminashearstresseatan
edgewhereadetailedfinite element analysis revealdga:horrendous picturshownin

Fig. 5 Neverthelesthe FE prediction was good and resudtgreedo within +/- 18% of
testfailure comparetb +- 60% whenusingthewronglre straincriteria. This
programmelemonstrated new needfor FEA, thatis toconfirm thefailure sourcedn the
Interiorof alaminatevhentheonly validationthe experimental testill provideisbased
on surfacestrains, ultrasonic scannin@vhichdoesnotidentify themode) or fractographic
postmortemsafter failurehasoccurred. Smartfire  technologyfor monitoringthehealth
of inter-laminarzonesgs still alongway off.




Delaminatiorfailuremodesire nowrecognised as theprime sourcef panelfailureat
edgewr atthe intersectionsf platestiffners. Three dimensionaFE studiesre
undertakerusingbrick elements pdaminar,or, if themodelistoo intricateor expensive,
peeltestsmay beconductedo predictstiffnerdebondingattypical interfaces [Ref21].
Future progresgependsn commerciatompositeodes deploying a laminategblate
elementhefacility to deducanterlaminarsheaandpealingstresses, by (say) integrating
theequilibrium equationghrough thethicknessf possible. Howevestresdasectriteria
isonly ahalf measurendany FE analysiss likely to deduceénfinite stresses atfree edges
orcomponeninterface$ theidealisationis very refined. A fractureapproach shoul
really beadopted.Someprogres$iasheen madein introducing energyreleasestrategies
fom definedflaws at compositglateedgesor componeninterfaces.This mustbethe
way forward,but the problemis firstly finding reliabledataon thecriiical valuesfor

Gy, G, G particularlythelastnamed. The:secondproblemis the fact most

debondingr delaminations amixed mode,and thecorrect interaction formula isnotyet
agreed.Eventhecrude strategy of usingtotal energy releases still better tharusing
permissibletress or strain criteria A studyof simple coupon tensilefailurereported
experimentall)bg/ manyworkersrevealedhatsimulated fracturefrom anedge wasble
to predict failurdoadsfor 8 separateets of laminate teststo within 15% atworst
comparedvith errorsgreatethan60% for stresdbasedcriteria[Ref 22 .

Thewholetopic of failureandmateriakie gredation laminarby laminar cannote saidyet
tobearobust featuref anycode. 3-dimensional brick idealisatioperlaminarcannobe
aneconomically feasiblemodelin thelongterm Partialandgraduadegredation othe
plates' stiffnesmatrix mustbeafavouredroute. Thereis notevena favouredreatment
of simplestressr strain basedailure criteria. [>o weuse aneguivalent measure (like
Tsai-Wu) or allow componentailurelike in-planetensioncompression, inter laminar
stress, matrix or fibre,andso identify themodeexplicitly. Thelattermustbethean
surelywith suchdisparate strength modgef 18].

A newpressurgo modelfailurerather test,is coming from theexplosivegrowth in novel
compositanaterialcombination®f carbonglass, aramidmetalic, ceramic, fibregsndan
evenmorebewilderingchoiceof matrix materials. Theombinatons of fibre/particles and
supportingmatrix hasbecomeso very large wewould like to deducematerial failurérom
themicro-mechanicsf its componentfRef 27 |. Testingall prospective combinations
doesnot Seenfeasible.

Damageolerantframeworks

Anotheridiosyncratic example opoor matrixmodelling oooured  when weinvestigated
theperformancef adamagedoleranceprototype fohelicopterfuselages anal  booms.
The ideawvasto constructn (old fashioned?) frameworoveredwith a nonstructural
claddingwhich would blow off easilyif penetrated by anexplosiveshell. Theframework
wasconstructedby laying carbonfibre tapealong the orthogonafeodesicsnd
overlappingatthejointsas shownin Fi? 6. There wassome concerthatthis structure
would behave likeinstiffened thin shellswhichare notoriously sensitiveoimperfection
andtheoffsefjointsguaranteed thatnperfection. AroutineNASTRAN analysis gave
verypooragreementith experimentaiests,so it wasimprovedby designinganewbeam
elementvhich hadboth continuouslyarying curvatur@andtwist [Refs, 23 and24 }. The
errorswerereducedrom 100% to 30%, butafter manyblind-alleysthegapwasfinally
closedvhenit wasrealised that theepoxy matrixin thejoints wasallowing afinite
rotationbetweerbeams. Any finite elemenprogramme of coursedoesnot permitthis.
Onintroducing thereforea "swivetstiffness thecodepredictionghenworked and-ig.6
showsheratherextraordinarperformancevhereby astructuramodification doesnot
changdhelinearloaddeflectiorcharacteristiatall, butas initial bucklingis approached
thenewdivergenceccurs muchearlier. Thecwves alsodemonstrate thdihe™shell is
only gentlyimperfection sensitivel-ailureis pureinstabilityandhardly needsstress
criteriato predictit - althoughthis hasalso been done.

Impactsimulation
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Thesuccess simulatingooth high andlow velocity impactin elasteplastic metal
structuredias alreadpeenmentioned. Theneed if anythingis greateiin composite
structuresvhich have relativelyrittle fibres ananatrix, cannotrely on gross plasticityto
absorb impactingineticenergy andthereforemay beexceptionallysensitivéo how
muchelastic strairenergﬁ plays: rolein surviving theimpact processAt highvelocities
inertiaforcesinhibit theshucturaresponseracturedamage and perforatiéendsto be
thedominanmodeandthis canbe predicted well using conventional empiriballistic
methodsand appropriatéacture energieslf numerical simulatiors deemedunrealistic
thenballistic firing (excluding hydraulishock) at representatipkate sampleis notan
expensiv@rocess. Theameis not huedf low velocityimpactdueto handlingduring
manufacturanaintenanceyr service, military orcivil. Because impadbrcescausgeak
sheardn the interiorthethreatof barelyvisible impactlamageanda hiddenlossof
residualstrengthis alwaysthere. The Use of coupontestshere is not soconvincing.
Thekinetic energy isiot thesole criterian a full scalestructure wherethedynamic
responsevould notbethe samess a laboratongoupon. It W dependn impact
velocity,ratioof impactor andtructura! inertias local stiffness featureand
geometrydependaribadpaths. Becaugbereare® manylow velocity impactscenarios
Ina completacd  surely numericadimulationhastobe usedf only toidentify trouble
spotdor testingor assessindamage tolerance potentizforeprototypeandmaterialsare
firmed. A currentEUROMART project(now BRITE-EURAM) addresses thighole
problem andwo of theeightpartners ainto simulatéoththe3-dimensional impact
inducedstresdield (using DYNA 3 D)andthepostdamagédailureprocessn either
compressiomrtension. As a compromiseurcontribution is to proposea finite element
inpact codeto delivera history of theforceandthebendingstrains, andthenuse asingle
coupontestas acalibrator for agivenlaminate to relatedamagehresholdgo thesewo
quantities. The code predictiondor this approactook promisingss Fig. 7 indicatesThe
entireprograme is timed for completionin mid 1992.

FEA credibility

Having identified=E modellingof failureasacrucialpivot in astrategyto reduce
dependancygn test,we shouldguestionthe areaf weakness this analysis process.

o QA oftheanalysigprocedure

Thistopic isvital, particularlywith several sitesrcompaniesvolvedin national
orinternational collaborationIhe parallelpaperby Barlow[Ref25 } addresses
tis aspect succinctlgndit is hopedby NAFEMS thatQA proceduresl  be
agreed andmonitoredby organisationgwvolvedin thedesigndf safetycritical
structures.Thisneedin futuremaybe writteninto contract®y customersr
governments.

o FE codes

Testingmachinesie expectedo meetstandardsf acceptabilityand therefore
analyticakools should alsoNo code will everybebugfree, butcompetitiorto be
nearperfectandrobustas well is arealdriver. Theactivitiesof NAFEM3Ref 1]
In promoting standarddesigningpenchmarksandproviding educationalidshas
beenrecognosedhternationallyoy both usersandcodedevelopersyhohave
been extremely supportive.

o Analysts

If thetestingmachinehasto meetstandardsp mustthetester. TheAerospace
industrypioneeredhefmite elemenmethodand clearlyhasalwayshadthe experts
andtheon-sitecodes. Thisis changingand mostompaniegirenow using
commerciafinite element codewhich are designed to beincreasingly used by
designersot necessarilynalysts.The dangeof notappreciatinghortcomings




in themethodandthe idealisationsnust be there. Onesafeguards to build in
diagnostics intthe code thesecanrevealpoorly described modelsor badg/
conditionedsolutionprocedures Howeveranexactsolution to a poormodelis no
comfort. Expertsystenaidsto modelling havéeen irrinent for sometime (1) but
haveas yet madeno significant commerciampact Arecentreview expent
systemdn finite element analysig.ef 26] identifiesthe aeas whereanintelligent
assistanis mostneededbutit is alsosuggestethatfor thevery long term real
expert Systemsvill beused tocreate modelsFromavery tight configurational
specification.At present probablihebest routdo comOFetenmodeIIingis to rely
on thedesignmodellingandanalyticalexpertisef thedesignorganisationkr
suchorganisationanaccreditation schenamdimplementations outlinedby
Barlow[Ref.25] in a parallepaper. ECE harmonizatiorafter 1992will accelerate
theneedfor accreditatiomndcertificates of competence:.

If codes, analystandQA management proceduremeetacceptablstandardten
theparallel improvemenis thecomputingpowerof workstationsplusmore

ambitiougpre andpostprocessingids,mustcombine to rnakethefe  element
analysigorocedurea more reliable»l, Thebiggesthallenge, andthe sourcef
mosterrorsil  continueto bein themodelling. Structural testscanbe
guaranteetb revealte (unexpected) sourcesfailurein a full scalestructure.
Finiteelementanalysis willonly reveal  whatthemodellethasputin. Perhapshe
growingcomputer hardwarandgraphicssoftwaresapabilities will alsoreduce
modellingerrorssincesincemanyarise becausef attemptdo control thedegrees
of freedom. If engineers fedie touse very refinedmeshesand3-dimensional
elements rathéhanto attemptpproximations, errorsources will bereduced.
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THE ROLE OF STRUCTURALANALYSIS IN AIRWORTHINESS CERTIFICATION
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SUMMARY

Those uses of structural analysis whiech have a bearing on airworthiness are
reviewed. In particular the extent to which finite element analysis 1s already
implicitly relied on inthe Context of clearance by test is considered, and factors
which may be expected to lead to an increased reliance are discussed. One such factor
is the increased use of the computer aided engineering (CAE) approach which changes the
design process itself. An assessment ismade of actionsrequired to ensure that results
of analysis provide a consistent and reliable basis for airworthiness judgement.

The report is the product of discussions which took place at a series of meetings
of the RAE/SBAC Committee on Analysis and Optimisation. The committee members represent
the Royal Aerospace Establishment, British Aerospace, Westland Helicopters, Short Brothers
and Universities.

1 INTRODUCTION

The use of numerical structural analysis techniques is increasing rapidly in all
oranches Of structural engineering. Many comprehensive analysis suites are available
which offer the user a wide range of facilities enabling the response and life
expectancy  of structures subjected to Static and dynamic loading to be predicted. Of
the numerical methods available, by far the most popular isthe finite element (FE)
method. This method is favoured generally because of its flexibility but it is
particularly well suited to the analysis of the highly discontinuous thin walled
structures which characterise aircraft construction.

The structural analysis suites are themselves increasingly regarded as an integral
part of computer - aided engineering software which is encouraging a change in design
philosophy  from the traditional build -and-test approach to one in which alternative
concepts are evaluated and designs are developed using computer models.. In the early
phases of design, the object is to obtain an Overall  understanding of the load paths
through a structure and to develop a balanced configuration For comparison with other
concepts. These tasks can be achieved with relatively coarse analyses but enable
large savings to be made in development time and cost,

A much more demanding application for analytical techniques is their use to verify
the integrity of a structure., Many industries which employ structural analysis,
including the civil engineering, nuclear and ship - building industries, are concerned
with  such large - scale structures that it is impractical for them to perform full -
scale tests. It has become standard practice in some Sections of these industries to
submit finite element analyses, together with demonstration of conformity with
relevant codes of practice, as proof of the safety of bridges, offshore structures,
dams etc. The necessity to rely on analytical techniques has driven these industries
to develop sophisticated analysis procedures and the models Used forvalidation
simulate  the response of the structure in detail and represent  the opposite end of
the spectrum to the models used in initial design.

In the aerospace industry, it has been traditional practice to perform full -
scale tests to confirm failure modes and demonstrate  safety  margins. The present
philosophy  for determining the integrity of a structure is to use numerical predictions
for the many necessary load cases but always to validate with a test. Several full -
scale tests are used for static loading, fatigue and dynamic  response. However,
these tests are expensive andtime consuming and present such technical difficulties
that the aircraft industry may need to modify this traditional approach and employ
analyeis. validated by component tests, to reduce major Static testing. This
possibility is causing concern to both the manufacturers and the airworthiness
authorities and has extensive implications which must be addressed at an early
date.
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2. AIRWORTHINESSISSUES
21 Overview

Airworthiness engineers aim to ensure that certification procedures keep pace with
advances in knowledge and technology whilst neither presenting design penalties nor
allowing unexpected weaknesses to escape detection.

In order for an airframe to be structurally certified, the manufacturers must
satisfy the airworthiness authorities that, under the most adverse combinations of
loading . and environmental conditions anticipated, sufficient strength and stiffness
is present to ensure that there is a low probability that the Structure will either
fail or become unairworthy in some other way. Particular attention is paid to
cumulative effects such as fatigue and allowance is made for uncertainties in material
properties, component dimensions, loading  approximation, modelling etc.

The integrity of the structure under static load is determined by a combination of
physical testing and theoretical analyses in which the loads applied are factored
appropriately over the maximum loads expected in service to allow for the uncertainties
mentioned  above. Airworthiness engineers look to structural analysts both in the fields
of certification and trouble shooting (ie correcting design faults revealed during tests
or in service) for information on loading distributions. deformations and local stresses
and strains.

Major Static analyses are used to interpret the Strains  measured during strain gauge
surveys, which are necessarily performed for selected design cases, in order that the
results may be extrapolated to other design cases. The analysis determines  the major
load paths through the Structure and hence aszsists the identification of eritical
features. In addition, the loads tobe applied for detail Stressing and component
testing are determined from the major analysis. The long term integrity of an airframe
depends upon maintenance: in this context, structural analyses are required to identify
the critical features upon which to concentrate maintenance and also to provide data for
the calculation of crack growth rates and critizal crack lengths in order to determine
inspection intervals. Major static analyses ar@ invariably performed using the finite
element method and recently this method has bee:? used extensively as an alternative to
data - sheet information for detail stressing.

Traditionally, analytical predictions of critical structural details, failure loads
and failure modes are substantiated by major static tests  in which the structure is
subjected toat least design ultimate load (DUL). These tests provide a last line of
defence intended to identify previously unrecognised critical details and failure modes.
However, because of the substantial cost of major Static tests, the time taken to perform
them and the difficulty of simulating the aircraft's operational environment accurately,
there is an increasing requirement for the approval of structures to be based on analyses
and component tests, with reduced reliance on major static tests.

The problems of timescale and simulation o the operational environment  are
particularly acute for composite Structures. As  manufacturing and non-destructive
testing techniques for composite materials have improved, the variation in quality
of nominally identical composite specimens has decreased to become similar to that
achieved with metals. A major consideration remaining is their susceptibility to
environmental degradation. This is specific to current composite materials but must
be accounted for when testing. The time required and the technical difficulties
involved in performing a full -scale test of the degraded structure are likely to prove
prohibitive. Whilst this problem affects mainly military aircraft at present itis
also relevant to civil aircraft.

2.2 Certification of Civil Aircraft

Instances of an analytical approach to certification have been more evident in the
case of civil aircraft than military aircraft. Large civil aircraft are usually
developed considerably through their lifetime. At the moment, the practice is to test
the initial basic type of any planned family of aircraft knowing that in the future it
will be stretched or shortened, or have its flight envelope changed. Also, experience
has shown that in -service operations may lead to a revision of the load spectrum. This
can arise as a resultof unforeseen loadings occurring in the aircraft's original role
or as a result of a complete change of role, as in the extreme case of the British
Airways Tristar fleet converted for tanker/freighter operations with the RAF. However
all these things are considered as modifications and the major test is notnecessarily
repeated. Having once accepted that the analysis provides an adequate model of reality,
the authorities will accept future revisions for the basic load paths through the structure
on the basis of analysis. Nevertheless, if  modifications to the structure do take place
then component testing is required.

There are also instances where the role of major static tests in the certification
of the basic type has been reduced. A number ot civil aircraft, including the latest
variants of the Trident and HS125, have been certified on the basis of finite element
analysis and conventional detail stressing methods without a major test to puL. In
addition, the Westland WG30, which is a civil helicopter with substantially the same
mechanical systems as the Lynx but with an entirely new fuselage, has been certifiesd
with  no major static tests.




Pressure, on both British manufactuers and the CAA, to reduce major static testing
can arise because of the necessity to remain competitive with US manufacturers. The
Federal  Aviation Authority (FAA) is influenced, when setting airworthiness requirements.
by the interests of the large civil aircraft manufacturers in the US. Naturally,
considerable importance is attached to the =economic viability as well as the safety
aspect of the requirements and the  reduction in time and cost offered by the replacement
of tests with analyses is attractive to the manufacturers. The policy of the CAA s to
retain  consistency with FAA practice if at all possible and this has been the policy in
the present case. British manufacturers are therefore able, and are forced by economic
considerations, to follow the US trend.

One major reason why civil aircraft manufacturers are able to use an approach to
certification which relies more heavily on analysis is because of the Ilow probability
that during a flight the primary  structure of a civil aircraft will be subjected to a
significant proportion of the limit load. This is because the limit load case is
usually  a gust case (being specified as remote combinations of gust velocity and air -
speed which vary with  altitude).

23.  Certification of Military Aircraft

Because combat aircraft frequently operate at load levels of up to 80% of the limit
it is crucial that the full design strength is present, and combat aircraft are invariably
subjected toat least DUL in a number of load cases during major Static tests and to
failure under one load case.

Whilst there is no move towards reducing the role of major static tests in the
certification of military aircraft constructed from conventional materials. the intro -
duction of composite structures has necessitated a significant reappraisal of military
airworthiness requirements. In the static certification of composite Structures it is
necessary to account for the most adverse environmental degradation anticipated. This
occurs as a result of exposure to elevated temperature after a prolonged period of high
humidity and may cause a substantial reduction in both the strength (especially the
compressive strength) and the stiffness of the material. However, major static tests
under such conditions are both extremely expensive and difficult to perform. It is
likely that in the UK and Europe there would be strong pressure for amajor static
test with the structure in a degraded condition if the degradation was greater than
15% of the wundegraded mean. This level of degradation is unlikely to occur widely
in present composite structures, although in the fully degraded test on the Tornado
taileron the strength reduction measured at 123°C was 309 40%. The USAF, which is the
biggest customer for fixed wing combat aircraft in the US and hence with whose require -
ments the US manufactuers must necessarily comply. have said that they will  not use
structures which degrade more  than 10% 15% and will not under any circumstances require
a majdr static testunder degraded conditions.

With no major static test of the degraded structure available, a proposed certification
procedure is as follows: a major Static test would be performed on the undegraded
structure in which, by loading the Structure progressively, the limit  of Structural air -
worthiness would be determined. The structure would then be reloaded to the DUL inthe
more adverse design case. Failure  might be expected to occur at or near DUL due tothe
lower mean strength under these conditions of structural details not susceptible to
degradation. A structural analysis would then be required to interpret measured strains
in selected design cases In order that the Strains at DUL under degraded conditions
could be estimated for all design cases. The extent of the modification to the analysis
which would be necessary to model the degraded structure would depend  upon the degree to
which the stiffness reductions cause load redistribution within ~ the structure.

The analysis would be used to estimate the limit of structural airworthiness with
the structure in a degraded condition and also to ensure that the (usually higher)
allowable strains under such conditions were not exceeded at DUL. Data would be retained
in order that the analysis was reproducible for trouble - shooting. The analysis  of the
degraded structure also determines the loads tobe applied for detail stressing and
component testing. Element tests and component tests would be performed under degraded
conditions to determine the mean failure stress and the failure mode. Standard data -
sheet information would be used to determine the variability associated with the failure
mode and hence the allowable for substantiation purposes. These tests would be used
directly to validate detail stressing of degraded components and indirectly to achieve
some confidence in the method used to account for degradation in the major analysis.

A different procedure was adopted for the certification of the Harrier GR5(AVSB).
In that case, strength reduction was accounted for in the major static test of the
undegraded  structure by introducing an additional factor ~over and above the ultimate
factor. This factor was intended to allow approximately 20% over the ultimate factor
for strength degradation with an additional margin for variability. Failure inthe
actual test occurred at 12 x design ultimate load and the variability margin was not
achieved. No allowance was made in the major analysis for load redistribution due to
stiffness degradation, nor for the possibility of a resulting change of failure mode.
However, degraded tests were performed on large structural components and McDonnell-
Douglas assured the authorities that they had been careful to avoid any failure modes
dominated by matrix properties,



Another  aspect related to the  introduction of composite structures arises from
tneir relative sensitivity to poor detail design, and the likelihood of failure under
static load due to through - thickness stress  concentrations in particular. In fact,
the arguments for performing two major fatigue tests, could logically apply to static
tests  for composites, the second test being used to confirm the adequacy of structural
modifications resulting from shortcomings revealed during the first, early test.

Whilst the USAF is the largest Customer for fixed -wing combat aircraft in the US.
the US Army is the largest Customer for helicopters. Unlike the USAF, the US Army
tend8 not to dictate its requirements to the manufacturers but is more willing to
follow the manufactuers lead. This, together with the fact that fatigue rather than
static strength tends to be the dominant consideration in helicopter structural
integrity, makes it likely that, in the US, it is inthe certification of helicopters
that any move away from major static testing will be initiated.

3. THE USE OF FINITE ELEMENT

31 Introduction

In the long term, a trend away from major static testing is almost inevitable,

possibly culminating in its replacement

There are already Sufficient instances of substantial reliance being placed on
calculation to necessitate a major reappraisal >f the role of analysis in certification
and of the modelling and analysis procedures us:d in both major analyses and detail
stressing. The dominant role of the finite elegment method in major analyses and its
increasingly large role in detail stressing maks it potentially the area in which most
problems will  arise. In order to employ procedures heavily reliant on FE analysis to
certify an aircraft, airworthiness authorities must have confidence in:

the procedures used to control the analysis function;

the modelling practice used for analysis;

the integrity and reliability

the capabilities of the personnel responsinwle foranalysis;

their  own ability to assess analysis - based procedures.
These issues are discussed further in the following sub-sections
32 The procedures used to  control the analysis function.

A major requirement of analysis for airworthiness purposes is thatit should be
consistent in quality. It isassumed that a guality management system to AQAP 1 or
IS0 9001 is adhered to in order to provide the infrastructure necessary for the
implementation of AQ standards  Specific to finite element analysis. It is important
that the analysis procedures and embodied modelling practices, which are established
as being adequate for the purpose Of demonstrating structural integrity, are recorded
in suitable form and that they are adopted uniformly. There should exist auditable
documentary evidence of analysis work plans, specifications, analysis procedures and
reports.

In order to justify the modelling practices employed within a company, it is
likely that a library of validated reference antlyses will  need to be created, which
may subsequently be used to demonstrate that the modelling practice adopted for a
particular analysis has been proved adequate foi the class of component or detail
under consideration. The level Of correlation 1required between the  subject and
reference structures will depend on the category of importance or class of the structure.

3.3 Modelling Practice used for Analysis

This section is devoted to a discussion of the modelling practice and usage
currently common within the airframe industry, and includes some speculative comments
as to where change may be anticipated.

Finite  element analysis has been slower to make an impact on design at the project
stage in the aircraft industry than in many other industries. The emphasis at the
project stage IS on obtaining load path information and traditionally in the aircraft
industry this has been obtained using a combination of techniques including classical
analysis, beam modelling, empericism etc with heavy reliance being placed on experience
with previous designs. At present, design techniques are in transition with finite
element analysis becoming used much more extens:ively. This use of the finite element
method is becoming more convenient because the general trend towards the integration Of
design software has meant geometry created for other purpcses isreadily available to
analysts.

The major load paths through

required  for design purposes, by conducting a snall-displacament, linear - elastic analysis
based on a highly idealis=d FE model of the structure in which there is considerable

amalgamation  of structural members.

ANALYSESFOR CERTIFICATION

by analysis  validated by component testing.

of the computer codes used,;

a structure can usually be determined, to the accuracy

Constraints on turn -around time and computer
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resources, and ignorance of the detailed construction in the early design stages
make these simplications both necessary and legitimate.

In the aircraft industry, the greatest impact made by finite element analysis has
been on analytical validation of designs or 'check - stressing'. Check - stressing
involves a major analysis of the airframe combined with detail stressing of components.
At present, major analyses are invariably performed using the finite element method.
The major analysis is used to confirm the load path information gained during the
design process and to select the critical design load cases or load envelopes which
will  be applied in the major static test. In addition, the major analysis is used
to identify the critical structural details and to determine the loads which will be
applied to these features for detail stressing and for component testing.

The major analysis results may be validated by comparison with the results Of
a strain  gauge survey. To accomplish  this, however, requires considerable post -
processing of the analysis results, because the FE models used at present are not
sufficiently detailed to permit a direct comparison to be made. The strain gauge
survey is usually taken as having validated the analysis if the stress levels in an
area of the structure correspond to within  10% 20% but it is wunusual to obtain
correspondence in the detail stress  distribution. The prediction of critical details
from analysis results has been made in the past with the knowledge that, at least
under the most significant load cases, the major static test would identify any details
which were overlooked in the analysis. This 'safety - net'provided by the testhas been
an enabling factor in the past allowing analysts to simplify both the modelling and
the type of analysis used.

Detail stressingis at present performed using a variety of techniques involving
classical and numerical methods, and many of these technigeus are embodied in dedicated
computer programs. However, the use of finite element analysis in detail stressing is
becoming widespread. The traditional approach tothe use of results from finite element
analysis  to predict reserve factors is to combine them with ‘'data sheet' information
based on a combination of theory, tests and empericism from which failure or proof
deformation is estimated. These reserve factors form the basis of the type -record of
the aircraft which is submitted to the airworthiness authorities as part of the
certification procedure and is referred to when clearance of modifications to the
original aircraft is sought. However, it is now becoming Common, especially in the
case of novel compoennts Or components with dimensions outside the range of the
dedicated programs, to establish failure directly from finite element models. Advances
in pre - processors and increased computer power is making such analyses cost effective
compared with test.

In order to obtain load path information from the major analysis and ensure all the
critical details are identified and then to predict failure mechanisms and failure loads
from detail models with  sufficient accuracy and reliability, rigorous and systematic
modelling procedures must be adopted and used routinely. In general. modelling  will
need to be at a more detailed and realistic level. If a Structure is efficiently
designed, the major loads will be transmitted by membrane stresses. However significant
bending stresses can be introduced at load application points and geometric  discontinu -
ities and, whilst membrane elements may be adequate for many design purposes, they are
less appropriate to validation. Care will be required to ensure that the modelling is
improved in a Consistent way and the increased complexity of the model is fully
exploited, for example the directreplacement of membrane elements by bending elements
will  not exploit the bending information fully. A systematic approach to the
modelling will help to avoid dependence on the stress engineer's intuition, which can
lead to the model being refined Sufficiently only at features which are expected to be
criticeal, This should enable the identification of importent  stresses which might
otherwise  be overlooked. The approach will be assisted by the tendency when using
automatic  mesh generators to use more elements and reduce the amount of lumping.

It is important that methods of representing the stiffnesses of subscale details
are developed =o that major analysis can be performed  without either having to model
the features in detail or accepting the error due to ignoring them. In some cases
this  may only be satisfactorily achieved by the formation of an iterative loop between
the major analysis and the detail stressing such that condensed stiffness matrices
derived from the d4=tail strsssing models are used to update +the major analysis model.
A related area in which modelling needs to be improved, especially for the assessment
of the structural airworthiness limit, is in the way in  which account is taken of
Joint/actuator stiffness. Work at B&e Warton has also identified the values of the
stiffness used for panel joints as important parameters in determining the accuracy
achieved in analyses, particularly when displacement information is sought.

Non- linear effects due to deformations and material properties will need to be
accounted for in an analysis which is required to predict the response of the structure
close to failure. Again, the modelling will need to be at a more detailed and
realietic level in order togive estimates  for the additional bending stresses
Present in the post - buckled state. Routinely calculating the geometric stiffness
matrix, even if itWere not used for a full non-linear analysis, would be a useful
method by which to examine how well a geometrically linear approximation was
modelling  the response of the structure.
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The analysis of structures containing composite  materials makes severe demands
on modelling and analysis procedures. These arise primarily because of the
susceptibility of the material to degradation, the absence of sufficient plasticity
to alleviate local stress concentrations and the tendency for inter -laminar processes
to be important in failure. Degradation tends to cause changes inlocal failure modes,
in particular emphasising the importance of failures due to minor loading in the third
(through thickness) direction. The degree of plasticity, which allowed analysts to
disregard local modelling inaccuracies when modelling metal structures, is not present
in composite structures, High local strains, which tend to  reveal. themselves as fatigue
problems in aluminium  alloy  Structures, can instead cause severs static problems in
composite  structures, though fatigue remains a problem in some cases. Since both of
these features tend to give rise to local problems, extremely fine meshes are
required in order to characterise them. This is even more true of edge effects  which
have been found to cause premature failure in Composite panels.

Fop certification purposes, these problems require a response from analysts in two
areas. The firstis to investigate the wuse of major analysis models which minimise
the possibility of failing to identify a critical structural detail. Such analyses
must account for degradation of strength and stiffness, possess a sufficient degree
of refinement over the entire  structure and use bending elements more extensively.

The secondis the involvement of computer - based analysis groups in detail Stressing

where it will be necessaryto aszsess the accuracy with which failure may be predicted
using very detailed models. This second task especially represents an important
research activity because, at present, analysts have very little experience with very
detailed models containing elements of sub- laminate size. Hybrid metal/composite
structures present particular difficulties because yielding of the metal components
may cause substantial load redistribution close to failure. This material non-
linearity must be accounted for where it ariszs both inmajor analyses and detail
stressing.

3.4 The Integrity and Reliability of Computer Codes

An important  part of ensuring the quality of analyses used for airworthiness
purposes is the thorough development and testing of finite element analysis  suites.
A smallnumber  of suites have been Shown tobe sufficiently comprehensive and reliable
to be used as standard for design purposes within the aircraft industry, although
many of the facilities within these suites  whicih will be required for certification
purposes ar= used infrequently at present within the aircraft industry and consequently
their  performance remains largely untested. At the most basic level itis essential
that the elements within analysis suites are subjected to benchmark tests, performed
by bodies independent of the vendors, in order ‘that their  performance  and suitability
to particular applications is known.

In this respect organisations like NAFEMS, which is seeking to provide quality
assurance standards for finite element use and to establish standards by which finite
element suites may be evaluated, are capable of providing a valuable service. An
important feature of this organisation is that it isable to draw on experience from a
number of branches of structural engineering. At present, neither the CAA nor the UK
Military Airworthiness Authorities are staffed o assess the analysis suites used by
aircraft manufacturers and aircraft component manufacturers, nor would they particularly
wish to become involved with making such assessments or with the qualification of programs,
Nevertheless, demonstration of the integrity Of bought -in software is a necessary and
continuing task, and is probably best done wih. " industry, either  at individual gites
or under collective arrangement. Evidence of adequate quality control procedures and
of software verification tests should be sought from the software developer. The
authorities would only be involved indirectly, by confirming that such assessments had
been carried out, as part of the procedure for :issuing a certificate of design approval.

An increasing role for calculation in the airworthiness clearance  will mean analysts
incur  much greater responsibility. It is essential that they have confidence in the
capabilities of the analysis suites which they wuse. Similar considerations also apply
to pre- and post-processors and any internally developed software adjuncts  to the
finite element code.

3.5 The Capabilities of Personnel Responsible for Analysis

The quality and credibility of any analysis is also critically dependenton  the
experience  and ability of staff responsible for analysis. Expertise is required in
several  areas. Clearly, familiarity with the type of analysis being conducted is
necessary and. even more important, previous experience of the design requirements for
the class of structure under consideration i s essential. In addition, software
expertise is called for to ensure that code is correctly installed, that data is
adequately  protected against  corruption and is transferred between codes without loss
of integrity. It is unlikely that a sufficient breadth of experience  will be present
in a single individual, but itmay be expected that all  the necessary skills will  be
present within the analysis team.

Outside the aircrart industry, the use of analysis suites by unqualified people
is a matter for wide concern. Inexperience of finite element usage is a particular
problem in small firms whose staff are less likely to possess a theoretical knowledge
of the method. Finite  element analysis is beginning to be regarded as ‘push - button'
and the use of results without regard to inherent  assumptions  and limitations is




potentially a major problem. This attitude towards finite element analysis is being

encouraged by the production of CAE packages containing embedded FE analysis  systems.
the details of which are invisible to the user. In the extreme these packages enable
draughtsmen to perform a finite element analysis without any knowledge of the method.

It is becoming more common for manufacturers of aircraft components to perform
finite element analyses and it is also common practice for small bureaux to perform
finite element analyses under sub - contract to the large aircraft manufacturers.
Experience  has on occasion shown that the standard of analyses produced by sub-
contractors. using both finite element and traditional methods, can be very poor. and
it has been essential to monitor the quality of analyses by maintaining constant and
close contact with the sub-contractors, Itis important  that independent expertise
is available to Small firms and here again organisations like NAFEMS will be essential.

Even within  the major aircraft companies the use of FE systems has long since
ceased to be the preserve of the Small specialist groups who established the methods
and programs. Thus. here too, there isthe possibility of inexperienced applications
analysts  being called upon to work with inadequate specialist supervision. It is
unrealistic to look for any more than an appreciation of the finite element method
in a new graduate employed as a general stressman, since demands on engineering syllabi
in undergraduate courses are such that universities are unable to provide sufficient
practical experience. Itis thus the responsibility of the employer to provide guidance
and instruction and to enable stressmen to gain experience of the method. It should
not, however, be assumed that more Senior staff, who may be involved  principally with
traditional methods, necessarily have a better  understanding of the method: specific
attention needs tobe paid to the provision of suitable specialist supervision.

Since the credibility of any analysis is dependenton the experience and ability
of the people conducting it, it would be a useful and sensible measure to establish a
standard level of qualification and categories of experience for finite element users
and supervisors, defining the level of knowledge and experience acceptable for members
of the analysis team. This is particularly so where the analysis is used to provide a
definitive assessment of the integrity Of a structure for which failure would incur
unacceptable financial penalty or loss of life. Such an approach would be analogous
to the requirement for a major test to be supervised by an engineer with chartered
status. Ideally the role of enforcing such standards should be adopted by an
authoritative body independent of the manufactuers.

36 Ability of Airworthiness Authorities to assess Analysis -based Procedures

The primary duty of airworthiness engineers is to ensure the safe operation of
aircraft and, if manufacturers present complex analyses for certification, airworthiness
authorities must be capable of making an assessment of accuracy and reliability of such
analyses. This assessment must be made in the context  of: the track record and
experience  of the particular analysis team; evidence offered to show the reliability
of the modelling practice employed in predicting internal load distribution and
strength  of similar Structural elements; quality assurance and validation procedures
used to establish the credibility of the capabilities of the finite element code
employed, together  with anyuser - supplied adjoints to the FE code; and finally the
adequacy of procedures established for specification and recording of analysis.

For the more technical aspects of the assessment, airworthiness engineers will
require support from independent Structural analysts who have an expert knowledge
both of modelling and analysis procedures, and of the analysis suites used. The depth
of support available at present to the authorities in the UK is limited even for
current  demands. If this situation is notrecognised, the Option to reduce the
present degree of reliance on testing procedures will not be available, which will
increase  project costs and significantly influence the competitive position of
manufacturers.

4 CONCLUSIONS

Itis apparent that UK manufacturers and airworthiness authorities recognise
the longer term trend away from reliance on major static tests. It is important that
the implications of this trend are realised and areappraisal of the role of
structural analysis in certification is made, on a national and international basis.
Itis evident that a considerable improvement in experience and development of
analysis techniques is required before the aircraft industry will  be in a position
to submit an analysis of Sufficient demonstrable quality to be accepted by the
authorities as a major element of oroof of the integrity of an aircraft structure.

It would be wuseful for the aircraft industry to remain aware of practice
within ~ the civil engineering, nuclear and ship - building industries which face
problems of similar importance with the use of analytical techniques for
verification of Structural integrity. Experience in these other industries suggests
that certification procedures which rely heavily on analysis are a realistic aim,
although  the special problems of lightweight structures using advanced material and
subject to complex and continuous loading actions which arise within the aircraft
industry are acknowledged.
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There is certainly a requirement for substantial improvement in the accuracy
and effectiveness of the finite element technique, particularly iN specialised areas
such as fatigue and fracture mechanics, non- linear analysis, and the modelling of
through - thickness effects in Composites. Nevertheless, an increased role for
structural analysis in certification is Currently possible given fresh commitment
within ~ the aircraft industry to the exploitation of existing analysis capability
since such use is not Solely limited by the intrinsic deficiencies or lack of
capability in the methods.

The necessary improvements of analysis techniques  should be accelerated by a
dedicated and coherent programme of research with certification by analytical
techniques as the target. Some of the areas which this research would need to
cover have been outlined above and, in addition, fresh effort should be devoted to
establishing the credibility of current analysis capability. Industry should be in
a position to demonstrate  that its codes are adequately validated, that its
modelling practices are reliable and that it has staffed all safety - critical analyses
appropriately. Given an increasing acceptance of the view that 'product assurancs

in the wider sense encompasses quality assurance of the processes used to define the
product' some of these aspects are likely to be covered by standards arising outside

the aircraft industry, which  may then be adapted to our needs.

A substantial capital investment in computer hardware and software s also
required at an early stage ifthe necessary expertise is to be gained and economic
benefits reaped in the future. Further  resources  will need to be committed to
training to ensure that personnel engaged in analysis with the aim of demonstrating
structural integrity are adequately  qualified and have Sufficient experience for the
task. There is  a requirement for educational programmes providing an extensive
theoretical grounding and the opportunity for hands - on experience of analysis suites.
These must be complemented by good quality industrial training, under expert super -
vision, to ensure that consistent, Proven modelling practices are employed. Failure
to supply investment in these areas will prejudice the competitive position of firms
within ~ the aircraft industry.

Even within a clearance procedure based primarily on the use of major static
tests, airworthiness authorities recognise the heavy reliance which is already
placed on structural analysis in  certification and the increasing role which finite
element analysis will perform  in detalil stressing. This reliance on structural
analysis should be reflected in clearance procedures., Current procedures place the
major emphasis on test results but should also specify requirements for the analysis,
where it is used for identifying and determining the loads to be applied in the test
cases, extrapolating from the tested cases, and forming the type -record for the
aircraft which is heavily relied upon to justify modifications to the original aircraft.
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summary
This paper B concemed with the use of analysis in thequalification of
aircraft structures made with compositematerials. Pour areas of work are
discussed: statistics formaterial allowables, damage tolerance ) modelling,
hygrothermalmodelling, and buckling  of stiffened compression panels.

List of Symbols

a delamination length

A: alowable for population i

b, deviaton  of batch i mean fromthe overallmean
D. fransverse diffusivity

£, distribution for population i

G N = M) /(M. ~ M), fraction of maximum possible  weight gain
G an  energy releaserate

Gs  initial linsar porion of Gversus & curve

h thickness

I total number of observations per batch

J total number oOf batches

k allowable  factorfornormal population without batch to batch variation
M weight percentage moisture  content

M. intiadl M

Ma  saturation M

M. x-directionplate bending moment per unit width .

Q. x-direction plate transverse  shear force perunit width

r ratiobetween two population distributions

R 6" /0.2

s sampleoverall standard  deviation

s*  sampleoverall variance

s.® Vvarance of samplebatchmeans

s.* varance of sampleobservations within  batches

t time

T allowable  factorfornormal population with  batch tobatch variation
wiy deviation o observation i inbatch i from the batch mean
b4 sampleoverall mean

X.4 the 3= observation from batch 1

%, X vaue of a gven population percentile
B population overall mean

o»® vanance of b.

o.2 varance of waj

& population overall standard deviation

Introduction

This company's experiencewith composite flightstructures has shown thatextensive
testing has alwaysbeen  requiredto support design, development,  and certification.

This 5 so because thephysics of the problems involved are difficultto model fully and
accurately. Testing hasbeen used to tl us things about the materials behavior that
we could notpredict quantitatively using analysis or past experience.

This relance  on testinghas ~ beenaccepted  inthepast because of the advanced nature of
the technolo%y. As composites move into  the mainstream  there B pressure to reduce the
amount of timeand money needed to develop and certify new designs.

one way to make the design of compositestructures more timely and less costy is to
replace testingwith analysis. Analysis B amost aways a much quicker and less
expensiveway  of determining  a structure's behavior than is testing. Higher
performancedesigns will  alsoresult because more altematives can be examined.

At Canadair, we are developing,  methods thatare incrementally reducing the amount of
tesing we do. Although ‘testingin_ no area can_be eliminated altogether, it is

gradualy  being reducedaswe  gain experience  with new analyses. The following gactions
outlinehow we are exploring analysisin four different areas of design: statistics,

hygrothermal behavior, damage tolerance, and buckiing.



Statistics for Material Allowables
Material ~ strength  is astochasticproperty, exhibiting some degree of random variation.
BY using experimentaton ~ and thetools of mathematical statistics, it may be possible to
derive certain lower limits  on the values thatstrength can take on. These lowerlimits
are sometimes called allowables.
An allowable is a sirgl2 number which is defined in propapilistic terms. It _is derived
froma random population sample.  Two commonlyused allowables arethe  A-basis an
B- basis allowables, respectivelydefined as the lower99th  and 9oth population
percentiles stated with a confidence of 95%.
Allowables  are required for themost critical  service conditions: as defined by
temperature  and exposure to moisture andchemicals.  one way of addressing this need is
to testlargenumbers of specimensunder  all the conditions of interest. This approach
is expensive, and has spurred interestinpairing, a way of deriving  allowables under
some conditionswithout extensive  testing.
Batch Variability
The statistical _procedures  needed to derive design allowables for compositematerials
are determined  inpart by the phenomenon of batch ) to batch variability. In additon to
the random differencesin the strength of material taken from onebatch, material  taken
from different batches can show systematicdifferences. Flg?ure 1 illustratesthis with
mean tensile strength  data extracted from acceptancetests or unidirectional

graphita/apoxry.

ANOVA

A method forestimatingpopulation percentiles in the presence of batch to batch
variability has been developedby Lemon {1} and M=e and owen {2], This method, with
modifications, has been incorporatedin Military Handbook 17B [37].

The appendix outlines  this method, and the manner in which ithas  beenextended to
computeA -basis as well as B-basis allowables.

The procedure has been codedandusedto analyze material  qualification data for several
compositematerial systems.  ltwas quickly  found that theresults are very sensitive to
the number of batches used inthe  testing.

To investigate this effect,a Monte - Carlo simulationwas carried out.  Artificial

samples from normal populatons  with fixed values of u, o * and o.®> were generatedand
analyzed many times. he resulting large samples of allowables  were examined to
determine  the distribution of allowables generated by themethod.

Figure 2 shows results forapopulation ~with = 100, and & : @ = 450, These
parameters give an overall  population coefficient of variaton  of 10%. Each errorbar
Is the result of 15,000 simulations of asample of 100 observations. The error
intervals have a 90% probability of containing  :he computed A- basis allowables. The
upper ends ofthe  errorbars are correctl positionad at the 99=n percentle  ofthe
opulation since there s a 5% chance thatthe allowable wil  beabove theinterval.

his  follows from the definition of the allowable.

The figureshows  that if too fewbatchesare used, theallowable is likely to be
extremely conservative. As the number of batches increases for a constant total number

of tests,the allowable estimate steadily improves up to the limit  where there are only
two observations per batch.

These results canbe compared to the casewhere there is no batch to batch variability.
For a normal population, the allowablesmay be «stimated using:

%y = % ~ ks (1}

wherek is apre -determined factor. Monte - Carlo simulationwas again used to construct
the 90% confidence interval ofthe  computed A-basis allowable. h figure 3 this

interval IS compared to thebestresult with patch variability when the maximum number
of batchesare used (Eq. (A2)). The allowable  computedwith Eg. (1) has less spread
than the one computed with Eg, (A2). To compute an allowable with Eg. (A2) with the
same gnality as one computed with EqQ. (1), alargernumber of specimens, from a
sufficienthumber of batches,would have to be tested.

Examination  of resultsforB -basis allowables  shows similar  results. Lessconservatism

in the estimates of the allowables is found.

Pairing

Duringa  material  qualificationprogramme, allowables ~ must be computed forseveral
properties under multiple conditions of temperature, moisture and chemical exposure.




Testinglarge multi-batch samples for each combination of property and environmentwould
be very costly. For this reason, a pairing procedure Wwas developed.

Paiing  hasbeen used to calculatedesignallowablesfor metalic  materials, and is
described in Military Standardization o Handbook 50 (4]. This method has beenadapted  for
use in the presence of batch variability.

The appendix describesthe methods thathave  been developed toallow pairing with batch
variation.

Additional simulation was carried out to study the distributions of allowables computed
using this pairing technique. In  the simulation,the properties of population 1 (for
which allowableswere calculated directly) were pa = 100, and 6x: = Owa = Y50, and for

population 2 @z = 50, and ow= = Owz = (50)/2. These populations both had a coefficient
of variation of 10%, and the exactvalue of r was 1/2. The number of batches for both
samples was 10. Allowables for population 1 were calculateddirectly as before, then
allowables  for population 2 were calculated by pairing.

The results  forthe  A-basis allowables  shown infigure 4, showed that the estimates were
conservative, as expected. Therewas little improvement  in thepaired allowables as the
number of data in the smal samples from population 2 were increased.

Comparison of Eigqurs 4 with figure 2 shows thatthe alowable  estimates for J = 10 from

figure 2 have essentially been scaled down b%/ a conservativeestimate of r to gve the
error  intervals in figure 4. This implies thatthe spread of the r estmate is not very
large compared tothe spread of the allowable  calculated for population 1 Improving

the alowables  for populaton 2 would require an improvement inthe  allowahles = for )
population 1 as explained in the preceding section, thatwould require  an increase in
thenumber of batches or specimens or both.

Damage Tolerance
The development of analysis methodsfor  damage tolerance  is difficult because there are
several aspects totheproblem, and each aspect isa complicated problem in itself.
The first  thing toconsider is thesource  of damage and theresulting damage state. The
damage statemay include  delamination,transverse cracking and crazing, fiber
breakage, splitting, and debonding. =~ The spatial distribution and density of the
different damage typesmust  be quantified. Damage sourcesmay include impact,
mishandling, manufacturingdefects, and usage effects like abrasion,fretting, and wear.
The relationshipbetween damage source and damagestate must be quantified.

The secondaspect of the problem is theresponse of damage statesto driving  forces.
Damagestates may evolve under the acton of monotonic and cyclic loading and thermal

cycling. Damage progression is affected by stress leveland stress state, layup, and
the properties of the material systemsuch ~as matrix modulus and toughness, system
critical energy releaserates, the fiher  longitudinal and transverse  strengthand
toughness,the interfacial strength  and friction properties, voids, and fiber

distribution and volume fraction.

The third  aspectof  the problem concernsthefailure criterion. The criterion must be
defined in terms of thedamage state ameters. Failure may be defined as a
degradation in stiffness or in the abilty to carry load. or t may bedefned by the
physical dimensions of a particular damage feature.

The overallproblem is extremely difficult to analyze quantitatively, and few generally
applicable methods  exist. The tendency has beento develop ~ designdata empmca%y.
Analysis, if used, is based on simplified models that contain at least some parameters

that” need to be determinedby test.

Delamination Modalling

Work is under wayto model thebehavior of single-level delaminations. Such

delaminations may arise from foreign  material, such as fims or backing paper, being
leftinthe laminate during manufacture. Impactusually gves rise to multi-level
delamination,plus other effects. Future work  will attempt to show thattheparametric
behavior of single-leveldelaminations is similar to that of impactdelaminations.
Plate-type finite-element models have beenmade of delaminations. Both square and round
cases have been studied (figure 5).

The squaredelamination was examined because a supporting . analytical buckling analysis
could be more easily performed. Using a NASTRAN geometric nonlinear  solution {solution
66), the delamination was modelled in  the post-buckled condition. The load-deflection
curve of thedelaminated plate was derived with  some difficulty due to numerical
instability of the solutionalgorithms. The analysis wasthen repeated for a slightly
larger  delamination. The shape of thedelamination-frontadvancement was made
proportional to the crack-openingbending moments in the delamination uncovered  during

the nonlinear  analysis.
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Analysis  of the enlarged delamination gave a sccond load - deflection curve (figure 6).
Integrating the two “curves,taking the differefice, and dividing by the area "of the
delamination extensiongave the strain energy release rate (figure 7.  This release
rate was an overallvalue, not separated intd ‘te component modes, but itserved to show
the feasibility of the approach.

Work is Currently proceeding onthe more realisticround delamination, Recent
improvementsin = NASTRAN's geometric nonlinear capabilitiss areeasingthetask of
obtaining  solutions,but numerical difficulties remain the most ] time consumingaspect of
this work.  When solutionsare obtained, they are sometimesunexpected. Figure 8 shows
the round delamination  buckled into an s-shape instead of theexpectedoutward - hulging
t():onlggura'uon,caused by overallbuckling unexpectedly preceding the delamination

uckling.

Edge Delamination

Available analysis  consists of 3- dimensionalanalysis of edgestresses inthe absence of
geometric discontinuities. such analysis seems able toindicate the propensi of a
laminate  to delaminate at a straightfree edge, although critical stress  levels have not
been obtained. Figure 9 showsthe through-thicknsss normal stressas  determined by the
finite  elementmethod  {5].
Tension dominated spectrum fatigue testng of this laminateresulted in delamination of
the test specimen,while compression dominated  fatigue did not (61. Delamination
occurred at the soe plies,where through-thickness tensile  stress was maximum.
HygrothermalEffects

Analysis  procedures forhygrothermal ~effects  in. compositesare generallybased ~ on the
hypothesis  that the behavior is Pickian,as ilyustrated infigure 10. This B
occasionally not true. one material  system has been observed to exhibitFickian ]
behavior = atlower  temperatures and non- Fickian  behavior at higher temperatures (figure
113)[7].
In cases where non- Fickian behavior is observed, aFickianapproximation may he made if
deviations inthe  moisture uptake profile are not too great
PropertyDetermination
Results from [8] for absorption into an infiniteplate under constant conditions show
that the entire  uptake curve is well approximated

G=1- exp[—7.3(D,.t)°"”} (2)

H;T_
where G = - Ma (3)
Mo - Ma

while the linear initial portion is givan by

G = 4Jtv"D£ (4)

hJ/n

Empirical = estimates of D. aremade from theinitialpart ofthe  curve using Eg. (4), and
M. is estmated by allowing testmaterial _to saturate. One wishes to minimize thetime
requiredfor test material to reach saturation. This can be accomplished for anygiven
D.. by making thetest  coupons thin. This has the undesirableeffect of shortening  the
initial linear portion  of thecurve, perhaps making it difficult to obtain enough
readings to get an accurate estimate ofthe  slope.
By writing an expressionfor the error between Eq. (2) and Eg. (4), settingthis error
to 5%. and settingt to 2 days, one findsthat D./h? = 8.5%10-7s~*. Withthis, _one can
use a rough  preliminaryestimate of & and solve for h. This thicknessof = material  will
result in the moisture uptake _curve not deviatingmore than 5% from linearity for the
first  two days of exposure. This allows sufficienttime to take several readings in the
linear portion of the curve,while keepingthe specimen thickness to a minimum.

Conditioningscheduling

Once the Fickiandiffusionparametershave been determined as afunction of temperature
and humidity, they can he employedinthe analysis of teststructures. For this
purpose,a  public domain computer program hasbeen used to solve diffusionproblems with

variable  boundary conditions {91].

such an analysis may be employed to planamoisture conditioningprc_Jl%am to give desired
moisture  levels  andthrough = - thickness moisture profiles. e advantage of this approach




can be seenby comparing it tothe altemative: soaking in a worst-case environment
untl  saturation is reached.

Figure 12 showsthe moisture  uptake curve for an actual componentexposed ~at ifs

maximum servicetemperature and 95% rRH. A gualitative look  atthis data suggeststhat
thecomponent s saturated, and 5 ready fortesting. A simple calculation, however,
shows that the highest stressed,thickest,and most critical sections of the assembly
have only reached 40% of saturation. bue tothe non-uniform nature of thetransient
moisture ~ profile throughthemickness,themoisture content at the center of the
thickest ~ sections,where therehappensto be a bond line, i5 even lower. Conditionin
must evidently continue untl’  calculation shows thatthe critical areashave reached an
acceptable  moisture  level.

If the material can tolerate temperatureshigher than the maximum service temperature,
conditioningcould be accelerated by taking advantage ofthe increasein diffusivity
with  temperature. If the target moisture level is less than saturation, a period of
drying may be employed after conditioning to achieve a more uniform through-thickness
moisture profile.

service  simulation

A conservativemoisture level can be achieved intest pats by soaking them atthe
maximum servicetemperature and a high humidity, for example, ~ 85% RH (Ref. [3] sect
221). This has beenshown tobe a good rule, not only forepoxies,but aso for a
bismaleimide-modified epoxy inthe instance of a transport alrcraft environmental
specrum (Ref. [6] sect  64)

A fighter spectrum, with the effects of hot dry excursions, could give an appreciably

lower  equilibrium moisture content. ~ In this case, detaled environmentalsimulation
using a realistic servicespectrum is justified.

stiffened Panel Buckling

Experimental  results  on stiffened compressionpanels have shown that skin/stiffsner
separationcan be the criticalfailure ~ mode (Ref. {61 sect 7.1.1.2.1). Premature
failure at about 50% of the expected ulimate load has beenobserved  due tothis
phenomenon.

This failure mode involved two factors: skins  whichwere designed to operate inthe

post g—ﬂ?uckled state, and the stiftensr/skian co-cured bondwhich wasnot designed for peel
strength.

TO help understand the failure, the fullsized 2-bay panel (figure 13) was modeled by a
1/2 bay finite element assembly with symmetric  boundary conditionsalong the lateral

edges (figure  14). The NASTRAN geometric nonlinear  solution 64 was used toderive

resultsin the post-buckled state.

These resultswere used in two ways. First, a 2-dimensional fracture  model of the
stiffenar/skin bond was analyzed Uusing asinput the element forces derived from the
non-linear analysis (figure 15). By detaching nodes along the bondline, it was possible
to derive a strain energy releasecurve (figure 16).

The G. versus a (crack length) curve shows unstablz/stablsz growth, asindicated by the
change from positive 0o negative  slope. Thiswas observed during the test. The

absolute level of cracking could not be predicted because information on initial crack
length and critical strain energy release rate  (G.) was lacking. Further  work would
have to be done to separate < Into  thecomponentmodes 1,11, and 111. For these
reasons, this approachwasdeemed impractical for design and certification support.

An altemative approach,using a strength  of materials philosophy,was then tried. The
peeling forces and moments inthe panel atthe base of the stiffener were extracted from
the model  Examination of thevalues showed thatthe maximum peeling force and moment
were about 8.5 #/mm and 110 N-am/mm at theload  correspondin tothe firstdetected

cracking in the test (figure 17).  The maximum values were located at the central

buckling antinode.

A strength  testwas  then perfomed on the bond by applying a direct peel load tothe
stiffener. Theskin  was supported in such a way as to Induce realistic bending at the
bondiine. Taking the average of threetests,the failure _peeling loads and momentswere
77 d/mm and 96 M-mm/mm at the bondine. This s encouraging agreement with the
modelling results.

The strength  of materials approach is more practical than the fracture mechanics
approach for use in design and certification. Analysis canprovide reasonably  accurate
loads on the critical interface. Small-scaletesting can then be camed  outtochoose

optimum geometry,material, and detailsto gve a sufficientlystrong joint.
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Conclusions

This paper hasaddressed fourareasof analysis:

1 Statistics. It has been shown that standard methods for deriving  allowables  in the
presence of batch to batch variability canbe extended to give A-basis allowables
and to allow pairing. The methodis  sensitive to thenumber of batches used in
testing.

2. Hygrothermal ~ Analysis. Aquick way ofsizingtest coupons to minimize thetime
needed to obtain the material propertieshas been ~ derived. standard  analysis
methodsbased on Fickiandiffusion are usad routinely.

3. Damage Tolerance. Modelling of snge -]Jevel delaminations has shownthat the
geometric  non-linear finite element method isa feasibleway ~of obtaining  energy
release  rates. The method hasnot yetbeen shown to be practical for design.

4. Stiffened Panel Buckling. Geometric non - linear finite elements have been shownto
provide accurate loads on thebond between the stiffenersand the skin in the post
buckled state. simple tests canbe used to asses theintegrity ofthe bondand to

select  optimum configurations.
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Test Component Moisture Absorption
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Figure 12. Moisture uptake of actual component.

Stiffened Compression Test Panel

Figure 13.  stiffened compression panel..

Geometric Non-Linear Model

Figure 14. Finite element model of compression  panel.
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Stiffener / Skin Crack Model
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Figure 15. 2-dimensional  fracture  model of skin/stiffener interface.
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Appendix

Deriving  Allowables With Batch Variability

The method is bas=d on the analysis of variance (ANOVA). It is assumed thatthe
population canbe descrihed by amodel of the form:

iy = W + D: + Wag i=1tol, j=1¢tod (A1}
b: and w., are assumedto be normally distributed _with variances os* and c.2
respectively. The population percentiles are estimated from:

Xep = R " T(ss* + 8.2 172 {(A2)
where z, s.= and s.? areestimates of u, ox®, and o.* respectively. Reference [3] gives
aprocedure for calculating _ T suchthat . corresponds to aB -basis allowable. To find
T suchthat %, is an A-hasis allowable,the factor 1.282 in equation 8.5.4(h) of (3]

should be changedto 2326 as required by equation 23 of (2].

Pairing
The method assumesthat two populations of material propertiesare related by aratio:

fz = IX £ 1 (A3)
consequently, if an allowable is known for population 1, then the allowable for
population 2 is given by

A = L X A, (A4)
If the large-sample method descrihed above is used © derivethe allowable A, then an
estimate of ris al thatisneeded to find Ae .
A sample ofr canbe constructed by dividing individual testresults from population 2
by individual results ~ from population 1 ~ The number of batches and specimensused  in
testing  population 2 should be equal to or less thanthe numberused for populaton 1.
Individual batches from  population 2 arethenpaired with  individual batches ~ from
population 1 Individualspecimens from batches in population 2 are then divided by
randomly chosen specimens from the paired batch inPopulation
This procedure  will resultin a sample of rvalues divided intobatches. The number of
batches and specimensisequal to the numberused forthe sample of population 2. This

sample of r is then analyzed using the method o (3] to obtaina lower 95% confidence
estimate of the median value. This is accomplished by setting 6 = 0 in equation

8.5.4(h) of [3} as required by equation 23 of {21, Takingthe lowsr 95% confidence
estimate  ofthe median of r should result inconservativeestimates of the allowables

for population 2.
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INFLUENCE DES PERFECTIONNEMENTS DU CALCUL DES STRUCTURES
SUR LA PROCEDURE DE QUALIFICATION DES AVIONS

par
C. PETIAU
Oassault Aviation
78, Quai Marcel Dassault
92214

Saint-Cloud
France

RESUME

Nous examinons ici I'influence que peuvent avoir les progrés accomplis dans les techniques de
calcul sur la fagon de qualifier les structures d'avion.

Nous passons en revue les potentialites, les défauts et leurs corrections possibles, pour les
méthodes pratiquées dans les trois grandes branches du calcul des structures d'avion

- Calcul des contraintes

- Determination des critéres de rupture en statique et en fatigue

- Calcul des charges, de 1'aéroélasticité et du Flutter.

I1 apparait qu'au depart les risques d'erreurs sont omniprésents, aussi la procedure de
qualification doit-elle inclure obligatoirement un processus fiable de detection et de correction de ces
erreurs.

Nous presentons l'organisation de conception et qualification des structures mise en_place par
Dassault. L'analyse sur ordinateur y prend certes une part tres large, mais elle reste contrdlée par un
nombre minimum d'essais pertinents.

Finalement, il apparait que les progrés du calcul ont d'abord permis de mieux optimiser la
conception des structures, ils ont permis aussi de diminuer considérablement |e nombre et | e volume des
essais partiels et ils ont réduit le risque de rupture imprévue lors des grands essais de qualification.
Cependant, du fait principalement des risques d'erreurs humaines dans |la manipulation des calculs, la
gara}nftie apportée par ceux-ci reste insuffisante pour se permettre d'éviter les grands essais de
qualification.

ABSTRACT

V¢ examine the effects of improvements of analytical methods on the process of airframe
qualification.

¢ review potentialities, weaknesses and corresponding corrections for the three main branches of
structural analysis of aircraft

- Calculation of stress fields
- Determination of failure criteria in static and in fatigue
- Calculation of loads, aeroelasticity and flutter.

Risks of errors are omnipresent, so the structure qualification must include a reliable process of
detection and correction of errors.

V¢ present the resulting organization of design & qualification reached by Dassault. Computer
analysis take a large place, while remaining controled via minimum number of relevant tests.

Progresses of analytical methods have first been profitable to design optimimization, it have
reduced the number of required test and it have also reduced the risk of failure during the main
qualification tests. However the insufficient reliability of analytical methods, mainly the risk of humain
mistakes, requires to maintain the main qualification tests.

1 - INTRODUCTION

Avec les progrés des techniques de calcul par Elements finis réalisés depuis 20 ans, on peut
considérer qu'il est possible d'appréhender dans les moindres details les champs de contrainte de nos
structures. Nous avons montré & plusieurs reprises (réf 1) que ces facilités de calcul ont d&j& permis une
meilleure optimisation et une diminution des aléas au niveau de | a phase de developpement de nos cellules.
|1 reste & discuter ici le point de savoir si ces possibilites de calcul conduisent & une amelioration de
la procedure de qualification de nos structures, cette amelioration pouvant se traduire, soit par une
meilleure qualité de |a démonstration, soit par une reduction du coiit de cette demonstration, en
particulier en diminuant | e nombre et |a complexité des essais.

Pour cela, faisons ici un rapide parcours des potentialites, des faiblesses et des procedures
correctives des méthodes de calcul utilisées dans les trois principales branches du calcul des avions
-~ le calcul des champs de contrainte.

- I'evaluation des contraintes-.admissibles en statique et en fatigue,
- les calculs des charges, de T1'aéroélasticité et du flutter.

Nous montrons qu'au depart le risque d'erreurs est omnipresent, et que la stratégie de
développement et de qualification des structures doit obligatoirement inclure un processus de detection et
de correction de ces erreurs.

Nous exposons l'organisation de conception/qualification des structures & laquelle Dassault est
arrivé ; I'analyse sur ordinateur v Drend une Dart considerable tout en restant contrélée par un nombre
minimal d'essais judicieux.
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2 - LE CALCUL DES CHAVPS DE CONTRANTE

Actuellement pour le calcul des contraintes statiqueet dynamique 3 basses fréquences, nous
recommandonsune organisationde calculs imbriqués les uns dans les autres presenteeplanche 1 ; Elle

comprend :

- Un modele general ElementsFinis de I'avion complet

I1 sertde baseé la resolution de T'hyperstaticité générale de I'avion, au calcul des charges,de
1'aéroélasticité et desvibrations bassefréquence.

L'ambition de ce modele est de fournir les "flux" d'efforts internes et non le detail des
surcontrainteslocales, sataille optimale est de 30000 & 100000degrés de liberté (exemple planches?2 et
3).

- desmodeles dedetails qui s'imbriquent dans le modele general ou dans d'autres modeles intermédiaires
(voir planche 4], Par une technique de condensatiopar "Super-&léments", ils prennent des conditions
aux limites "exacte$ (chargescondensées et rigidités) dansles modelesamonts.

Citons quelquesuns des plus typiques decescalculs de details :

- Calculs dit "boulon par boulons, avec des mailtages en Elements de flexion d'un pas environ
deux fois plus raffiné que celui des fixations. Cesmodéles permettentd'accéder directementaux efforts
transmis par les fixations : ils prennenten comptela plupart des effets non-linéaires géométriques
(postflambage, matelassagestc..., voir planches5 el: 6).

- Calculs de "point stres$ dansles compositesqui prennentleurs conditionsaux limites dansles
precedentset générent les champsde contraintesloca es autour desfixations (voir planche 7}

- Calculs de ferrure tridimensionnels (planche8) qui doivent intégrer la non-linéarité de contact
et de plasticite.

Nous rattachonsles calculs de stabilite @ la famille des calculs de contrainte. L'approche de
I'analysedes chargesritiques du flambage lineaire est certesparticuliére, mais la tendance est de ne
I'utiliser que pour le prédimensionnement. Pour la justification fine de qualification, nous faisons
aujourd'huitres largementappel au calcul d'équilibre en postflambage (il inclut la plasticite pour les
materiaux metalliques).

La réalisation ordinaire de ces calculs n'est possible que par la disponibilité de logiciels
ergonomiqueset bien rodés comme notre systéme CATIA-ELZINI. Les maillages et analyses ElementsFinis y
sont compiétement intégrés dans uUn systéme de CAO. Cet outil offre & la fois 1'avantage d'une complete
intéractivité et celui de la possibilité de recuperationdes "historique$ des commandesd'un calcul, ce
qui permet d'élaborer trés rapidement les données des calculs comportant des similitudes. Ces
"historiques$ sontdonc une fagon de mémoriser le savoir faire, et par 14 de réduire les risques d'erreurs
dansles calculsultérieurs.

L'autre point essentielestle fait que le coit de tout ces calculs est devenu modeste (moins de
1' CPU sur BV 3090 VF pour le calcul statiquedu modéle general présenté planche2).

Méme pour les calculs non Tin&aires les plus scphistigués avec les techniquesde minimisation du
potentiel élastique biquadratiquepar "Line SearchExact' et celle de la "plasticité implicite" {R&f. 2 et
3), on arrive & un coiit de quelquesfractionsd quelquefois celui du premier calcul 1inéaire.

Sur le tableau 1, nous résumons, les modesde defaillance les plus typiques et le processus de
correctionsdes differents elementsde cescalculs.

Nous donnonsnotre appreciationde la criticité des modesde defaillance :

- initiale {c.a.d. pour un premier calcuTl]

- Tfinale (c.a.d. en appliquantles mesurescorrectiveset avec I'organisation de
conception/qualification presentee$s)

Les conventionssont les suivantes :

0 Risquesnuls ou négligeables

% Risquesfaibles & consequence mineure
Risquesd'avoir & modifier les structuresen service

*k % .
Risquesgraves.
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TABLEAU 1
Criticité Modes de
Types de defaillance détection/correction
Initiale § Finale
- Erreurs de théorie el Q - Comparaison solutions
(souvent sur la analytiques
formulation des E.F.) - Comparaisons autres
Logiciels || - Erreurs de programma- folald 0 solutions E.F.
H1éments tion - Tests convergence
Finis - Modes d'utilisation rkk ¢ - Patch test
trop compliqués - Verification des résidus

de 1'équilibre

- Comparaison resultats
d'essais

- Utilisation de logiciel
ergonomique

- Maillage insuffisam- 0 - Formation du personnel
ment raffiné *kk - Experience du maillage
- Type d'E.F. 0 optimal de chaque type
inappropriés - de structure
- Erreurs charges, CL. 0 ~ Calculs redondants
{Yai 11age et toutes autres (notamment comparaison
& autres données. o modele general - Modéle
données - Non representation de 0 de detail)
| a structure réelle. - Comparaisons aux résul-

tats d'essais (essais
partiels, essais
généraux)

- Test de convergence
mathématique.

- Ergonomie des logicieln
(maillage, visualisation
resultats, detection

d'erreurs).
___________________________________ mmmmggmm [ m e
- Erreurs humaines dans * - Formation des personnels
les interpretations - Ergonomie des logiciells
par RDM. *k de post-traitement
Rnalyses - Lissage des extrémums * - Micro analyse E.F.
des (E.F. trop grossiers - Systéme I.A. supportant
résultats ou par le logiciel | e dépouillement
de visualisation) *kk - Exigence de qualité
- Oubli d'examens de * pour les dossiers de
certains types des justification
contraintes * - Essais statique generakx
- Impasse dans |a *

justification.

A 1'expérience, nous n‘avons connu que trés peu d'erreurs graves 1iées purement aux fautes de
logiciel. Cela résulte vraisemblablement, avec notre systéme CATIA-ELFINI, de I'application stricte des
régles de detection d'erreurs citées plus haut et surtout de plus de 20 ans d'utilisation avec une
verification systematique de non regression & chaque version.

C'est au niveau du maillage, de la confection des données et de 1'interprétation des résultats que
I'erreur humaine doit &tre considérée comme quasiment inevitable, cela simplement du fait du nombre de
transaction nécessaire pour élaborer |la série de nombre par laquelle une structure est representee dans un
ordinateur.

Ce caractére indvitable de I'erreur au niveau d'un seul calcul doit &tre corrigé non seulement par
tous les moyens cité&s plus haut mais surtout par une organisation intégrant des calculs et des essais se
recoupant, tel que nous |a présentons § 5.
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3 = CONNAISSANCE DES CONTRAINTES ADMISSIBLES

_ Beaucoup d'entre nous ont fait 1'expérience malheureuse de ne pas savoir quoi faire des champs de
contraintes obtenus apré&s un calcul Elements Finis tridimensionnels raffiné.

En effet, avec les calculs lineaires on obtient des surcontraintes locales dépassant largement le
niveau théorique de rupture alors qu'elles sont écré&tées en fait par la plasticite.

En fatigue avec |a possibilité de calculer des formes complexes, on ne dispose plus des références
classiques {courbe de Wohler), car elles font intervenir le coefficient concentration de contrainte Kt qui
n'est plus défini.

Par extension, nous assimilons les calculs de tolerance aux dommages & la connaissance des
contraintes admissibles. Les défauts de précisions de I'analyse de I'initiation des fissures sont
d'ailleurs pour partie responsable de 1'intérét pour les méthodes de tolerances aux dommages, |e calcul de
la propagation des fissures en fatigue &tant globalement mieux maitrisé que celui de leur initiation.
(voir réf.4 et P1.9).

Avec les materiaux composites ce qui pose probléme c'est 1'extréme sensibilité du critére de
rupture 6 la configuration locale (proportion, empilements et direction des plis, diamétre des trous de
fixation, type de fixation, matage, etc. ...},

'analyse des modes de défaillances et des procédures correctives est la suivante

TABLEAU 2
Criticizé Mode de
Types de défaiiiance détection/correction
Initiale || F-nale
x
Critére - Non prise en compte 0 - Calcul avec plasticite
de de |l a plasticité kk - ldentification rhéologie
ruptute - Méconnaissance des o matériau
statique caracteristiques - Essais éprouvette
des materiaux et des &1émentaire represen-
métalliques lois rhéologiques tative.
SEPPRUPLANON PSSR RS uOL AU NORERRNH IR R
- Difficult6 1iée a 1a 0 - (Calcul EF. avec
notion de Kt o plasticité et cyclage)
- Non validite de la 0 - Dimensionnement
régle de Miner conservatif
(spectre complexe) *kk - Essais partiels
Critére def - Défaut de represen- * représentatifts
rupturk en tation théorique des (configuration et
fatigue phénoménes complexes spectre de charge).
(initiation (8tat de surface, - Essais de fatigue
de fissure} fretting, corrosion, générale
etc.. .} >k - Inspection en service
- Dispersion matériaux *
méconnaissance des
caractéristiques. *%
- De fagon générale, 0

difficulté & extra-
poler les données
expérimentales
disponibles vers le
cas envisage.

- *xE
- Extreme complexité 0 ~ Verification systéma-
des critéres de tique de |a conserva-
(:ri tére de rupture (surtout en tivité des critéres de
rupture zone de fixation) *k rupture.
statique - Difficult6é des 0 ~ Essais statique
des analyses de tolérance partiel des zones
composites aux dommages complexes

- Essais statique
general avec dommage

- Dimensionnement pour
réparabilité.
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TABLEAU 2 (suite)

Criticité Mode de |
Types de defaillance : detection correction
Initiale || Finale
- Mauvaise prediction * 0 - Dimensionnememnt conser-
propagation des vatif en tolerance au
petites fissures * dommage
'ropagationf - Mauvaise modélisation 0 - Tderitification des
de des propagations en vitesses de propagation
fissure spectre complexe *% avec spectre reel.
nétallique |- Difficulté d'esti- 0 - Essais de fatigue
mation des longeurs partiel _
“olérances critiques - = Essais de fabigye
aux - Oiagnostique d'arrét 0 globale
dommages de propagation des - Essais spécifiques de
fissures "explosives" tolerance aux dommages
(sur CES, CEF, et/ou
éprouvettes spéciales)
- Inspection en service

Pour les matériaux métalliques, le dimensionnement statique a partir des contraintes calculees par
Elements Finis ne pose souvent pas de probl&me de sécurité, cela résulte du fait que les calculs linéaires
surestiment les contraintes.

Dans tous les cas, la garantie de qualification est assurée par I'essai statique general.

La justification en Fatigue reste par contre dominée par 1'empyrisme ; |a démonstration est
essentiellement fondée sur des essais, le calcul sert pour I'essentiel & justifier la validite des
conditions aux limites ou |a conservativité des essais.

Les méthodes de calcul de Il'initiation des fissures basées sur I'historique ree| des contraintes
en tenant compte des écrouissages plastiques locaux, sont certes prometteuses, mais elles ne sont pas
encore aujourd'hui suffisamment rodées pour fonder une qualification.

En fatigue, malgré |'application de la procedure experimentale il reste certains aléas, ils sont
dus pour 1'essentiel aux differences possibles entre les structures essayées et les Cellules en service
(en dehors des problémes de connaissance des charges évogqués §4).

Pour les composites, la situation n'a pu étre dominée qu'avec |I'utilisation de critéres
semi-empyrique ty{)e "point stress" qui & défaut d'un fondement physique rigoureux, présentent 1'avantage
de donner une influence aux principaux paramétres (nappage, diamétre fixation, matage, etc...) 5 1'idée
directrice est d'ajuster systématiquement |es paramétres du critére de fagon & @etre conservatif sur
I'ensemble des essais disponibles.

Par ailleurs, toutes les situations complexes font I'objet d'essais partiels {dont |es C.L. sont
vérifiées par calcul). Un essai statique general est de rigueur (incluant les effets de tolerance aux
dommages si nécessaire).

4 - CHARGES, AERCELASTICITE, FLUTTER

Les calculs_de contraintes et de durée de vie exposes précédemment n'ont de sens que si on connait
les charges appliquées sur les avions.

Ces derniéres résultent principalement

- des manoeuvres effectuées

- de | a turbulence atmosphérique rencontrée (avion civil)
- des charges de pression aérodynamique

- des repartitions de masse.

Actuellement, nous disposons dans notre systéme CATIA-ELFINI d'une branche Aéroélasticité
.Jrésentée en detail & T'AGARD dans |a reference 5) couplant directement les calculs d'aérodynamique
stationnaire et instationnaire avec le calcul de structure par Elements Finis 5 cet outil fournit
principalement

r

Les coefficients aérodynamiques avion souple,

- Les calculs de vitesse critique de divergence statique et de flutter
- Le calcul de réponse structural en manoeuvre et & | a turbulence

- Les cas de charges "enveloppes".




Le logiciel donne un grand nombre de possibiliti de recalage des champs de pression aerodynamique
sur les resultats de soufflerie ou sur le vol (référence 6).

L'analyse des principaux modes de defaillance est |a suivante

TABLEAU 3
Cri £ ¢ ik Mode de
Types de défaillance =« détection/correction
liitiale § Finale
KKK ®
- Limitation de la
validité des calculs - Calibration des calculs
aérodynamiques aéro. sur soufflerie
(transsonique, en vol
Gcoulements décollés - Augmentation des marges
Logiciel etc.. .) * de calcul
& - Non 1ingarité servo *k - Simulation avec non
théorie commande mal Tinéarité mécanique
representee *k * - QOuverture progressive
- Linéarisation abusivel x*« du domaine de vol
- Mode d'utilisation 0 - Ergonomie du logiciel,
trop compliqué, test de validité
manque de test
d'erreur
. R WP R o | S
- Maillage aérodynami- 0 - Formation des personnels
aue inapproprié *% - utilisatioii de procé-
Procédure | - Effet de'troncature 0 dures de calcul
de calcul de base Kk reconnues
& - Mauvais lissage des 0 - Comparaisoii soufflerie
données formes aerodynamiques *k - Etude de convergences
aérolasti- § - Erreur sur les 0 - Utilisation d'une "base
cité répartitions de masse de charges" (réf.5)
- Calcul alternatif
- Recalage du modele
sur essais de vibrations
~ Recalage sur le vol
______________________________________ SRR | SOOI OOy O
- Normalisation des 0 - Maintien de |'avion dans
manoeuvres dimen- son domaine de
Sollicita sionnantes *% * "resistance limite"
tion & - Reconnaissance du par CDVE (réf.7)
considérer spectre d'utilisatioi - Utilisation fatiguemétre
de I'avion 6 priori ** - Pertinence pour | e choix
- Incertitude des ? du modéle de turbulence.
modeles de turbulenciz

La plus grosse difficult6 du calcul des charges vient de 1'aérodynamique, cela spécialement dans
le domaine transsonique ; il faut admettre que les calculs d'aujourd'hui, méme menés de fagon
conservative, n'interviennent que dans la diminution du risque programmatique. La qualification pour les
charges n'est acquise qu'avec le recalage du modéle sur les essais en vol. Nous avons développé des
procédures sophistiquées présenté d& 1'AGARD dans | a référence 6.

Pour les avions militaires 6 commande de vol é&lectrique (CDVE), nous avons montre 6 1'AGARD
(réf.7) que la definition de manoeuvres dimensionnantes "normalisables" Gtait quasiment impossible, et
qu'on pouvait avantageusement remplacer cette notion per celle d'enveloppe de resistance limite de la
structure dans lequel I'avion est maintenue par les CDVE quoi que fasse le pilote ; nous avons monte que
nous pouvions en faire une demonstration rigoureuse, 6 partir du moment ou le modele aéroélastique de
['avion est calibré sur les essais en vol.

Pour la turbulence qui est un &vénement extérieur indépendant de |'avion et du pilotage, on ne
peut que rester dans le cadre des modéles normalisés, avec |a grosse diffilculté qu'ils correspondent &
des situations impossibles 6 rencontrer en essais en vol. Il faut donc faire confiance au modéle de calcul
qui doit étre validé indirectement (essais de vibration, identification de fonction de transfert & la
turbulence mesurée en vol, réponse de jauge de contrainte en manoeuvre, etc.. .}.

Les inconnues sur l'utilisation réelle de l'avion au moment de sa conception sont des facteurs
d'incertitude évidents pour I'evaluation de la durée de vie. Cela nous améne 6 préconiser |'usage
systematique de fatiguemétre sur tout ou partie des avions en service et éventuellement de refaire des
essais de fatigue pour pouvoir prolonger des cellules anciennes (voir § 5).
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5 = INSERTION DE LA DEMONSTRATION DE QUALIFICATION DANS LE PROCESSUSDE CONCEPTION

Un compromis entre les considerationsde qualification précédentes, les impératifs de conception
optimale, de délais et de colit nous a conduitd l'organisationsuivante :

Avant projet
Aérodynamique, Mission, Aménagement

\

- QOessingeneral
. Formesextérieures
. Architectureinterne

Exigence
» - Modéle general E.F. structuralk
/ pour qualité
de vol
# - Modéle dp charges/Aéroglasticité o
Limitations
structurales
pour CDVE
- Optimisationgénérale
+ A
Actuali sation - Dessinde detail
contrainte d'optimisaticn . Calcul/optimisation de détail
Actualisation -—94 ., Essais partiels
contraintes admissibles
- Fabricationdu prototype
- CalibratTon des jaugesdu prototype
L. Calibration g— ¥ Val idation
modele F.E. - Essais de vibrations au sol des operateurs
de réponse
—® structurale
Validation -4— - Essais en vol pour les COVE

modéle de charge

- Développement de la cellule de série
I . Mise a Jour dessin

| . Calcul/optimisation

- Cellule d'essaimécanique
Modif. - . Essal de fatigue (8 2 vies)
imprévues . Essai statiques rupture

- Mesure deschargesen service

- 28me essaide fatigue general

Les points clef de la validation des modeleset de la qualification sont les suivants :

ler point - Essaispartiels

I1s concernent principalement la determination descontraintes admissibles dans les piéces
complexes (en fatigue pour les métalligues, €n statique pour les composites).

En s'appuyantsur desmodéles de calcul EF. détaillés, on peut d la fois simplifier notablement
les éprouvettes et ajuster exactement les conditions aux limites pour représenter au mieux la
configurationvisée.
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2éme point - Essais de calibration des jauges de contrainte du prototype

Les charges subies par l'avion sont identifiees (voir réf.6) au travers de la réponse en
contrainte de I'avion mesurée en vol par des jauges.

[1 importe donc absolument de valider |le modele Elements Finis de ['avion qui fournit 1‘opérateur
charges appliquées-contraintes.

Pour cela, on soumet au sol le prototype a plusieurs dizaines de chargement unitaire ; on effectue
ensuite la correlation entre contraintes mesurées et coritraintes calculées cela pour tous les chargements.
L'expérience nous montre que cette corrélation est généralement assez bonne méme avec le premier modéle,

et devient excellente quand tous les défauts sont corrigés.

3éme point - £ssais de vibration au sol

Les mesures directes des caracteristiques modales permettent la validation du modele dynamique de
['avion. La corrélation est tres souvent bonne méme avec: | e modele initial, nous disposons de toute fagon
d'une méthode tres efficace de calibration automatiquz du modele E.F. sur les resultats d'essais de
vibration (sous produit des techniques d'optimisation)

Remarques importantes

Nous considérons |la correlation de |'essai de vibration et celle des réponses des jauges mesurée
avec les calculs sous differents chargements statiques comme les meilleurs arguments de la validation du
modéle Elements Finis statique et dynamique.

4éme point - Essais en vol

ITs permettent la calibration simultanée des modéles de mecanique du vol, de charges et
d'aéroélasticité, & partir de la réponse mesurée en vol des parametres de vol et des jauges de
contraintes.

Nous avons present6 |a méthode en detail que nous utilisons dans |a réf.6. Les influences de
chaque effet aérodynamique unitaire sont didentifiées & partir des réponses sur des manoeuvres
d'oscillation de tangage et de roulis & fréguences variables dites "stimulus". Une technique
d'identification mathematique permet ensuite de procéder directement au recalage des champs de pression.

Les essais en vol qualifient aussi les operateurs de "surveillance" des contraintes structurales
par le systéme de commande de vol électrique.

5éme point - La cellule d'essais mecanique

C'est 6 ce niveau que I'influence des possibilités de calcul actuelles se concrétise.

Nous pensons qu'il est possible sur |a méme cellule de procéder successivement 6 un essai de

fatigue (environ 2 vies) et un essai statique menés a charge extréme puis a rupture.

L'idée directrice est aue nous ne pouvens pas abandonner ces types d'essais. car nous ne pouvons
pas garantir qu'aucune faute de dessin ne passe nos filtres d'analyses et d'essais' partiels. Cependant,
nos previsions de calcul sont suffisamment bonne pour que le risque de retard de I'essai statique du fait
de defaillance en fatigue soit tres faible (par exemple les essais statique et de fatigue du Mirage 2000
et du Rafale A se sont déroulés sans incidents sérieux).

6éme point - Charges en service

L'expérience nous a montré, surtout pour les avions militaires, que l'utilisation de lI'avion
pouvait étre différente de celle aui était prévue lors de la concegotion. C'est pourauoi. il est utile
d'identifier assez finement les charges en service 6 1 aide de fatiguemétres. Ceci devient encore plus
nécessaire si le client demande |a prolongation des cellules au delTa de Ta vie prévue.

7éme point - Deuxiéme essai de fatigue

Cette idée résulte du fait qu'on peut quelquefois mettre en cause |a qualité de I'essai de fatigue
effectué en début de programme, cela pour deux raisons principales :

- Le spectre d'utilisation n'était pas encore bien connu,
- 11 y a toujours un certain nombre de modification des cellu'les les premieres années de
production, qui font que I'avion de série tend d ne plus devenir tout @ fait conforme a la CEF.

I1 en résulte un intérét 6 effectuer un essai de fatigue quelques années aprés la mise en service
de l'avion.

Avec cette politique, Tes premieres années resteit garanties par le ler essai de fatigue sur la
cellule d'essais mécaniaues.



12-9

6 - CONCLUSION

Les progrés des méthode de calcul servent principalement & |'optimisation des structures et a
iminuer les risques de surcolt et de retard du programme resultant de defail Tances pendant les essais de
qualification.

La fiabilité des calculs n'est pas encore suffisamment totale pour éviter d'avoir & pratiquer les
grands essais de qualification (essai statique general, essai de fatigue général}.

Les causes les plus remarquables de ce relatif manque de confiance dans les calculs sont les
suivantes

- Un certain défaut de precision des critéres de rupture,

- Les difficultés des calculs d'aéroélasticité en transsonique,
et surtout :

- Les risques d'erreur humaine de toutes sortes dans les calculs notamment lors de 1'élaboration
des données et de T interprétation des résultats.
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ANALYTICAL METHODS-OR THE QUALIFICATION
OF HELICOPTER STRUCTURES

by
F.Och
Messerschmitt - Bblkow - Blohm GmbH
Postfach 80 11 40
8000 Minchen 80, Germany

SUMMARY

~Analytical  methodsaremore  and more becoming the primary means of demonstrating  structural inte

grity, durability, and crashworthiness  of helicopterstructures, both for civil and miitary  use, as the
costsof  experimental testing are increasing, ~ when representativeconditions of, e.g., temperature,moisture,
cyclic loading, and impact have to be considered.

At mBB, the airframes of derivativesof the basic BO 106 have been qualfied  in the past withoutre
testina. as t couldbe shown thatthe  structure  conformed to thosefor  which experience has shown the
structiral analysis  to bereliable. _ ,

During the development of acompositefuselage forthe  BK 117, both an analyical ~ andan experimental
strength substantiation was performed, = which corresponded verywell  and formed the basis for airworthiness
qualificationof this  experimental  helicopter under flight  testing  now.

A Iargie numberof components  in the dynamic systemare  designed primarily S0 that theP/ wil _ provide
adequate fallgue_strength, defined in terms” of an “endurance limit, or in termsoffatigue ~ ffe.  The ana-
Iical  qualification of these fatigue  critical structures,  on the basis of measuréd fatigue loadings and
Calculated = working  S-N curves, is “state of the art in the helicopter  industry.

~In the nonlinear  domain, analytica  methods have been applied for  highly laminated elastomeric
bearings and forthe  crashworthinessqualificationof both  crushable subcomponents and complete helicopters.

Theresults  gained so farallow  the application  of analytical  methods, partly i combination  with
coupon  or componenttesting, forthe  qualification of helicopter structures.
1. INTRODUCTION

The objective of the structural  qualification is to assure and to demonstrate thatthe  helicopterhas
adequate  structural strength,  durability ~ and safety.

_ Helicopterstructures, both for civil and military  use, have to be qualified with respect to air -
worthiness standards, which prescribe  the stiffness  and strength to beprovided in the rotorcraft as a
whole and in itscomponents.

Since the potentiall  for accidents of military  helicopters B great,due  to their mission and theen -

vircl)lnment h which they must accomplish that  mission, crashworthinessrequirementsmust be fulfilled as

we

, Without  doubt, full scale tests with series production  componentsunder realistic _loading and en-
vironmental  conditionscan be regarded to bebestsuited  ofdemonstratingcompliance ~ with the™ mandatory
design  requirements. Structural tests, however,areexpensive ~ and the cost of experimental testng B even
incréasing,  when representative conditions of temperaturemoisture, cyclic loading, and impacthave to be

considered; therefore  analytical methods aremore  and more becoming the primary — means of demonstrating _
structural ~ integrity  and Crashworthiness. The analytical  predictions™  for ~ stiffness, stress, and déformation
are validated structural  tests on coupons or cOmponents.

~ As finite elementanalysis has become both cost effective  and easy-to-use in linear as wel as in
nonlinear applications, this tool can be regarded as state of theart not-only n the project and design
stage, but also n the qualification phase of helicopter  structures.

2 AIRWORTHINESSQUALIFICATION

_ Airworthinessqualificationof a new ~model helicopter s dependent upon demonstrationof compliance
with specific  design requirements  and airworthiness  standards. ~ Since many requirementsare applicable to
individual ~subsystemsof  the helicopter it is appropriatethat the adequacy of themajor subsystems  he
demonstrated  indlividually. Many individual ~ components used in such subsysters,however,must ~  be qualified
separately  n addition”  to beln% qualiied  in the subsystem installation. The methods of qualification vary
greatly since the requirementsditfer significantly among subsystems and components.

_ The airframe structure, e.g., I5 subject mainly to static loads, whereyield_ingdgenerally is not per-
mitted at limt loadand a positivemargin against uimate  load is to be maintained.

A large number of helicoptercomponents,as found, e.q., in the dynamicsystem,aresub{eqt to oscil -
!ator% orrepeated  loadings  of sufficientmagnitude and frequency  thatfafigue ratherthan static strength
is the critical structural design consideration.
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21 Airframe Structure

The basic airframe structure is loaded, in general, by a complex system of external loads, e.g.,
rotor loads that are reacted by the ineia  of the helicopter and its contents.  The intemal ~ member loads
generally aredistributed amona redundant load oaths i a manner deoendent upon the relative stiffnesses

of the various load paths. _ .
Fatigue considerations usually are less sianificant for airframesthan for dynamic components. \When the

vibratory loaddransmitted to the airframe,are reduced to the  levelsnecessary for pilot comfort, the
fatlgiue stressesare  at a level where good design, proper materill  selection,”  and sufficientfabrication

quality  wil result in an adequate fatigue e~ Also,except  at the major load apﬁhcatlon points, the
arframe s sufficiently redundant to provide a reasonatile amount offal = -safety should a fatigue crack

develop. Steady stress levelsalso ~are lower n the airframe structure than in" dynamic system components
because most of the structure is critical for elastc stability ratherthan  for material strength.

_For airframe  structures,  hoth made of metals and composites, the overall approach for  structural
analysis is essentially  the same Finite element mehod, are used to calculate  the load paths as wel as

the " distribution and magniude of the field stressor  strain within the main stuctural ~ componentsof  an
aifame.  Normally afull?/ three - dimensional analysis o’ the structure  is necessary,due  to thefact  that
helicopters ~ with ~ their  large  fuselagecut  -outs” often are asymmetic and are subject™ to asymmetric loading.
Traditional methods are used to analyze local regionsof  concentrated  loadings, as e.g.. joints,lugs,
and cross -section  changes.

ff once the analytically predicted load paths, local strengths and failure  modes have been verified
by stuctural  testing, = it IS common practice and an acceptedmeans to qualify the airframestructure
analytical methods only, i the helicopter s modified <subsequently. _ _

At MBE, the BO 105 CBS and BO 105 LS, both of then derived fromthe basic version EO 105 CB, havethus
been qualified without retesting. The BO 105 CBS is a slightly stretched version and the EO 105 LS addi

tionally has a highergross  weight and increased  engine power.

BO105CB

BO105CBS

BO105LS

Figure 1. EO 105 Family

~ The finite  element method can be regarded as state of theart to be used for structural analysis  of
helicopter ~ airframes.  Already at the project sta?e_ comparative  analyseswith varying ~~ designscan e carried
out very rapidly to fixthe ~design. In the following  design phase structural optimizationcan be achieved
to a cértaindearee, suooorteq, . %y desian develooment. . tests to validate ~ the basic  desian conceats, material
selection,  and critical or new configuration details. Finallythe integrity ~ of an airframe structure can
be validated by establishing the minimummargins  of safety “in the .differentStructural components for all
critical loading  conditions  under consideration of the raspective allowables.



A composite airframe programme
composite helicopter ~ fuselage
the " engineltransmission deck is

on the basis ofa BK 117 111, Thecomplete
as shown in Figure
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ErCHENIIC AL

and flighttest a

manufacture
structure below

at MBB h 1985to design,
primary  fuselage

was started

substituted, 2

Figure 2. BK 117 Composite Airframe

The resultin?composite.fu.selage is 75 per cent carbon fibre composite, because of its high strenﬁth
and stiffness, or. monolithic ~ frames and beams as well as for highly loaded sandwichpanels i the subfioor
structure  in combination  with aramid ~ fibre  composite to improve ‘the crashimpact  behaviour.  Aramid fibre
composite is alsoused in lowloaded  sandwich panels.

. Based on a three -dimensional finite  element model which was available  fromthe metalic  fuselage, an
internal  load analysis  was carriied  throughafter the model had beenupdated and the compositerelevant
properties had been introduced. The difference between the metalic  and the compositefuselage s mainly
the differentdesign concept, where the sheet/stringer panels are replaced composite sandwich panels,
and the anisotropic material behaviour of the compositesascompared with  thé isotropic behaviour of metals.
The complete finite  element model consisted of about 2000 stuctural ~ nodes and morethan 4000 elements, as
shown in Figure 3. A linearanalysis was conducted with NASTRAN.
"- =i
i 7
S
Figure 3 Finite Element Model of BK 117 Composite Fuselage

Theanalysis ~ showed thatthe  pullup manoeuvre to 35 g is critcal  for the forwardfuselage and the
level  landingwith dhag , LT critical for . the rearvvar? part. , _ N

Based on the internal  load analysis,  structural ade(iuacy was substantiated by comﬂarlng the critical
stressesor  strains,  computed foreach = structural  componentagainst  the relevantallowables,where the
following  parameters areof  importance:

- fibre  constituency,

- resin formulation” and cure o

- fibrealignment ~ and distribution within -~ a ply,

- fibre to matrix volume fraction, o .

- ply orientation  and stackingseauence  within  the laminate.
- section  geometry and

- environmental  condition.

Besidesvalues  taken from literature, materiaéla%openies _and design allowableswere established
conductng  a test programme that comprised about coupons, including  “rivet  joints,tested at different
environmental conditions. _ o o .

The following criteria have been considered forthe  determination  of individualmargins of safety:

no first

1

no local
no global

no first olv matyix failure

ply fibrefailure
6 mm/m maximum tensile strain
- 4 mm/m maximum compressive strain
instabilities
instabilitiesof sandwich

~up to limit. load. .

up to ulimate  load,
at ultimate  load,
at ulimate  load,

load,

up to ulimate ,
panels up to ultimate

load.
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“In cooperaion  with [ABG i Ottobrunn, an experinental  strength substantiation was carried outto  verify
the airworthiness  of the airframe, but also to validate the applied analytical tools by comparing calcula
tled I values with measured results.  Testshave been conducted on component as wel as on completeairframe
evel.
~The component consisted ofthe right -hand compositeside  shell as shown in Figure 4, and a pat of the
original metallic engineltransmission eck as wel asofadummy subfioor structure.
Fige 4 Side Shel Test Conponent in BK 117 Aiframe
To simulate realistic boundary conditions, the dumy  subfloor structure was attached ~ to atestfixture
and the enginelransmission =~ deck wassupported at each “rame by a par of stuts.  The loads were applied
on the original  load application points of the engine/transmission deck and the rear landing gear. A sche-

matic view of thetestset  -up is shown in Figure 5 (2],

Supporting struis

BEcid

Side parel

e

Figwe 5 BK 117 Composite Side Shell Test — Set-Up

The side shell component was analyzed and tested under  the following loading conditions:

- pullup to 3.5,

- level landing with  drag,

- shear in the sandwich panel and

- compression in the rear landing gear frame.

A comparison of calculated  and measured strains  of the landing load case at lmit loadand room tem-
perature In the oblique frame, asthe highest loaded menber,can beseen In Figure 6 and showsa sufficiently
good conformity.

bHs 5013

DHS 5001
e = ~1.60
(e = -2.18)

Hs S)16
8

e = =0,

7
P U Y
f
T [DMs 5004
e = ~1.89
‘I‘\ 1-_H_5__“____\_‘ {c = -1.69)
DHS 5007
¢ =1,0
e =0m

TS 508
{e = -iln

Figue 6 Measured and Calculated  Stan:  in the BK 117 CompositeSide  Shell
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After tests.up to limit_ load at room temperaturewithoutany failure  or unusual behaviour, the com-
ponent wastested at 7C Thefollowing  failure modeswere observed (Figure :

- in the flight load casethe front frame failed at 155%lmit load in the connection to the
subfloorstructure (failure 1),

- i the landing load casethe obliqueframe failed at 200% limit  load ©n the middle between
subfloor ~ structure  and rearframe ~ (falure  2),

- i theshear load casethe sandwich panel buckled between  the window and the rear landing
gearframe  with subsequent  local  delaminations  at 200% limit  load (failure 3),

- in the compression load casethe rear landing gearframe faled at 22%limit load near the
connection "to the engine/transmission deck ((ﬁlallure i)

Thecomponent test showedthat the analytical ~ tools, used for sizing of the individual  structural
members, areable to predict local stress and strain levels with  sufficienf  accuracy.

FAILURE 4

FAILURE2

FAILURE3

FAILURE1

Figure 7 Failure Modes in the Bx 117 Composite Side Shell

The complete airframe consisted  of the fuselaq,eas well as of the original  metalic  tailboom with
empennage and a dummy  landing gearfor load application  pumose.  The primary structure  ofthe  fuselage
comprisesthe cockpitwithoutwindshields, = theside  shells, and the subfloorstructure, al  made of com -
ﬁOSles,_as wel as the _original metallic _ floor and the engine/transmission deck, wheredummiesof the
draulics,  the transmission™ and the engineswere attached for realistic load application, asshown in
lgure

Figue 8 Complete Airframe Test ~ Component

_ The airframe, ~ which was slightly reinforced in the area where the previouslytested side  shell failed
first,  wastested at room temﬁera ure  under thetwo critical loading ~_ conditions "~ up to 150% limit  load with -
out any failure or unusual behaviour.  The test set-up is shown in Figure 9
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Figure 9. BK 117 Composite Airframe Test — Set- Up

From the measured strains,  from coupon tests, and analytical investigations the following  failure
modes can be expected at 70°C and 70 per cent relative  humidiy:

- in theflight ~ load case thefront ~ frame of the side shel to fal near the connection tothe
engineltransmission deck at about 180% linitload,

- in the landing load case the oblique frame to fal i the middle between  subfloorstructure
and rearframe” at about 175% limit

Besides the qualification of the BK 117 compositeairframefor the "35 g pullup” flight load case
and the "level landing with drag" landing load case,the complete airframetest validated  the finiteele
ment model whichwas used to analyze the airframe and whore sufficientlygood conform|t¥ with  the measured
stress and strainvalueswas | found. As it is a practical impossibility ~  to qualify by fest an airframestruc
turefor  every loading condiion  a helicopter might encounter, the “validated ~ finite element model was used
to analvficallv oualifv . the BK 117 comoositeairirame for all other critical loadina conditions. such as
"yawing conditions', "level landing Wwith side load ", "one-skidlanding ", and “emergency landings "

Based on the aboveshown tests and analysesas wel as on damagetolerance  investigations,additionally
performed at  theside  shell component and the completeairframe, airworthinessof the BK 117 with acompo -

site  fuselage was qualfied  and the helicopter s under ﬂight tesing  (Figure 10) since spring 1989 with -
out any problems.

a&w &

Figure 10. BK 117 Composite Airframe Test Aircraft
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22  Dynamic System

As ahelicooter ... operates . a severefatioue . . environment. because.. .. it. has arotorthatconstantv. .. .
generates a cyclic load input, a large number of components in the dynamic system are designed primarily
so that they will provide adequate fatigue strength. But in addition,of course, a static substantiation
is necessary that uses a limit load envelope which includes any peak loads that would be experienced in.
?xfcreme, but seldom encountered, manceuvres or that is calculated on the basis of structural design cri-
erla.

The freouenciesof the cyclic inout loads ranae from onceor lessoer flioht  to multioles  of the
rotor speed. Because the number of cyciesaccumulates rapidy ~ at the higherfrequencies, fatigue damage
cannot Dbepermitted  for the load levels thatoccur — atthese ~ frequencies. High loads, ~ on the other hand,
shouldnot ~ occur at frequencies  high enough to accumulatea  critical amount of fatigue  damage.

, Fau?ue substantiationof helicopter structures. , has to insure that the components have sufficient
fatigue  sfrength throughputthelrdesnl;n lfe.  Fatigue strength ofa given componentcan bedefined . in
terms of an endurance limit,or can bestated in termsofa  fatigue = lfe.  Theendurance lmit s the
maximum value  of alternating stress to, which the componentcan be subjected for an infinite . number of
cycleswithout fallure. Fatigue life B thatnumber of stress cycles that can be sustained prior to failure.

In the helicopter  industry thefatigue  strength i usually determined by full -scale fatiguetests
for all critical structural components, defined as components “subjected to significant  fatigue  loading,
the failure of whichwould contrbute  to, or causea falure  condition  which would prevent the continued
safe flight and landing of the rotorcraft.

For components, such as control  system parts, for which stiffhess is a primarydesign ~  criterion, al

alternating stresses can bebelow the endurance limit and thusthe fatigue [fe wouldbe infinite. In such
cases no fatiguetesting is necessary to demonstrate infinite life f “allowable stress levels  areestab
lished by acceptablemeans,  and the " stresses measured in flight are lower thanthese established  levels.
Thefollowing ~ method & consideredacceptable at MBBfor establishing allowable stress levels.

&

g \\1\\\¥%/’MATERIAL ENDURANCE LIMIT

&l

2 \Jﬁ% STRESS CONCENTRATION CORRECTION

WCORKING CURVE
TENSILE STRENGTH

NO FATIGUE TESTING
NECESSARY

STEADY STRESS

Figure 11.  Analytical Qualification of Infinite  Fatigue Life

~As many helicoptercomponentsare subjected to steady loads with alternating loads superimposed,  the
relaion  betweensteady  stress and alternating  stress s important.  The modified GOODMAN diagram which re -
presents the endurance limit as a straight - linerelationshipof the steady stress, as shown in Figure 11,
is commonly used in industy and i5 constructed from laboratory  test data determined on smooth specimens.
Thisendurance  level for @ given materiall Wil bereduced by a calculated  theoretical stress concentration
factorforthe configuration of the component and the imposed loads. A factorof safety of 3 is thenapp -
IledI tothe componentendurance  lmit to arive at a working curve which provides  the” allowablestress
evel.
. Stress concentration is aways present n cases of cross -sectionalchanges such as notches,grooves
fillets, holes, corners, undercuts, ~ cutouts, efc, but it isalsofound in unsymmetrical and eccentncaﬂy
loaded  Dartsthat must necessarly ~ bend with each ahpp||cat|on of load.  Thetheoretical stress concentrationfac
tor can be derived from handbooks or data sheets, the component is simple or of a standardized  shape. |
If, however,acomplex  partis to be considered, computational = mechanics, e.q., finite  elementanalysis S
becoming the primary meansto calculate  the distribution and magnitudeof  stresses, and this analytical

method is superseding photoelasticity in the establishment  of stressconcentration factors.

, Pre-proce_ssinP is thefirststeB in finite  element work. The geometry,the finite element mesh,
material Blro erties, loads, and boundary conditonsmust ~ be loaded ‘into the computer. At MBBweuse either
CAEDSor MENTATfor pre - processing ~ activities. ~ Depending upon the problem to be analyzed,either = NASTRAN
orMARC will  be applied. ~ NASTRANfor linearapplications =~ and MARCfor nonlinear  material ~ properties  and
large deformations. Postprocessing 5 away of representingfinite element results in plots “or ?raphs that
make themeasier ~ to interpret. Here a%amc EDS or MENTATare used. Figure 12 shows pre- and post - processing
plots as well asafatigue  test resulto an elastomeric  bearing  housing.

, Thefinite  elementmodel,  as shown n Figure 12, also wil be used to estimate the detaled  stress
fields  on the component under all. relevant stafic ~ loadings and thus enables the analytical ~ qualification
by establishing ~ the minimum margin of safety under considerationof the material designallowables.
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STRESS PLOT
. I————— . O

DEFORMATION PLOT

Figure 12  Finite Element Analysis and Fatigue Test Result of an Elastomeric  Bearing - Housing
When the  maximum measured fatig%uestress les abovethe working curve (Figure 11), the component
must beconsidered  to be fatigue critical and hence subject tofatigue  analysis.  In thiscasethe loading

must be defined in detail, and thefatigue  strength ofthe componentmust bedetermined.  Thefatigue  life
ofthe  component then can be predicted  analytically by applying the well known "LinearCumulative Damage

Hypothesis " or Miner's Rule. Thefatigue  loadings cannot be determined  withoutflight tests. To  establish
a’component's fatigue strength, atMBB,  thefatiguetest resultsare condensed into  the following ana
Iﬁmal expression, ~ proposed by WEIBULL, which ~coverstiewhole range from N - 1 (staic  strength S,) to
= « (endurance limit Sa): R
S=S,t (s, -5, .e-cllooh)

u

Best estimates of the unknown constants S, S,. « and B are obtaned in fiing  the aboveequation o
the SN curve to thefatigue e testdata by Hpplying the method of leastsquares.  For an acceptable
levelof  risk, the above foundmean curvemust = be reduced by an appropriate  reducton factor to define a
working SN curve or to establish — an S-N-P diagram.  This factor is hbased on the type of materiall  being tested,
past ~service experience with the materidl, = and type of 'design. It includes consideration  of the number of
specimens tested and the variability of the fatigue results. Fﬁure 13 shows the mean and working S-N

cuves of a hypothetical ~ fatigue ~ life  problem of the amsrican Helicopter Society [ 31, which where estab
lished according to the MBB method, as shown in detal in [41.
2:1.1:—\-—— T —
- 20.
3 16, \
% —MEAN CURVE
LI -
WOF:K\NG CUHVrE e N,
) ] A S
o —| ‘ !
0 2 3 6 7 LOGN 8

Figure 13 Meanand Working S N Curves of a Hypothetical Pitch Link

~ Onthe basis of measured fatigue loadings and calculated working S-Ncurves, the analytical qualifi
cation of fatigue critical structures  is ~ stateof  the at i the helicopter industry.
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Therotor  hub is the central  structureof both main and tal rotors, and plays afundamental role in
the  helicopterdynamic system. k supports the rotor blades atrest and in rotation,transmitsthe drive
torque to blades, as well as the_conmrdl__ inputs in termsof blade ptich change.. and transmits to the fuselaae
the blade I[ft loads and rotormoments  generated Ly the rotating  blades. High ~ capacity laminated = elastomeric
bearings, i combination  with composite “materials, " are used t0 fulfillthese pnmarz_ functions i modem
helicoper design, such as MBB's FEL rotor, a rigid rotor with elastomeric  bearings (Figure 14 In the
FEL rotor,two  -elastomeric  bearings,

_ one radial and one axial, perform the function “of a feathering  hinge,
whereas the hinges for flapwise and lead -lag motionare replaced by the elastic  behaviourof  the blade root.

Figure 24 m™BB's FEL Rotor

Due to their low polymerised  chainmolecules, elastomericmaterials are

. . _ able to undergolarge  butre -
versible  deformations. his capability, in - combination with

the nearly incompressible  material  “behaviour is

used n designing elastomeric ~ bearngs.  In the special case of a low stiffnessrequirement around the
feathering  axis, together with a high stifness  requirement in the other directionsthe elastomeric
bearingis  constructed  from alternating rubber  and metal

, , ot layers  (shims).  Thedemandsof — stiffness  and
strength ~ may be accomodated by the™ designer using shims in ‘the form of disks, cylindrical, conical,

or
sPhencaI shells.  In designing ~ elastomericbearings, questionswith , regard “to stiffness, static  and fatigue
strength  as well as dampingarise  for different™ 'loading and environmental . conditions. . .

, he capability for analyzing components constructéd  of elastomericmaterials ~ , which can be idealized
using nearly incompressible hyperelastic = and viscoelastic material properties,  is a feature i anumber of

stanlda,rd finite  element programmes. At MBB the MARC finite  elementcode is used to realize the nonlinear
analysis 5],

Figure 15. Axial Elastomeric  Bearing

The axial bearing, as shown in Figure 15, has to support

- axial  compression,caused by cantrifugat forcesand
radial  shear,caused by drag and rotorthrust,

whileyielding

torsional shear, due to pitch motion and
cockingshear,  duetoflap =~ and lead -lag motion.

~ Axia bearings are generaly  bult up of several conical
nating elastomeric ~ and mefalic "layers attached to inner

and/or Spherical  shells, consisting  of alter -
and outersupport  members.



THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACGE
“feeanical Lisrary NGNS

13-10
Fornumerical  analysis a finiteelementmodel, ~ as shown in Fiﬁure 16, was used, withmajor  emphasis placed
on a realistic representation of the elastomeric layers and the shims.
Figure 16 Finite Element Model of Axial  Elastomeric Bearing
Thefiniteelement analysiswas checked by establishing the stiffnessof the bearing in various

modes and comparing i tothe =~ test results.  Afarly  good agreementwas found, as shown in Table 1.

Table 1. Stiffnesses—analysis vs test

Stiffness
Error Axial Radial Torsional Cocking

Crast = Crem ~5.8%

- +9.6% +5.7% +4.2%
Strain ~ gaugeswere installed  in hoop direction at different positions on the outer end of conical
and spherical shims as well as on the housing. The measured strains  arecompared to the numerical results  for
various  loading conditions  in Figure 17. The test resul:s and the finiteelementresultsare found to be

in good agreement.

NUMERICAL  FIESULTS - & AXIAL LOAD
@ AXIAL. RADIAL LOAD
a COCKING
S0LI0 3YMBOLS : STRAIN GAUGE MEASUREMENTS
& 05
I

CONICAL / SPHERICAL HOUSEIG

See

SHIM SHIM

/|

IRViRyiEs

G

HOOF STRAIN

s o / oy
JQUTERMOST QUTERMOST]| CUTERMOGST
SLEMENT ELEMENT ELEMENT
1

=005

Figure 17. Hoop Strains -Analysis vs Test

From the above it can be deduced that for the ana.ytical qualification of elastomericcomponents
there are finiteelementcodes available ~ whichcan be used to analyze the nonlinearbehaviourof rubber
lke structures  applying near incompressible and/orviscoelastic material properties. The investigations

can be summarized as follows:

- the, stiffnesses of laminated  elastomeric bearings in various modescan be calculated
satisfactorily,

- stresses and strains in the shims and h the rubber layerscan  be analyzed with sufficient
accuracy,

- more detailed information can be provided than can be measured on an actual component,

e.q., local intemal  stresses and strains, intemal  energy and temperaturedistribution,
as wellas  infuence  of assumed damagas on intemal  stress and temperature  distribution.
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3. CRASHWORTHINESSQUALIFICATION

Since the potentiall  for accidents, especiallyof miltary ~ helicopters, ~ is greatdue to their = mission
and the environment in whichthey —must accomplish  that mission, it s imperative ~ that they be engineered
to minimizedamage  and enhanceoccupant  survival  in crashes.  Thisrequires  thatthe  various parts of the
helicopter ~ bedesigned  so thatthe . occupant will not be exposed o incapacitating |n!,urypr|or to or after
the airframeexpends  al of itsrequired energy absorption capacity,  The decelerative forces on the occu-
pants and large massesmust bereduced by ener?y absorbing  systems, a habitable spacemust be maintained
around the occupants, and postcrash  hazardsmust  be avoided. ~ Crashworthinessdesign thus requires the mana
gementof the crash energy, as shown i Figure 18 primarily through:

- stroking of the landing gear,
- crushing of the fuselage subfloor structure, and
- stroking  of the seats.

HELICOPTER
IMPACT VELOCITY

LARGE MASSES
DISPLACEMENT

SEAT:
FUSELAGE
LANDING GEAR |

T OCCUPANT
DISPLACEMENT

‘‘‘‘‘‘

Figure 18 Crash Energy ~ Management System

, According  to crashworthinessstandards, 2.g., MIL-STD 1290,there are several  setsofcrashcondi | -
tionsthat ~ must be mvesﬂ?ated in support of the design process. In terms of fidelity,  the dynamictesting
of full - scale structuresmost closely approximates ~actual  crash conditions, especially f velocity  compo-
nents and impacted surfaceconditionscan be realistically ~ represented. ~ However, full -scale testihg  would
be extremelyexpensive, ~ but more significant than cost is thefactthat onlyone test parameter data set
per testarticle is available. N . .

- As aresult ofexpanding  computer capability,a number of digital  computer programmes for analysis of
helicoptersfructures . in a crashenvironmenthave ~ been developed.  These mathematical crash simulationcom.
puter - codes can ﬁrowde ameansof qualfying  helicopter structures ~ with respect to a set of crashworthi
ness criteria. The computer _programmes vary widely in their modeling characterization and mathematical

treatment  of the model equations.

_Crashimpact ~ simulation, ~ i.e., predictng ~ of the stuctural  behaviour of ahelicopter  and the de-
celerations  to which the occupantsare subjected i a crashenvironment, must include ~ extensive ,?_Iasnc
deformations, ~ large deflections”  and rotations,  and the abilty to handle nonlinear  boundary conditions re-
quired by variable™ contact/rebound. , . . .

. At MBB, we have implemented the computerprogrammeKRASH,well ~ -known in the helicopter  community, which
predicts  the stuctural  response of ahelicopter  ~to  multidirectionalcrash environments. ~ The programmeé
solves the counled. EULER equationsafmotion . for n interconnected  lumoedmasses.  eachallowed six ~ dearees
of freedom.  The interconnecting structural  elements represent the stiffnesscharacteristics, hoth linear
and nonlinear, of the structure  between the masses and must be defined by  userinput  data.

a Subcomponent  Crushing

‘The nonlinear stiffness behaviour  of interconnecting beams in crash impactsimulationsare frequently .
found directly by tests.  But due to cheaper computingpower the nonlinear  properties  of subcomponents  wil
more and more be " derived from separaterefined  Tinite” . element analysis, taking into account effects,  such
as section distortion, shell folding, and rivet popping C63.

For an aluminium -alloysheet -stringer ~ concept, in cooperation  with Engingering System International
(ES1), a mathematical model has been  developed with shell elements and special rivetelements and ES
conducted  a nonlineardynamic analysis usmgi the explicit  finite  elementcode PAM - CRASH,
The sheet,-strm(};er.structure has a verticalplane = of symmetry,. therefore  only onesymmetric haffwas  con-
sidered in thefinite element model, as shown in Figure 19
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Figure 19  Finite Element ~ Model of Sheet -Stringer  Panel
Loadin% of the finite element model wasapplied by two moving rigid walls at top and bottom of the
structure. ach wall travelled  at 5 m/s axiallytoward the structure, thus producmdg a 10 m/s crushmﬁ,
velocty. ~ Thefirst 15 miliseconds  ofthe  crushwere simulated. This corresponded to a 150 mm crushing

of the 450 mm high structure.
The following results have been presented by ESI
load versus deformation diagrams,

- absorbed energy versus deformation diagrams,

- sequence of deformed shape plots  (Figure 20}, _ =

- force versus time diagrams or rivets in theno -failure -conditon, and
- time of rivet failure,  when failed within the simulation  time.
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Figure 20 Deformed Shape Plots of Sheet -Stringer  Panel

Panel n Quasi - Static Crushing

Figure 2L Deformed Shape of Sheet - Strirger

Quasi -staticcrushingl tests have been conducted at MBB and dynamic impactcrushing
Stuttgart, ~ to compare the analytical  results  with experrmental findings [71.

tests atDLR,



From the experiencegained = with analytical simulationof subcomponent crushing, using finite
grammes, and from ‘comparison with ‘test results, the following can be concluded:

- the sequence of deformation  can bepredicted  faily — wel (Figures 20 and 21),
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element pro -

- the load - deformationcharacteristic is predicted with sufficientaccuracy (Figure 22),
- the total energy absorbed at 150 mmstroke is verywel  predicted,
- the available computercodes can ~ be aviable tool to simulaterealistically structural
detail behaviour to establish  input datafor  the programme KRASH, and
- the amount of experimentsrequired can. be reduced at reasonablecomputer  time.
W
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DISPLACEMENT [MM]
Figure 22 Crushing Characteristicof Sheet - Stringer ~ Panel

3.2  Crash Impact  Simulation  of aComplete Helicopter

Once,the  nonlinearbehaviour ~  of the inerconnecting  structural  elements, required as input data for
the programme KRASH, is establishedeither by test or analysis, the responseof the completehelicopter
structure”  to crash conditionscan he evaluated

The computerprogramme ~ KRASH has the following  capabilties:

- determination  of the time histories o
0 mass accelerations, velocities, and displacements,
o beam loads and deformations;

- provisions  for load - dependentproperties,as
o nonlinear  stiffness,
0 ?ermanen_t_ deformation,

0 load - limting  devices;

- determinationof failure  behaviour, as
0 failure  mode,
0 time of failure,
o load redistribution;

- provisions  for dynamiceffects,as
0 mass penetration into an occupiable volume,
o ground contact by extemal  structure,
o internal  damping,
0 sliding ~ friction, and

0 rebound.
~ From working with KRASH we found that it enables the representationofahelicopter structure ty a
latively ~ small number of beams, twrt}lclh Dfacmtatesdata " evaluatiog and resug I' mterpretatlon.t/ tThe %alculatlon
a measure of occupant jnjury poten namic . Response__ Index), modeling occupant/seat systems,
a(lﬁowsthe evaluation po% thé ryp?obabﬂ?ty( 4 gP spinal |nJur3E The pr)ogram e KRAsﬂ can be used for Ztu les of

structural ~ designparameters  and energy dissipation  n  subassemblies  fortwo

: - and three -dimensional  geo-
metry and motion  (Figure 23).

The pro.ﬁqramme KRASH can be regardedas an acceptablemeans  forthe  qualification of helicopter
structures with respect to a set of crashworthiness  requirements.

re -
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Figure 23 KRASHMass Point Posiion  Plot

4. CONCLUSIONS

With the currently available analytical ~_tools, mainly thefinite elementmethod,  thecost of the
structural qualification programme can be significantly réduced.

Stamn? from preliminary  design, analytical ~ methods are appliedwith  greatsuccess  in the design
phase for sfructural optimization of arframestructures. ~ Based on these investigations and supported
developmental ~ tests” on coupon or component level the final qualification _for @l relevant load casescan
be achieved with sufficient confidence,  evenunder  considerationof environinental conditions.

Complexdynamic ~ components,  designed primarily to provide adequate fatigue  strength,can be checked
whether fafiauetéstina  _ B necessarv., An anaMfical  determination of the endurance Imit is acceotable
when thefatigue  margin of safety is high, or when the service loads are clearly defined and the'primary
mode of failure is evident and the precise stress distribution is known. In the other case,the aﬁph -
caion of the Miners Rule is state of the art n the helicopter industry, — For the analytical  qualification

of fatigue critical structures.

.DunnP the last decade, considerable progress has been made n nonlinear finite  element methods. The
analysis  of high capacity elastomeric bearings _or elastomeric  dampers which usually under?o_large defor -
mation,exhibit ~ a nonlinearstress ~ -strain  relationship  and have a nearly incompresSiblematerial behaviour,
can now he caried out by engineers without greater dif*iculties. Energy dissipation  and temperature distri
bution, as significant properties, both for Dbearings and damperscan be taken into consideration  for ana-
Iytical qualification.

Large deformations and a nonlinear  stress - strain relationship are also found in subcomponentcrushing
for energy absorption.  Nonlinearload - deformation  characteristics can be predicted  with sufficient accuracy
for the “interconnectingstructural glementsofa  lumped mass model to qualfy  helicopterstructures with
respect to a set of crashworthiness requirements.

Pre- and post - processing have advanced in such a way that the ggometry may be transferred directly
from a comFuter aided’ design™ system, a reasonable mesh pattern can be genérated ~ automatically, and the
output results may be arranged " in plots or graphs for easier interpretation.
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Solar Array Qualification through Qualified Analysis

PhJ. ZijdemansH.J.Cruijssen andJ.J.Wijker
FokkerSpaceandSystem®3V
P.0.Box 12222
1100AE AmsterdamzO
TheNetherlands

Abstract

-Whatis asolararrayandwhy is its qualification throughanalysigelevantto you?
-Why andhawdid FokkerSpaceandSystemsgperformthis qualification throughanalysis?

-Recommendationfer thosewho wantto accepthe challengeof qualificationthroughanalysis.
The problem

To achievequalificationis in generala very expensiveexercise For solar arraysthis is doneby a

dedicatedestprogramthroughwhichfinal qualificationis achievedDue to severecompetitionon

thesolararraymarketcheapemeansarelookedfor to achieveaqualified productfor our customers.
Oneof themethodssto drasticallylimit theenvironmentalestprogramandto qualifythesolararray

structureagainstits environmentaloadsby analysis.

What is a solar array?
Solararraystransferthelight of the suninto electricalenergy.
It formsthe primarypower sourceof gcostatianargommunicationspacecraft.
Thesespacecraftomein two versions:
spinstabilised(cylindrical solararrays)
threeaxesstabilised(planarsolararrays)

We will concentrateon the latter andmorespecificonrigid panelsolararrays.Fokker Spaceand
Systemsuild anddeliver a family of solararrayscalledAdvancedRigid Arrays(ARA).

During the launchphasethesesolararraypanelsarestowed folded like a concertinagxposingonly
the outboardpanelsto generatgpower for housekeepingof the spacecraftFigure 1showsa solar
arrayin thestowedconfigurationIn this phasethe stowedsolararraylly  experiencéigh structural
loading,aswewill explainlater.

When the spacecrafis in its final orbit, thesestowedwings unfold "gently' andwill provide the
spacecrafwith sufficientpowerto fulfil its missionFigure2 showsthe deploymeniphaseof suchan
arrayup to thefully deployedconfiguration (figure3).
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Fig. 1. A solar arrayn stowedconfiguration(ref. ARA-Solar arrays; FokkeSpace andystems).
Environmental loads in solar arrays

In thestowed configurationtherigid panelsarefixed to thespacecraft oadiscrete numbeof support
points.In this configurationthe solararraywill beexposed to:

guaststatic loading (fronthelaunch)

low-frequency(0-100 Hz) loading(transient®f engine cutoff flexibility of launcher/spacecraft)
high-frequency(100-8000Hz) loading (acoustic noistom enginesaandaerodynamimoise)
thermal loadinglueto aerothermaheatingafter fairingjettison

Thesolararray contractois responsiblefor proving thatthe solararraywill survivetheseloadcases
with sufficient margins.
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Fig.2. Solararrayin deploymeniphase(ref. EURECA-Solararrays;FokkerSpaceandSystems).
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5 The problem in perspective again

To understandwhy Fokker Space andystems havehosen for'qualification by analysi$ of their
AdvancedRigid Array {ARA), wherever possibleherearetwo extra topicsyou need toknow:

1.TheARA isnot aspecificsolararrayfor a specific spacecrafyut agenericsolararray(seefigure
4). It is afamily of solararraysto suit individualcustomerequirementsit h, eachtime,anoptimum
design ast would bevery expensive to qualifyall possiblevariantsby testing.

2. Thetime between awardf a contractfor a solar arraysubsystermand delivery of the qualified
productis usually lesgthantwo yearswhile the throughputimefor manufacturingandintegration
is approximatelyl.5years! This impliesthat you haveto freezeyour designandverify it in about
half a year. You canonly meet that time dealine in anapproachof preprocessinganalysisand
postprocessindor whatconcernsthe structurafualification againsthemechanical environment,
andnot by testing astructuralmodel.

Thefollowing aspectsnustbring the solararrayiato perspectivdor you:
- Rigid lightweightstructures
- Quaststaticanddynamicloading
- Semirigid interface

- A customer requiring gualificationproduct, anda verified finite elementmodel(FEM), to
allow coupledanalysis withthe spacecrafstructure.

Fig.3. Solararrayin fully deployed configuration (reEURECA-Solar arrays;FokkerSpaceand
Systems).
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A three panetonfiguration withoufurther appendag€8 panelcleanwing, seefigure 3

A three panelconfiguration witha yoke structure (connection between solar panelsd
spacecrafin deployedposition) and asolar sail (3panels completaing). In stowed position
thel/M (intermediate)hingewasconnectedo theshaker.

Afivepanelconfigurationwithayokestructure, asolar sail and some thermal hardware, normally
usedfor spacecrafthermal housekeepir(@panels completeing). In stowed positiorthel/M
hingewassupportedcoy theinboard panel.

All panels hadhe samenterface pointso six kolddowns to keepthe arrayin stowed positiorand
transferthe launch loadsTheseholddowns werdocatedvery closeto the positions thatyield the
highestnatural frequencies.

Calculation of allowable input level

Normally analysis toolareaimedat calculatingthemarginsof safetyfor agivenstructureundergiven
loads.Onewill startwith conservative calculatiorsndrefine the calculations whefiow or negative
marginsare found.This approackcannot jusbeinvertedto find allowabledynamicinput level. One
muststartwith expensive refined analygiom tae beginning.Much emphasisvasthereforelaid on
theanalysianethods:

A preprocessor to generdteefinite element mode{FEM) of the solararray
A postprocessobasedon hand-stress calculationsfor the holddownpoints

An enforced displacement method (EDM)postprocessor (ref) tu calculatestresses in the
panel, because tldynamicFEM model wastoo coarse.

A postprocessoto determinghe dynamicinterpanel gap (tu predictpaneltouching)

This effortyieldedthe theoreticalallowableinput levels,asa functionof the frequency for a given
constant modal dampinglue.This preprocess.zg and postprocessingvasnot only meant togain
time, but alsdo take outhe"human factdrin theFEA. With thishumanfactor,wemean the freedom
of theanalystin modellingastructure.

solar ponals

i i
e oo olja o
dummy/ 3 panol
masses o o o o o o ¢laan wing

vlﬂ B9 B E 2 3 panal
/‘{/ complete wing

1 \ . .
inlermediat™il © D Jif 0 0 [ © 0wk holddown paint
. hinge 4 4

Lhermal fin

solor sail

:\
i o o 3 o affo olflse ella o
; 5 panet complete wing

fig.5 Solararray configurationfor the ARA vibration test,shownin deployed configuration
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The test philosophy

The theoreticalallowableinput level, as a functiomf the frequencyandmodal dampingwill have
sharpnotchesat thenatural frequencie3.helocationof these notcheis not very accurateljknown,
if onerealises that naturélequenciesouldvary byatleasts percentasafunctionof build tolerances
andFEM errors.

The shapeof the notcheswill dependon the damping thatas a functionof modeshapesandload
levels,canvary byafactorof 2.

Sothat evenif thevibration control equipmentvascapableof accuratelycontrollingtheinputlevel
tothecapriciouscurvespredictedby theanalyst, this woulbeanextremelydangeroutestphilosophy.
By havingaslight deviationin frequencyanddamping,theactual appliednotcH' in theinput, could
misstheactuahaturafrequencyThiswould resultin seriousvertesting. Thiswasalreadydiscovered
duringthedevelopmentesting.

"Notchind is awell-knownprocedurdn aerospaceynamictesting.Thepurposeis often to prevent
overtestingof the testobjectandto obtaina morerealisticinput spectrunin accordancevith the

spacecraft environmenfheinput tothe testobjectis reducedfrom a certain constanievelin a

specificfrequencypandn ordertoachieveaconstantesponse outpwnaselectedneasuringhannel.
Theinputlevelwill shows ssharp'notch.If duringthevibration controlprocedurehis "notching is

appliedaroundaresonance frequenaf thetestobject,the"notcH of thisinput levelwill havethe

shapeof the (inverted) responspeakof thetestobjectat the naturalrequency(seefigure6).

Log g m/s2
1# & Unnotchedurve
7

', Notched curve

!

Response curve

Input spectrum
/ N\

i+t 'Notch'

— > f(Hz)
Input level 'notching'

fig.6 "Notchind phenomengschematic)

It was found essentialthat the vibration testingakes placewith active "notching, basedon the
straingaugesind accelerometersandthat the correlation takeplacein retrospect. Thiss shown
schematicallyin figure 7.

All testing of the different wing configurationswasperformedat the Estedacilities in Noordwijk
Figure 8 showsa generaloverviewof the 3 panel cleamwing onthe dualshakerhead.
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Analysis Test
Modal analysis Low level
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Modal response L= Correlation - Moges
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Y
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fig. 7 ARA Vibration TestApprozch (ref. 1)

fig. 8 Generaloverviewdf the 3 panelcleanwing onthe dualshakerhead.



7.1

7.2

The correlation: Test versus Analysis

Assurvival of the hardwarevasassuredy a good testphilosopliygain requiring extensive analysis
effort, even inbetweenests)the analysigualification nolongerfollows directly fromthesurvival of
thehardwareThereforea correlatiorbetweenpre-tesinalysisindthetest results remains necessary.
Forthis, several methods were followed

Correlation of the Model (analysis input):

Thedynamid-EMwasverified withaidof modalsurveytestresults (Modasurveyat Estec, University
of KasselandFokkerSpacek Systemsef. 2). All of thesenavethedisadvantagthattheyverify the
finite element methodnd thevibration modedyut not theresponses. Modalurveytesting carbe
performedn severalvays.Forthe ARA-lest progranthreemethods were usezhthe3panel'cleari
wing:

Method 1:

Randominput from the shakesnto which the stoweavingwasmounted. Withtheresponses
of theaccelerometers that wetereonthewing for thevibrating testingheEstedacility was
ableto reconstruct someajor modesWith thebase excitation, perpendicullr the panels,
some5 modes were founetween0 and 150Hz. Correlation between these modeslthe
MSC/NASTRAN finite element modebr betweerthesemodes antheresultsof other modal
survey methodwaspoor (ref.2).

Method 2

Thesame as method dnly nowthe inputwasa very slowsine sweefU2octave/minute) at
low level (0.3g). Thedatawere processely a team atheKasselUniversity,headedy prof.
Link. With this method modes were found betwe8mand150Hz. Especiallyonthemajor2
modes, that furthertestingpractically determined tlalowableinputlevel,quitereasonable
correlatiorwasfoundbetweertheresultsof thismodal testingandthe MSC/NASTRAN finite
elementmodel(ref.2).

Method 3

At Fokkerthesame hardwanmodelwasplacedon a seismiblock. Modal surveytestingusing
asinglepoint excitationwascarried outn thefrequency range frori5to 150Hz. Themodal
parametersvere extracteavith LMS/GMAP softwareon a HP9826 desktopcomputer.The
eight mostreliable modes were selectdthe first two modes”correlated very well with the
analysigesults (ref2)

Correlation of the Responses (analysis output):

Theanalytically derived modal responses, their resonance frequeartilessociated vibration modes
were comparedwith those, as derived duririgw level testing(As only the low level runs havea
constant inpuevel thesearetheonly oneghatallow aneasycorrelation) Thefirst stepin thisactivity,
thedeterminatiorof response frequencies and iheestMarginof Safetyatthat frequencys already
performed as a necessagrt ofthe vibration control procedure.

An easymethodto determine the correlatioof the important modes describedn ref. 3. This
approachs a kind of orthogonality checkottaking into accounthe phaseof themodes. Fronthe
test acceleration plots as functiofnthe frequencyhefollowing propertiesof the main modesare
taken:

Frequencyof the excited modes; thegre recognizedoy the peaksin the graphof the
resonant plots.

Imaginarypartof the acceleratioto obtainthe amplification factor.

For each mode the predicteathdmeasured amplification factorof each measurement point
mustbe collected. They fornwo vectors{a} and{t}.
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To correlate thaneasured and the calculated mottesfollowing is defmed ,refs:

D=[a}—6{a}f[0}—6{a}1 (1)
{37 {t}

with C = the correction factor an® = difference factor

Theanalyticalmodeshapevector{ a} is scaledinearly withthecorrectionfactorCto getabest
fit with thetestvector { t}. Physicallythismeansacorrection factoof € ~! on the dampingvalue
assumed ithe analysisTheoptimumvalue for the correctionfactoris:

oo ADTCa) @)
{a} {ay

(C = 1in caseof perfectcorrelation)

Usingtheoptimumvalueof C the"differencé is:

{7 {an? ()
U Har {a))

(D=0 in caseof perfect correlation)

This approactappliesonly for those modethatwill be excitedin avibrationtest,i.e. themodeswith
high effectivemass, becausdhey showclearpeaks in thefrequencyresponselots.

The results

Forall ARA test configurations thisiethod2in combinatior With theanalyticalcorrelationwasused
to correlate thaestresultsto thepredictions.Theresultsfor the main modes,the yoke andpanel
modes, showedoodcorrelation.Thedifference:actor D < 0.}, meaninga fairly correct prediction
of themodeshapesThemodal dampingfs %asusedin theanalysisappearedoberather goodor
mostmodes(ARA). In somecaseshoweverthemain panelmode appeareth havealowerdamping
320 Theresultsof d thesemodalsurveytesting andthecorrelationexercises muste seerin the
following perspective:

1)The numberof modesbelow 150Hz, predictedoy thefinite elementanalysis wa80.Many of these
modes, werd&nownto havelittle effectivemassandwere not expectedo befoundother tharby
very detailed modasurvey testingref. 6. Thesemodesarein generahotimportant.

2)The numberof responsédrequenciethatneededactivecontrol duringhequatleveltest(upto 100
Hz) was5. Thisis exactlythe numberof modes foundby both theKasselUniversity methodand
theLMS methodin theapplicable frequencsange and th&equenciesorrespondederywell. A
thorough evaluationof the low levelsinetest resultss a verygood first stepin correlationbetween
tegst andanalysis results.

Recommendations

In orderto follow the approactof "qualification by analysis" as possiblemethod of reducing the
developmeneffortfor ARA type solar arrayghe following pointsareof importance:

1.1f you wantto qualify by analysisstudyhard,andtalk to your customerto determinevhat
hewill acceptas qualificationof theanalysis. Work it outin detailand takeoutthe influence
of the analystby strict proceduresnd pre andpostprocessing.

2.If youdetermingourhardwarexamples for thequalificationofour analysisjou must realize
thatyou aredoingyour stressanalysighe wrongway around.Optimizationcriteriamayturn
outfalse.Goodcan bebad,andbadcan be good, if you wantto qualifyyour analysigapabilities
for thewholerangeof applicability
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3.Donottestyour hardwareo thelimits, predictedby your analysispeforeyou havequalified
this analysisMake surethat you protect your hardwareby proper notchingand control
proceduresOur experiencavasthat testfacilities cangive goodadvicehere.Notching on
straingaugess easier thanon accelerometers, as thalowablestrainis not frequency
dependenin contrastith the allowableaccelerations.

4.Comparehe calculatedllowablenputtothe actual test input determinkeglactivenotching
in theshaker control loop. Becausfll the uncertainties and inaccuracies not likely that
this correlationwill show a perfect match,but at leastit can demonstrate whetheahe
predictions wersufficiently conservativéo compensate for the inaccuracies.

5. Qualify your analysisfor a conservativaedlampingvalue.Massand stiffnessarequite well
predictable. Dampingalues can easilyvary by a factor2. Determinethe dampingby
developmenttests.

6. In your correlationexerciseconsider responseatherthannormal modes. Responsesil
eventuallydetermineheloadsthe loadswill determingheadequacyf your design.

Conclusion

Qualification by analysis iossible Thebenefitsarethat asignificantamountof developmenéffort
canbe savedn case such a powerftdol is available. Extensiveesting carbe avoided thusaving
time andmoney For successfulisethe abovementioned recommendations shob&hdheredo.
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SUMMARY

The use of probabilistic structural analysis methods (PSAM) to predict
structural  reliability is thesubject  of an on-goingNASA research program.
The paperreportsontheelements of thenew technology developed to date.
Applications of the developed software to structural problems are
demonstrated  for - simplevalidations problems and forlargescaleapplication
problems. Future.  on-going research to support component and system
reliabilitypredictionssuitablefor analytical  certification of aerospace

structures  is then briefly reviewed.

LIST OF sYMBOLS

Synbol Description
B strain operator
Cy covariance matrix
d perturbation operator
D elasticity operator
E Young's modulus; elastic constant
Fi probability density function of x
g limit  state  function
k rgll'{
K stiffnessmatrix
In natural  log function
2y probability of failure
P applied ~ forces
r cylinderradius
R residual  nodal forces
N bending  stress
T, internal  temperature
T, external  temperature
U displacements
v Poisson's  ratio;  elastic constant
x random variables
X design variables
z response function
o coefficient ~ of thermal expansion; sensitivity factor
3 tip displacement
& normalized  mode shapes of independent random variable
fields
o stresses
o; variance  of i-th variable
O, hoop stress

1 OVERVIEHOF PROBABILISTIC STRUCTURAL ANALYSIS

Progran Goals

The Probabilistic Structural ~ Analysis  Methods {PSAM) project funded by NASA has the central
goal of developingacomprehensive structural  analysis systemcapable of considering general  forms
of uncertainty in loading, geometry, material  behavior.  and boundary conditions. The purpose of
this analysis system is  to support the design of advanced space propulsion  hardware capable  of
operating in severe environments with adequate rel{ability. The PSAM methods are sufficiently

general,  however, that theycan be applied to a very widerange of structural  reliability concems.



The PSAM project is being completed in two phases. The first phase is complete and has
focused on the prediction of the uncertainty in structural response variables such as stress,
natural frequency, forced and random vibration response. buckling load, etc. Such predictions of
the probabilistic distributions of “stress«types of variables are just & part of the prediction
of structural reliability, albeit an important and previously-missing component of the complete
problem.  The second phase i s underway and concerns the probability that the "stress' variables
will exceed some structural 'resistance' variable, such as strength, fatigue life, or crack growth
limit. This second phase must then also be concerned with the interactions of multiple and
progressive damage processes that affect structural "resistance.”

The ability to analyze complex structural response problems and predict the reliability of
the structural component. based on uncertainties in design and manufacturing variables, is an
essential ingredientinbeingable to certify aerospace structures based on analytical (or numerical)
modeling. The designer concerned with reliability needs to be able to identify those key variables
which most affect the component or system reliability, and to be able to quantify the relationship
between design variable uncertainty and component or system reliability. The work to date on PSAM
demonstrates the analytical means for satisfying tais need.

The current paper primarily reports On the work done to date on the first phase of the PSAM
effort. The status of design approaches to analytical prediction of component and system reliability
for aerospace structures i s then briefly reviewed i nthe final section of thls paper. The completion
of future PSAM tasks will provide the tools needed for analytical certification, when coupled
properly with critical component and system testing. The methodology will be reported in future
progress reports on this NASA-funded effort.

NESSUS Coda Structure

Figure 1 highlights the major modules currently used by the NESSUS (numerical evaluation of
stochastic structures under stress) software system, illustrated for the finite element method
(FEM). These modules include an expert system which facilitates the user interface [1], a
preprocessor for random data fields (NESSUS/PRE), a structural modeling module (e.g., NESSUS/FEM)
[21, a database for intermediate analysis results, and a module for making fast probability
calculations (NESSUS/FPI) [3].

R
Random [
NESSUS/EXPERT ™ Field
Dala
) S—
‘I’
Fin
Elemear Racdom NESSUS/PRE
Model tors
== | SS————————
Restart
NESSUSIFEM ].@
1 1 __
User Post Ly
Queries File File
T 1 ol —

NESSUS/FPI

1

ﬂu_rbal ion

Database

Figure 1. Overview of the NESSUS Code for PSAM

Probabilistic analysis requires that each random variable must be an independent random
variable. For random fields, some correlation of the variables is expected from point to point.
Randomfields include descriptions of the probabilistic pressure or temperature loads, probabilistic
thickness variations, or probabilistic material prcperties within the structure. As an example,
consider aerodynamic loading. Aerodynamic pressure loading is likely to have a high degree of
statistical correlation from one region to another, owing to large-scale order in variables such
as velocity and pressure. On the other hand, turbulent boundary layers generally have statistical
aspects that may only be locally correlated, relatec to the size and distribution of the turbulent
eddies.



The decompositionof randomfields with partial spatialcorrelationsinto independentrandom
variablefields 1s presentedin {4]. The approachis to representeachfield in termsof a modal
decomposition

¥ T
[Ci] = 2 {0:1h(0) M

where the {§;} are normalized mode shapes ofindependentrandomvariable fields. The algorithm

was originally developedon the basis of normally distributed random variables, but has been
extendedto approximate nomormally distributedvariables. NESSUS/PRE performs the normalized
modal decompositionfor randomfields, basedon a userspecified degreeof isotropic correlation
overthe field. More generalrepresentationsiretheoreticallyallowable using this sameapproach.

Analysis Algorithns

Figure 2 representsthe key elementof the PS4V algorithms. The algorithm is represented,
for purposesof example,in termsof frequencydependencen material modulus. The randomvariable
(nodulus) i s describedempirically or in termsof standardcumulativedistribution functions. The
structural sensitivity of the frequencyto changesin modulusis estimatedby a numericalmodel,
experimentaldata, or an approximate,closedform solution. The cumulativedistribution function
(coF) for the responsenatural frequencyis directly computedby the fast probability integration
(FPI) algorithm.

INPUT DATA RESPONSE MODEL
CDF
+ FREQUENCY
E, E, E,
MODULUS MODULUS

e 100 RANDOM VARIABLES:
o INDEPENDENT STATISTICS
— WEIBULL CDF
—LOG NORMAL
— NORMAL
— EMPIRICAL

FREQUENCY

Figure 2. Fast Probability Integration(FP1) Algorithm UsesStructural Sensitivity Data

TheFPl algorithmwagleveloped5] for basicreliabilitycalculationsfor explicit, closed-form
systemmodels. In the PSAM project. FPI has beenadapted veryeffectively to implicit response
modelsthrough numericalanalysisof complexstructures(6].

In general, the responsamodel is a numericalanalysismodel (e.g., FEM) of the structures
subjectto the usual deterministicloading and boundaryconditions. For linear analysis, we are
generally concernedwith such variables as the maximum stressor the natural frequenciesof
fundamentalmodes. Sensitivity analysisseeksto estimatehow muchthe stressor natural frequency
dependn eachof the designvariables(loads, geometry,material properties. boundaryconditions).
By perturbingthe randomdesignvariablesa small amount, the solutionvariable(s) are perturbed.
A hyperplaneor hyper-(quadratic)surface is then fitted to the solution dataat the meanvalue
(MV) design point and a suitable numberof perturbedsolution points, and the results storedin
a databasdor later FPl analysis.

The NESSUS code hasspecially tailoredalgorithms for obtaining the perturbedsolutionsfor
static and dynamicproblems, as describedin the referenceby Dias and Nagtegaal[2]. In general
terms. the structuralanalysis routinesnaintain the full elementdescriptionof the unperturbed
problem, and placethe effectsof perturbationson the right-hand side of the systemequationsas
pseudeforces. for the FEM case. Iteration of the systemequatfonsts basedon the use of the
reduced unperturbed solution stiffness equation, as an iterative preconditionermatrix. This
approachis summarized in the equationsbelow, andresultsin a significanttime savingsfor static
problemsover the full resolutionat the perturbed condition. A smartsub-spaceiteration method

153
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i s used to obtain efficient perturbed eigenvalue solutions for dynamic response and linear buckling
problems. Typical perturbation solutions are achieved in roughly 60% to 70% of the solution time
for a full generation and resolution of the system equations.

The following equation summarizes the static solution algorithm for perturbed variables.
The quantities with hats are perturbed from their Initial state. The perturbed {o’} values and
{81 matrix are used to compute a residual vector (R'} for the revised load vector. Perturbed
displacement and stress terms are then obtained by iteration, using the unperturbed [K1" matrix
as a preconditioning matrix.

{u} =K' {P}
{o}=[D]1[B1{u}

» (STEP){+}+A{*}={*}
{@'}
{5} =1D11B1{4" 03]
=1 - BT (1
{da"'} = KT {R'}

| (@)= {#'}y+ {du'}

Probabilistic analysis of the structural problem requires the prediction of the probability
that the structural response exceeds some level or limit, as a function of uncertainty in all of
the random design variables. Such a problem may be written in terms OF the joint probability
function of the random variables, as shown in Figure 3 below.

Joint Prob. Density fy {X)

Zy
sZ =24
"‘“-agxz
Probability
X1 of Failure
01 =2Z> 21

Figure 3: Integration of Joint Probability Function

The Probability of exceedance {i.e., Z>Z,)} 1s then written as the solution of a multiple
integral written as

P(Z>Z) =J“2 fdx ©)

Here Z(X) 1s a response function such as stress or displacement, Z, is a limit value of the random
variable Z. X =(X,,X,,...,X,) i s the vector of basic design factors, and f(x) is the joint probability
density function of X limit. The X; are the individual random variables input to the problem

(loads, dimensions. material properties, etc.). eachwithitsownstatistical distribution. Equation
(3) describes the cumulative distribution function (CDF) of the response function as Z, i s varied

over the appropriate range. In structural reliability, the integral would be carried out over the
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failureregion Q, thedesignspace  in which some “performance  function’  or ‘limit  statefunction®
g2X) satisfies the condition gX)<0. Solution of that integral  determinesthe  probability of

failure  py.

§X)=2-Z @

Exact solution of thismultiple integral & in general, extremely complicated. An  alternative
is theMonte Carlomethod, but this is expensiverelativeto itsaccuracy, especiallyfor engineering
problems forwhichlow  p, valuesare  required. As  a result,  current approachesfor  determining

structural reliability are based on analytical approximation ~ methods, including first - and
second - orderreliabilitymethods (FORM and SORM) [71.

The PSAM code employsa  new fast  probability integration ~ (FPI) algorithm,  an extension  of
thefirst - orderreliability method (FORM) of Rackwitz - Fiessler [8} and Chen-Lind [8], which has
been proposed and demonstrated by Wu and Wirsching [10] toconsistently provide fast ~ and accurate
estimates  of point  probabilities for typical  engineering response functions. This  algorithm
establishesquadratic polynomial  approximationstothe limft state at themost - probable -point {(MPP)

and thentransformsthe quadratic form into alinear one. TheMPP at Z=2, is given by themaximum
value of thejoint - PDFalong the limitdefined by Z=2,, as indicated in thecross - sectiondepicted

in Figure 3  An optimizationroutine i s employed to approximate non-normal variatesasequivalent
nomals.  thereby approximating the limt state as linear in normally distributed design factors.
Solution  of this  simplified problem is referred to herein as the meanvalue, first - order solution

(WVFO)
Probabilistic Sensitivi ty Factors

One of the mostimportant  resultsfromapplication of the FPI methodology is the prediction
of probabilistic sensitivity or importance factors for the design. ~ Thesefactors  can be used to
identify ~ the key design variables affecting structural reliability. ~ Structural sensitivity has
been defined aboveasthe rate of change of a structural  responsevariable with respect ~ to change
in a randomdesign  parameter {e.g., material stiffness, part tolerances,  loads, e  Probabilistic
sensitivityincludesthisfactor hut alsotakes intoaccount  theuncertainty of the givenstructural
parameter.

Thedetails  of thecalculation method forthesesensitivityfactors (a,) are treated in [11].
Generally speaking, the a, are normalized  suchthat
af+a§+...+a:=1 (5)

Thevaluesof o aregiven approximately as the sensitivity of the solution (g) tothe physical
variable  {X;)

I ol “(%Jﬂs (©)

where o; is the normal standard deviation. Thus, both  the physical and  the statistical variables
are taken directly into account.

The utitity of theprobabilisticsensitfvity factors wil1 be seen in theapplications problems.
Essentially. thefactors ~ represent a numerical ranking of theimportance  of the individual  physical
variables  on the component (un)reliabitity. The higher the ranking, themore importantis  that

variabletocomponent ~ (un)reliability. Weak physical variables  with large uncertainties may have
probabilistic sensitivityfactors more important  than strong physical  variableswith small  standard
deviations. The valuesofthefactors must be reduced in ordertomake thecomponentmore reliable.

2. NESSUS APPLICATIONS

Validation  Example
An example problem demonstrating  the results of the application of the NESSUS software is

presented below. A numberofothervalidation problemshave  successfully  been executed with NESSUS
[6]. Othervalidationanalysescan befound in [12].

The example validation problem herein is for a cantilever plate subjected  to correlated
random static loadings as shown in Figure 4  The other random variables are elastic modulus,
thickness, ~ width and a base spring stiffness as defined in Table | . The response functions

considered  arethe  bending stess. S, at the base and thetip  displacement,  d.
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Psi2

Figure 4  Cantilever Plate

Table | Variables  for Validation  Problem

Variables Distribution Median cov
Modulus, E Lognormal 10E6 psi 0.03
Length, L Lognormal 20.0 in 0.05
Thickness, t Lognormal a in 0.05
Width, w Lognormal 0 i 0b
Base Spring, K Loads Lognormal 1E5 1b-1n/rad 0.05
Py to Ps Normal @ b (mean) 0.1

Noe Correlated with correlation coefficients = exp

( - distance between loads / 20)

The finite  element model consisted of 20 fiit -plate elements with 42 nodes.  The NESSUS
deterministic solution results were 0.7648 inch fer the ti[]) displacement  and 3657 psi for the
maximum  stress. These values agreed ~ well with theory — 0./692 inch and 3600 psi, respectively.
The differences  are 05% for the displacement and 1.6% for the stress.  For either the displacement

or the stress, the probabilistic solutions were checked by selecting two points in the right tail
of the distribution (i.e., cumulative probability > 50

The solution approach used by NESSUS,in this {examplejs  first to calculatethe  first - order
(F0) sensitivity factors for root stress  and tip displacements  {i.e., dg/oX;) evaluated at  the

mean-values {MV) of the design variables (X;). NESSUS then uses FPI togetherwith the statistical
models in Table | to predict the mean-value, first -order (MVFO) probabilistic distributions shown.

At each reliability level,  FPI estimates the MPP. or the values of X; that are most probable
for that reliability level.  Back- substitution of these variables into the NESSUSmodel corrects
the value of the soluion state (oot stress and tip displacement), assuming that the local
reliability does not change. ~ This update at the MPFis referred to as the advanced - MVFO solution
(AMVFO).  New sensitivity factors (0g/0X;) at the MPPmaythen be calculated in order to update the
reliability value at this solution  point.  This 1iteration step generally results in very little
change in the local solution,  demonstrating that the AMVFO solution is sufficiently accurate for
most design  purposes.  This process s illustrated in Figue 5  The MVFOQ, the AMVFO. and the

first - iteraion  solutions  for the displacement and the stress,  respectively, areshown in Figures
6 and 7. The exact solutionshown in the figures was generated by applying Monte Carlo simulation
(sample size = 100,000} to the theoretical solutions.
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For Specified Probability Level
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1 First-Guess Point {(MVFO}
| 2 Corrected Response Value (AMVFO)
16% — 3 First Iteration
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Figure 5. Iteration Algorithm
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Figure 7. CDF of the Cantilever Plate Root Stress




15-8

Approximate Methods

The applicability of approximate methods for for rapid evaluation of probabilistic structural
analysis is addressed by the Probabilistic Approxiriate Analysis Methods {PAAM) module in NESSUS.
The basic idea of PAAM is simple: make an approximate calculation of system response, including
calculation of the associated probabilistic distributions, with minimal computation time and cost,
based on asimplified representationof thegeometry, loads, andmaterial. lheresultingdeterministic
solution should give areasonable andrealistic description o f performance-limiting systemresponses,
although some error will be inevitable. If the simple model has correctly captured the basic
mechanics of the system, however. including the proper functional dependence of stress, frequency,
etc.. on design parameters, then the response sensitivities calculated may be of significantly
higher accuracy than the solution itself. Inother words, the calculated probabilistic distribution
of the response variable may be in significant error only by some offset of the mean value.

The PAAM response functions are defined in an independent user-written subroutine. To execute
the code. a user needs to prepare a data set which defines the selected component, the input random
variables, and the probabilistic analysis options. The output of the analysis includes the COF
values, the most-probable-points, and the sensitivlty factors. For checking purposes, the code
also includes a Monte Carlo option which implement;, an Importance sampling scheme.

An example problem of a thick cylinder subjected to different interna'l and external pressures
and temperatures is a classic elasticity problem; exact solutions are readily available i n standard
textoooks [13]. For simplicity we consider here only the hoop stress. which is typically the
largest stress component. The pressure solution 1% given by

/@, —1) pi— Dk
0,= +

7
¢ -1 B-1 @

k=rJr;, and the subscripts i and o denote Internal and external pressures or radii. The thennal
solution for an appropriate steady-state temperature field is given by

(r,/r¥+1 1—In(r,ir)

G,=—P 1 +B ) ®)
where
_QE(;--T,)
To2(1-v) ©)

Here E is Young's modulus, v is Poisson's ratie, and a is the coefficient of thermal expansion.

Probabilistic data values for the thick cylinder model were selected for testing and are
listed in Table II . The material is Haynes 188. Note that FPI can easily accommedate a wide
variety of distribution types, including truncated distributions.

Table 11. Definition of Input Variables for Thick Cylinder Model

Mean cov
r truncated Normal 0.094 in. 1.06%
(it.003)

r truncated Normal 0.110 in. 4.55%
E Normal 3.40E+7 psi 2%
% Normal 0.3594 2%
5.65E-6/R 5%
P Lognormal 3077 psi &%
3232 psi 4%

Both an FPI analysis and a Monte Carlo simulation (based on 10,000 samples) were performed.
Results for the hoop stress at the inner radius are presentedin Figure8 as a cumulative distribution
function, described in terms of standard deviations of the equivalent normal distribution of the
hoop stress. These calculations suggest that the meian value of the hoop stress at the inner radius
will be approximately 193 ksi, and that the hoop stress will be less than 220 ksi at a probability
level of 099 (about +2.3 standard deviations). Actually, these stress levels are above yield,
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so the elastic assumptionsin the formulation are invalid and a nonlinear analysis should be
performed. Thiswould requireonly the developmenbf new, nonlinear equationfor the hoopstress,
but would not causeany difficulty for the FPI algorithmor its implementation. Therés excellent
agrementbetweenthe FPI and Monte Carlo calculations. The primary difference betweenthe two
is speedof execution. Thetraditional Monte Carlo computationsfor this problemrequiremore CPU
time by oneto two orders of magnitude, dependingon the probability level required.

PROBABILITY (STANDARD BEVIATIONS)

T ¥ T T T T
190.00 210.00 23000 250 00

HOOP STRBSS (ksi)
a  PPI — MONTBCARLO

Figure 8. Cumulative Distribution Function of the LOX Post Hoop Stress
at the Inner Radius

Figure 9 showsthe probabilistic sensitivity factors of the randomvariablesfor the hoop
stressat the internal radius, computed here at the design point correspondingto +3 standard
deviations. From theseresultsit is seenthat a clearly dominates, followedby the elastic
constantsE and Vv and the external temperaturer,. This is duein part to the largerC0¥'s for

thesevariables, which are basedon default valuesrather than problemspecific information. It
may be of particularbenefitto obtainimprovedstatisticaldatafor theseparameters. Furthermore.
in view of the significantinfluenceof thesethree material properties, further analysisshould
addresshe known temperaturedependencef each. an effect which was neglectedin this first pAAN
analysis. On the other hand, the tight toleranceson the internal and external radii are shown
to be sufficient to make dimensional variations of little consequencdo the hoop stresses.so
furtherwork in that areais not needed.
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Figure 9. Sensitivity Factorsfor RandomVariables in PAMM Analysis
of LOX Post (Thick Cylinder Model, Calculation of Hoop Stress)
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SSME Turbopump Blade Application

The RESSUS/FEM software was applied by the space shuttlemain engine (SSME} manufacturer
(Rocketdyne)to the structural responseof the turbopumpblade shown in Figure 10, The finite
elementmodel shown has about 6.000 degreesof freedom. The randomdesignvariablesfor the blade
included nine manufacturingvariables and nine loading variables. The manufacturingvariables
included three rigid-body orientationsof the airfoil, associatedwith the processof machining
usedon the blade root, three orientation®of the cubic single crystalbeing evaluated,andthree
material properties for the single crystal. The nine loading variables concernedoperating
conditionsfor the turbopump. eachof which had somepredictableeffecton the rotor speed,blade
temperatureand pressureloading conditions (steadystateoperationwas considered).

Location A

Location B

Figure 10. FEM Model of TurbopumpBlade

Figure 11 illustrates the use of engine simulation to define the effect of eachof the
'‘primitive’ operating conditiorvariableson the threeloading conditions. A primitive variable
is takento be a statistically independentvariableshose effect on a randomloading variable must
be independentlycalculatedor estimated. In the currentapplication, Rocketdynecorrelatedthe
resultsof the enginetest datato definethe statisticsof the primitive variables, as given in

TableIIl .

Marginal Marginal
Distribution Oy o
HPFTP HPFTP HPFTP
Centrifugal Turbine Blade Turbine Blade
Force P T
.,
Component Companent
Scaling Tharrnal
Model Modst
HPFTP HPFTP HPFTP HPFTP HPFTP HPFTP
Turbine Turbine Turbine Turbins Turbine Pump
Speed P-inlet Torque T=Inlst T-Out T-0ut
Eiy;tom
Modst

Engine
Indupandant
Load

Figure 11. Engine Simulation Modeling
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Table 111. Random Variables for Turbopump Blade Modeling

Affected FEM Sta'rd
No. Random Varlable Typa Quaniities Mean _I:_)av allon
1 Material axis Z Materilsl Anisotropic -0.087268 radian 0.087544
2 Matgrial axis ¥ orlentation materisl -0.034007 0.081544
3 Material axis X Effects Orlentation angias -0.052380 0.067544
4 Elsstlc modulus Malerial Elastlc constants 18.38E8 psl 0.4595E8
L Poisson's ratlo propertiss 0.388 0.00065
) Shear modulus 18.63E6 psi . 0.048575E6
7 Geomaetric lean Geometrical Node coordinates 0 deg 0.14 dag
} Geomairic tilt variatlons 0 dep 0.14 deg
8 Geomatrie twist 0 deg 0.30 deg
10 Mixture ratio System Pressure, lemperature, | 6.0 0.02
1" Fusl inlet pressure Independent centritugal force 30.0 psl 5.00
12 Oxidlzer Iinlat pressurs loads 100.00 psl 26.00
13 | Fuel intet temperature 37°R 0.50
14 Oxidizer Inlet tamperature 164°R 1.23
15 Pump efficlency Component Pressure, temparaturs, | 1.00 0.008
18 Head coefficient independent centrifugel force 1.024 0.008
loads
17 Coolant seal leakage Local effects | Temperature 1.0 D.10
18 Hot gas seal leakage 1.0 0.05
1.0
Mean = 61.086 {psi), Sigma = 1.280 {psi)
0.8
> o
% [~ Importance Factors for
2 o8 Five Dominant Variables
Q * .
a i Location B Material Axis 8y 0.624
2 Geometric Lean Angle 0.478
% 04 Material Axis 8z 0.320
3 Fuel Inlet Temperature 0.220
g - Fuel Pump Efficiency  0.175
© 1
0.2
0 1 E L
59 61 63 65
(Thousands)
Effective Stress {psi)
Mean = 101.130 (psi). Sigma = 4.748 (psi)
1\0
0.8
>
E -
3 _ Importance Factors For
° 0.6 = Five Dominant Random iables
Ay
a .
g 06~ Leeation A Hot Gas Seal Leakage 0.776
i o4l Material Axis Ox 0.349
C] ) Material Axis 6z 0.298
E o4l Poisson's Ratio 0.247
o Coolant Seal Leak 0.243
0.2
0.2}—
pl | e
ad 88 92 96 100 104 108 112 116
(Thousands)

Effective Stress (psi)

Figure 12. CDF and Sensitivity Results for Two Locations
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The results of the NESSUS analysis for the turbine blade problem are plotted in Figure 12.
The two parts of the figure correspond to the two limiting locations identified on the finite
element model. The plots depict the COF of the effective stress at the two locations, using the
MVFO option. Of most importance in the design study are the probabilistic sensitivity or
importance factors shown. At location A, the dominant factor is the hot gas seal leakage, which
allows hot gas exposure of that location, resulting in the highest blade stress. At location B,
two of the single crystal orientations are among the most dominant factors. These factors can
be used to quantitatively assess the importance of design changes Or process controls for the
variables on the reliability of the design.

3. STRUCTURAL RELIABILITY

Current Approach

The current practice in design of flight structures does not include design-in reliability,
except through the use of past. good experience on reliable designs. Rather, load envelopes and
biased design factors for such items as weights, thermal gradients, tolerances, and material
properties are used to provide a result for which a safety or life factor can be applied.

Statistical approaches to support the desigri process are used to evaluate the uncertainty
in loading and material properties, for example, but not to predict the ireliability of the final
design. Some selected design problems such as fracture critical engine hardware may include a
probabilistic fracture mechanics model for defining design curves. Also, probabilistic risk
assessment is becoming widely used in the evalua:ion of airworthiness directives for selected
flight safety evaluations. These applications, of course, occur after the design, when premature
cracking of a critical component is found in the fleet.

The design of civil structures is the only place where probabilistic methods are used more
often for predicting structural reliability. Examples include the response of structures to
stochastic load models due to earthquakes and sea 1oads. However, in these problems only the mean
and the variance in the solution are usually calculated.

The results presented so far have been for tie "stress" variable distributions and not for
the 'strength' variables. In order to compute the design reliability of the structure it is
necessary to take thejoint probabilityof the "stress" and "resistance" distributions for appropriate
material or structural failure mode. Considerable ,research has been done to date on probabilistic
"resistance" models. These models are easily integrated with the results for the "stress" variables
to predict the probability of failure of the structural component. Automation of the strength
evaluation is now being made i n the NESSUS code.

Future Directions

The research reported to date has focused on the assessment of uncertainty in the "stress"
or response variables of the design. Much work exists inthe literature on the subject of stochastic
life modeling, which focuses on the material "resistance” or strength and life variables. The
extension of the reported research effort includes the integration of these two technologies. to
be able to predict component reliability in terms of strength, life, Or cost.

Component reliability inits simplest form addresses individual, independent failure modes.
In reality, multiple failure modes or sites may b2 involved in structural failure. Structural
redundancy and damage progression may also be very important. These issues bring in problems of
system reliability, especially if there is some form of dependence between the damage processes.
The integration of system reliability concepts inte the NESSUS software 15 one of the challenging
areas of future work.

Othermajorissues for the future include probabilistic considerations for componentinspection
and system health monitoring requirements. The information gained from such studies can be directly
used i n the assessment of the probabilistic residual strength or performance of a system, and will
be developed as well in the NESSUS system.

Certification Issues

Certification has been achieved in the past by the assurance of margins of safety oroflife
for the structure. No suitable level of risk has yet been defined to correspond to the success
of past designs. Much work needs to be done to support the use of reliability methods for flight
or propulsion system design certification. The use of limited numbers of flight test aircraft or
test-cell engines does not support the demonstration of component or system reliability, suitable
for certification. The use of past experience is only valid if there is considerable replication
of the data-base structure in the new design. New analytical methods, such as reported herein,
and supported by critical experimentation, are required for certification to a defined level of
reliability.
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_Fortunately, ~ new tools are now hecoming available for the certification task.  Integration
of reliabilitymodeling methods in the design and test phases of major, new aerospacesystems i
critical forthe  future. Cost savings and performance improvements wil  be achieved thoughthe
detailed  applicationof the newtoolsthroughoutthis development  process.  Furthermore,  thetools
provide for the first  time, quantitativeassessments of theroleeach ofthe design variables  is
playing In thereliability of the component, and hence the system.
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RECORDER’'S REPORT OF FINAL DISCUSSION
by

O.Senshurg, Deutsche Aerospack|BB-UF, Germany
J.Starnes, NASA-LangleyResearch Center, Unite&dtates

During thelast yearshecost of structurakesting haveenskyrocketinglueto thefollowing reasons:

— Introductiond compositematerialsorprimary aircraftstructures and hence tpessibilitydf complicated failurenodes
and thevariability of these material® temperaturemoistureandimpact.

—  Costof labouris very high.

— Testequipmenis sophisticatecandthereforecostly.

— With aeroelastic tailoringbalanced desigis found — thereforeideally thereshouldbe no inherited strengthwvhich
makeghesearchor theweakest test conditiovery difficult sincethetest article collapsen all failuremodesatonce.

Onthe othersidetheused finite element codesasmade structuratalculationanorereliableandtheadventof CFD codes
also producebetterairloads which maynot berepresenteadvell enoughin atest.

Therefore a rationalapproactio controldevelopment cost for neairplanesstoincreaseemphasisnanalytical certification
with necessary (but limited) experimental validation.

The objectived the Workshop hadbeento address the rolef structuralanalysis desigin relation to the qualification
procedure,in order toestablish guidelinefor the future ando seek outthose areawherethereexists a commonalitin
approach.

Theattitudeof the participants, fronthevarious groups, came summarised a®llows:

Aircraft Industry

— Reducecertification costdy eliminating nonessential development tests.
Exploreacceptabilityof combining major tests.

— Reduce economitsk of developing a noiwiable, urcertifiableairframe structure.

Certification Agencies
— Demonstratairworthinesgy tests.

Analysts

Analyticaland computational procedurasd capabilitieareimprovingwith time.

Robust designfor structurecanbeassuredvith applicabledatabases.

Experimentalists

— Somefailure modes andnechanism# compositestructuresarenot yet well enough understootb predictreliably by
analysis.

— Atestismorelikely tofind a design problerthanan analysis thadoesnotmodelthe problem.

Thefollowinggeneral pointsvere made:

1. Analysisis gettingbetter andess expensive.

Analysis should complement testsmprovethequalificationprocesandreduceesting costs.
Analytical models shoulteverifiedor certifiedby testand therusedfor redesign.

Analysiswill noteliminatethe needfor testingfor some timeio come|jf ever.

g WP

Composite structureare more sensitiveto secondary effects thametallic structures andasa result, requirenore
detailed local analysis than is uskd metallic structurego model criticalfailure mechanisms&ndto predict failure
reliably.

Some commorssuesand concerngereidentified

— Computationatosts

— Softwardidelity and usegualifications

— Modelling accuracynd appropriatanalysis



Material propertyvariability and manufacturing tolerances

Availability of appropriate loads
Reliable damage tolerance and durability predictions
Understandingf failure mechanisms arabailability of appropriatdailure analyses

Improved analysis capabilities and fsttale testingreneeded.

Thefollowing recommendationwereagreed:

Improved analytical methodsreneededor predicting complestructurabehaviours such as ndinear response and
crack growth.

Software shoultheevaluated angerifiedto provide quality assurance.

Training shouldbe provided for analysts and certifiets assurethat structural problemand analysismethodsare
understood.

Modelling skillsshouldbeimprovedto reducetherisk of generating misleading analytical results.

Validatedreference analytical results and benchmark problmsdd help analysts improve their understandigd
verify software.

Openexchangef lessons learnedould helpothersavoidrepeatingadesign problenor mistake.
Roundrobin analysis challengesuld helpsoftwarelevelopers and analystsverify software andnodelling skills.

A common certification approacetould helpall concernedvith design and certification.

It is hoped that the workshop bringing togethethe variousviews of the aircraft industry and certification agencieshas
servedn achievinghegoalofshowingaway to reduceievelopment costandincrease reliability oftructures.
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