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Summary

The present HSB sheet depicts a survey of influences thattrdegarmine the goodness of the
computed load-defined reserve factoF'. Examples for some different stress states and materials
are provided.
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1 General

In design verification and justification, respectivelyustural integrity must be guaranteed. To
accomplish this in design, design load cases are geneffaikde modes are identified, failure
conditions (criteria) are established, and Factors oftgdfeS are applied.

Some sort of a measure that a failure will be not happen isa@btelReserve Facta®R ', where a
reserve factor is the ratio of a resistance value and anrecdiloie. Determination of such a reliable
reserve factor is performed considering all influencinghge Therefore, information on essential
influencing items on the reserve factor is collected in thees in order to enable one to understan
the base and to assess the quality of the obtained resetoe Yatues. Influences from numerical
analysis and applied program codes are not addressed here.

However, it should be mentioned that the structural model (whether the structure is linearly
or non-linearly analysed) is chosen by the designing antysing engineers. If a linear model is
chosen, it may be fully sufficient for design verification piés of the fact that the structure may
respond locally non-linearly.

As there is a discrepancy between the various definitionseants of loads and of safety concepts
used for different types of air and space vehicles, and as @@ some differences in the deter;
mination of the reserve factor itself, these topics areflgrigresented, too. Further, the terms of
'allowable stress’ and ’(strength) design allowable’ diaberated and visualized for future unam-
biguous use.

The term 'design’ (already used by NASA decades ago) has #enimg that the quantity is ap-
plied by the designing engineers. This involves the tedimgms design loads and strength desig
allowables.

Central objective of structural design verification is tle@sbnstration of a 'non-negative’ (in space-
craft termed 'positive’) Margin of Safety/oS = RF' — 1, for each failure mode and each single
dimensioning load case. Such a dimensioning load casespames to a maximum load case
occurring during the life of the structure.

2 List of Abbreviations and Symbols

=)

Abbreviation | Description
DBL design buckling load
F failure function
FF fiber failure (tensile failure and compression failure arking))
FMC failure mode concept
FRP fiber reinforced plastics
IFF inter-fiber-failure (matrix tensile failure including mfface failure,
matrix compressive failure (wedge failure), and in-plaheas failure)
NF, SF normal fracture, shear fracture
R resistance (e.g. material strength, structural stapility
S action
SY shear yielding
UD uni-directional
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Symbol | Unit | Description

frE — | material reserve factor obtained with linear analysis n®de
J — | value of the factor of safety
Il @) limit load (basic design load in aircraft, in German: si@hkast)
m — | mode-interaction exponent of strength failure modes
Dy — | probability of failure
DLL @ design limit load (basic design load in spacecraft)

S]
) I I

DUL design ultimate load (generally used in aerospace)
DYL @ design yield load
E MPa | Young's modulus
Eff — | material stressing effort (in German: Werkstoff-Anstreng)
F N | force (single load)
FoS — | factor of safety for design dimensioning (also us#d FS)
Kpuy — | uncertainty factor in spacecraft to capture uncertaintpad derivation
MoS — | margin of safety in design verificatiaWloS = RF — 1 (also used\/S)
RF — | reserve factor in structural design verification
R — | structural reliability(® = 1 — py)
o MPa | stress

Teq MPa | equivalent stress associated to a failure mode (e.g. v.d\isear yielding

“)same unit as property under consideration

Index | Description
0.2 denotes onset of yielding (marks a deformation restridtiaatesign)
bru bearing ultimate
> fr | Critical, fracture
R residual
ult ultimate (usually marks a fracture level in design)
., b, ¢ | torsion, tension, compression
7,7 | failure driving internal stress
r, m, m | iIndexes of principal stresses
1. + | fiber parallel (longitudinal), lateral (transversal)
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3 Analyses

3.1 Introduction

A reserve factorRF is the ratio of a resistance value and an action value. Herae;ording to
this definition - it is referred to loading and not to stresses

In the case of structures the reserve factor may be derivetiests level (this means the level of
the usually 'homogenized’ material), at section-load lereat load level. If a linear analysis is
adequate - and as long as pre-stresses and residual saesseEs present - the stress is propor

tional to load and the stress-based derived reserve fégtois equivalent to the load-based reserve

factor RF'.

Structures experience a variety of loading conditionso(akdled "actions’), depending on the par-
ticular role and function. Sources of loadings stem from aperations take-off, cruising and
landing of an aircraft, from the weight of the structurelitea earth, from manufacturing, testing,
assembling, and from transportation. Considered are liliegavironmental effects such as gusit
and turbulence, temperature, moisture and aging.

A so-called 'resistance’ (term in the respective standdRe$. [1]) such as a strength of materials
stiffness and geometry of the structural part must be adedaaesist all imposed loading without
unacceptable distortion or failure. This characterishallsbe retained under the influence of all
relevant environmental conditions (such as temperatumgjdity, vacuum, radiation, atomic oxy-
gen, debris, lightning, impact) whilst being optimized ®rbass and cost-efficient.

When generating reserve factors, the application of thyhttifailure condition and it's correct
application are of high influence.

3.2 Definitions and terms around the reserve factor

For more detailed information refer to HSB 00100-01 , Ref. [6

Action S: external stress or loading applied to the structural pansed in design
Examplesl oads, fluxes, forced deformation, pressure, hygro-thelmaaing, static loads,
quasi-static loading from vibration placed in equilibriptmansient and impact loading

Basic Design Load (novel term, defined ifab.[1in order to obtain a common basis in aerospace
Maximum load expected in service when a structure is usearditry to the design mission.
Design loads are based in
- Aircraft design: orimit load /] (in German: sichere Last)

- Spacecraft design: dpesign Limit LoadD L L which includes the uncertainty of the load
derivation introduced by the load engineer

Design Allowable (for resistance only): statistically-based minimum value
Examples:At load level (e.g. buckling resistance or joint strengtr),at flux level, or at
stress level (material A-basis or B-basis strength dedigwables).
Note 1:In the case of an unknown distribution, BOEING takes the kivaé299 strength test
points as A-value and the lowest of 29 test points as B-value.
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Note 2:Especially in composite designlimit design strains also used; its value is project-
specific.

Design Load: factorized basic design load (for instan&’., DUL) used by the designing engi-
neer

Design Value: value of a property used in design that is assumed to consdercertainty adapted
to a specific case (the design allowable is adapted to a speesign case)

Design Verification: demonstration that the design fulfills the requirements

Dimensioning Load Case:a physically possible, driving design (maximum) load cabetvis of
a certain probability of occurrence

Equivalent Stress: stress value combining effects of those stresses whichcéire an a failure
mode.
Examplesthe v. Mises equivalent stresﬁffses for the shear yielding failure mode in case
of ductile material behaviour and the maximum principaéssrin case of a brittle tensile
fracture failure mode )" = o;

Factor of Safety (F'0S) or Safety Factor: deterministic factor (based on long experience) whic
converts the given basic operational loading (real loadimg a higher design loading (ficti-
tious, both, in aircraft and spacecraft engineering) ireotd introduce safety.

Examplefor spacecraftDUL = j,;; - DLL ; for aircraft: j,;; -1l
Note:In aerospace théoS are load-increasing factors.

Failure Condition: mathematical formulation of the failure surfate= 1 = 100%

Failure mode: observable effect of the mechanism through which the faibacurs.
Examples:normal fracture and shear fracture, local buckling, leakagven deformation
limit, excessive wear, corrosion, initiation of yieldirdglamination

Hygro-thermal-mechanical analysis: analysis which includes the response of the structure to h
midity, temperature and mechanical loading

Load Factor: multiplication factor in flight of inertial weights of an airaft (positive upwardah.)

Limit Load: maximum external load expected in service derived fromté&ydoad scenario anal-
yses on full aircraft models’

Margin of Safety (MoS = RF — 1) or Safety Margin: fraction by which the resistance exceeds
the productdesign limit loadD L L times FoS” (example spacecraft)
Note 1:A non-negative (positive) margin is to be demonstrated sigieverification for each
failure mode.
Note 2:In contrast to the required design quantiyS, the MoS may be a test-related value.

Material Allowable: statistically based resistance property of a material,jofrd, or of a struc-
tural part. B
Note 1:It is not necessarily a strength design allowahBlg; it may be an average value,,

Prepared: Checked: Date:

Prof. R. Cuntze Dr. J. Broede 07.06.2012 IASB

rgproprietary document

©Industrie Ausschuss Struktur Berechnungsunterlagen (IASB). All rights reserved. Confidential a



07.06.2012, 14:35, page 7 of 20
Overlay WS-YHSB0O1uk ~ Source File: ~/newhsb/english/draft/00000/02000-01/02000-01.lyx

HSB Zeile 676 (02000-01

Essential topics in the determination of a reliable I A Year 2012
ssue ear
HANDBUCH STRUKTUR reserve factor

BERECHNUNG Page 7 of

instead, if mapping of test data has been performed.
Note 2:At AIRBUS, it is a statistics-based value.

Material Design Allowable: At AIRBUS, it is a value used for certification.
Material Design Value: resistance value adapted to specific design processes

Material Reserve Factor frr: reserve factor obtained in linear analysis
Note:if load is proportional to stressfrr = RF

Material Stressing Effort Eff: (in German: Werkstoff-Anstrengung; an equivalent termas n
available in English language) exertion, that a materipkeiences under a stress state, ger
erated by external loading and residual stresses.

Note:To be applied in non-linear analysis where stress is notgtmmal to load anymore. It
is an agreed term with QinetiQ in the UK, the organizers oMloeld-Wide-Failure-Exercise
on composite failure conditions.

Mechanical Properties: properties of the material such as elastic, physical, ength properties.
Note:When analysing the structural behaviour, usually averggec@l) elastic and average
physical properties (e.g. hygro-thermal ones) are usedef@dy, a stress-strain curve is also
such a physical property of the material. In strength amalgtistically-based (‘reduced’)
strength properties are used to capture the scatter of ttexialatrength.

Reserve factorRF: load-defined factor as ratio ofrasistance valuand anaction value
Note: Similar to the definition of the Factor of SafetyS, the Reserve FactdtF is referred
to loads.

Resistance:a material property or a structural property counteradimegapplied loading
Examplesioad resistance and buckling resistance (which are stalatesistance properties
atload level), strength (which is a material resistanc@erty R at stress level), or sometimes
given as a limiting strain

Safety Concept: deterministic or even probabilistic concept to captureutheertainties in design
Note: These concepts consider the uncertainties of the desigables in a different manner
to ensure a conservative reliable design.

Structural Integrity: characteristic of a structural element that enables it thsténd the load
environment and the usage imposed during service

Structural Reliability ®: ability of a structure to fulfill the operational requirenteluring a dis-
tinct lifetime with a distinct reliability.
Note: Structural Reliability considers the probability of cométions of the significant scat-
tering (stochastic, random) design variables. Curremtlgerospace the two essential desigf
variables load and strength are separately treated, butally stochastically combined as
in real structural reliability applications using a probesic concept.

=4
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3.3 Derivation of basic design loads and of design loads

The loading values are provided by the load engineer, difreen system load scenario analyseg
of full aerospace models. These are analysed by the degigngineer in respect of potential load

cases to be used as basic design loads.

Note: The term ’basic design load’ is used in order to obtain a comiogic for aircraft and

spacecratft.

Table 1: Loading denotations in aerospace engineering

Design & Analysis Aircraft Spacecraft
(generally used terms) (ECCS-E-30 Standard)

loads from system load
scenario analyses of full
aerospace structures
(generated by load engineer baged
on pre-design structural models)

balanced global aircraft
loadings
(from certification and
operational requirements)

[

U7

Limit Load (LL)

basic design load

Design Limit Load

DLL =LL -Kpy

limit load (1) (K pys consideres the uncertainty

(in German: sichere Last) of the system analysis model

and project goal uncertainties,
usuallyKpys ~ 1.2)

design load equal to limit load
(Il - jo.2 With joo =1,
for civil aircraft and

load assumed for design to 4
detrimental permanent

=

partially for military aircraft)

Design Yield Load
DYL = DLL - jo
deformation failure (usuallyjo.o =~ 1.1)

ultimate load [ - ju1)
(oftenjy = 1.5,

load assumed for design to 4
fracture failure

=0

a design uncertainty factar2,
refer to Ref. [14])

Juit may be seen composed df ~ Design Ultimate Load
a load uncertainty factar.25 DUL = DLL - ju
and of (usuallyj,;; ~ 1.25)

load combinations are considered to derive Dimensionirapl@ases
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The generation of the basic design loads is an iterativegssothat follows the design development
For instance in spacecraft engineering, the design is basédnit Loads(Tab. [I), derived from
system load analysis of the full spacecraft structural rhditas analysis is the so-called Launcher-
Coupled Dynamic Analysis which delivers a so-calléghit Load (L L). It should be not confused
with the aircraft-technical terdimit load i/ (in German: sichere LastJab.[1further depicts that in
aircraft design a similar approach is used. The limit I&aia civil aircraft practically corresponds
to the Design Yield Load level in spacecraft.

After consideration of all potential load cases an esskegtial of the designer - for quick project
decisions necessary - is the definition of a reasonable,nmim number of design driving load
cases from the basic design loads.

More details considering loads, their denotations in geos and the derivation of the design
driving load cases will be given in a separate HSB sheet (eoisgued).

3.4 Structural analysis (stress-strain field determinatim) and strength analysis

3.4.1 Stress and strain analysis

Structural analysis - considering the external boundangltmns and internal restraints - converts
the environmental loadings into internal forces, fluxegssies and strains for all the load cases.
It is principally the execution of the stress-strain anelys

General approach

» Use of adequate models to map the structural behaviour
» Consideration of all relevant load cases

» Use of adequate physical properties such as
- average (typical) values of the stochastic design vaesipl order to end up with a structural
behaviour which meets real behaviour best (which meansavith% expectance value)
- average stress-strain relationship (is to be seen as &phggantity) in the applied models

» Consideration of environmental influences such as tenyrerahumidity, radiation. They
may have a substantial impact on the coefficient of thermaéhesion, Young’s modulus and
strength design allowables.

» Data input from a material handbook is to be carefully deléén order to match the real
hardware (e.g. with respect to plate, sheet, extrusior,trestment).

Utilization of properties in input

» Stress and Strain Analysis (structural analysis):

Average elasticity properties and nominal geometry (théds, length) to represent average

structural behaviour

Note: In structures with multiple load paths, loads are disteluaccording to the stiffness
properties of the individual load paths. Therefore, it seedial to use average stiffness value
(material and geometrical properties) to end up with tyljdiwad distributions. Otherwise it

tur Berechnunggunterlagen (IASB). All rights reserved. Confidential and proprietary document
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might happen that predicted load distributions are 'undgp with the result that stresses
may be predicted too low and incorrect locations of critaihts are assessed.

» Strength Demonstration (design verification):
One-sided tolerance bands (for static and fatigue str¢agthtwo-sided tolerance bands (for
thickness, Young’s modulus) are considered.

« Stiffness Demonstration:
Due to stiffness requirements upper and lower tolerancislim

» Application of A-value and B-value Design Allowables (stéically based):
- A-values: Application of the Safe Life Concept (singledqgazath, where failure of a single
element leads to the loss of structural integrity)
- B-values: Application of the Damage Tolerance Conceptijpia load paths, redundancy).

3.4.2 Stability analysis

In stability analysis - even for 'simple’ stability-endasrgd structural elements - seldom a teg
series is available to compute statistically-based staliésign allowables.

Aircraft certification standards usually do not requireistecs to be performed on stability tests.
For example, in EASA CS 25.307 (b) is cited: “When static onaiyic tests are used to show
compliance with the requirements of CS 25.305 (b) for flightctures, appropriate material cor-
rection factors must be applied to the test results, unhesstructure or part thereof, being testeq
has features such that a number of elements contribute totddestrength of the structure and the
failure of one element results in the redistribution of tbad through alternate load paths.” Thus
for all multiple load path structures a statistics-aimesdite) is not required by CS 25.

In spacecraft, an improvement of the predictions of theltiathl stability analysis result is aimed
at by applying a statistically based estimation procedaréhfe failure load. This requires knowl-
edge about the design variables such as geometrical toesaimperfections and scatter of prop-
erties. This knowledge is the input of - for instance a MoGteto method - which predicts sensi-
tivities and delivers a statistically based failure loadjraproved value compared to the traditiona
analysis one.

3.4.3 Strength analysis

» Generally, strength analysis can be not performed in oaetegether with stress-strain anal-
ysis (in fact, it is an iterative process).

» Strength analysis can be separately performed as a ‘poségsing work’ to account for:
- scatter of the design variables (e.g. upper or lower Yoaingddulus in stiffness require-
ment cases, minimum local thickness values),
- strength design allowables (statistical minimum values)

Essential in the strength analysis is the uBature ConditionF = 1. It's aim is to assess multi-
axial stress states by just utilizing the basic uni-axiatrsgth values, which are mandatory in
design, anyway. Types of strength failure conditions aee Ref.[10]):
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* One globalstrength failure condition:

F({o},{R}) =1

whereF is the failure function (with/ = 1 the failure condition, and’ >=< 1 the failure
criterion);{c} is the vector of stresses (not the stress vector) or strates &R} is the vector
of strength data (formally composing all the different migtlestrengths).

The global strength failure condition uses interpolationdtions (e.g. polynomials) when
considering the usual occurrence of more than one failurgemo

» Several modstrength failure conditions:

F({U} ) {Rmode}> =1

For example, mode strength failure conditions are used mz&s FM C', Ref. [9].

Note: The application of a global condition may have a drawbacle @ihderlying global fit of the

full course of test data can mathematically combine inddpehphysical failure modes. This may
lead to erroneous reserve factor results when computingnthge-axial failure stress state, because
a data change in one of the modes influences another indegendde.

Strength of a design is demonstrated, if 'No relevant stitefeglure condition (to be understood as
the limit state of a failure mode) is met or exceeded for atielsioning load cases’, resulting in &
non-negative (positive) Margin of SafefyoS.

If the design verification is performed with non-linear mtsd@naterial non-linearity with or with-
out geometrical non-linearity) then the determination ét/a or a MoS via thematerial stressing
effort Eff (in German: Werkstoff-Anstrengung) is required. A matecan maximally sustain
100%.

Fig. D illustrates the situation for a linear model, a non-lineada and a linear model including

residual stress using an example for fiber reinforced plassterial. Stress due to the applied loadt

ing is denoted aga } ;. The linear model is represented by a straight line (i.esstis proportional
to loading), the non-linear model by a curved line being eltsthe linear model for low stress
values. The non-linear model includes micro-damagingcesffdue to diffuse matrix-cracking and
some yielding of the matrix material. With increasing Irkgber-Failure (FF')-related damaging,
loading is more and more transferred to the stiff fibers. Tineltmodel combines linear material
response with residual stregs} , (again stress is not proportional to loading).

The design curve (o, 721, R, R, Ry)) = 1 intersects with the stress coordinate axes at poin

defined by the strength design allowables, R andR| . 'Initial failure load is reached where

the lines representing the models intersect with the ddsigr{i.e. at that load where the material
stressing effort countd)0%). The reserve factaR F' takes the value which is necessary to multiply
the loads with in order to obtain the failure conditiifo,, 7, R, RS, Ry =1.
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Features to be kept in mind for non-linear analysis are:

N Ry
“JohtioTn

h N
e/ N {O—}L A
reserv ) 5
{U}L\ N N,
N

design curve

—  T91

7Ri

Figure 1: lllustration of different analysis modelgp lamina (ply) used as example

Stressing is re-distributed to stiffer regimes (in caseavfiposites to the fibers)

In contrast to the linear model, an altered load path (atogrto local weakening) may be

predicted by the non-linear model

Large strains and large displacements may occur (whichrimiple includes yielding of
metals and quasi-yielding (micro-cracking caused))

Change of shape of the loaded structure is possible

Release of residual stresses according to degradatiaritgino case of monotonic and cyclic

loading and in hygro-thermal environment

The assessment of the critical stress state is performédivg obtained:ff and the strength
design allowable. Global yielding is not permitted.
If a critical strain has to be assessed théim& design straimeeds to be defined.

3.4.4 Failure conditions for combined loading

Under combined loading, several contributors act togdthgenerate failure. Formulas to predict
the reserve factoRF’ are offered for three structural levels, see also Refs[{ILEn this context,
the reserve factoR F' is sometimes called load multipliarin the literature):

<I—J r—l> g2
~
— — = non-linear model
linear model (proportional)
------ linear model (with residual stress
R oy

N CN M CM

€) (RF : > + (RF : > + = 1 forces, moments
Ny, My,

(b) (RF il > + <RF . > + = 1 stressresultantsandcouples  (3-1)
nfr mgp

(© (fRF - > + <fRF - i) + = 1 normal and shear stresses
T fr Tfr

Prepared: Checked: Date:
Prof. R. Cuntze Dr. J. Broede 07.06.2012 IASB

©Industrie Ausschuss Struktur Berechnungsunterlagen (IASB). All rights reserved. Confidential and proprietary document



07.06.2012, 14:35, page 13 of [20]
Overlay WS-YHSB0O1uk ~ Source File: ~/newhsb/english/draft/00000/02000-01/02000-01.lyx

HSB Zeile 676 (02000-01

Essential topics in the determination of a reliable I A Year 2012
ssue ear
HANDBUCH STRUKTUR reserve factor

BERECHNUNG Page 13 of

with the associated fracture values (subscyiptand the interaction exponents they should be
obtained from tests or from handbooks or could be estimagdtdory, at least. Above equations
are valid for a fixed course of test data.

Each of the three equations describes a failure surface aitusef curve. Equations (a) and (b)
belong to combinations of loads at load and flux level and ggugc) to combinations of stress-
ings (a better choice is an adequate strength failure donglit The equations reflect linear and
non-linear behaviour. They are used on the resistancelsade, for material failure (strength) and
structural failure (stability)

Above equations are engineering compromises. The goodnhéss computed reserve factor de-
pends on the goodness of the recommended exponents. It ;mokebked, thereby, whether the
exponents are based on a measured combined failure statghetler they are obtained from
fitting failure data of a ductile, a brittle or an intermedeigtbehaving material.

In general, the above equations can not be solved analytfcal RF'. Thus, numerical techniques
are necessary.

Examples for further applications on combined loading @rergin HSB 51200-01 (Refl.[7]).

3.5 Safety concepts in strength analysis

3.5.1 Classical safety concepts and (design) factor of sfe

A safety concept formerly used is the so-called 'Allowaliless’ concept. In the last decades, i
has been replaced by the 'Strength design allowable’ cansep Ref.[[1l1]. The change from one
to the other concept is accompanied with confusion causegplying 'former’ terms in the 'new’
concept.

Under the prerequisite of linearity, above two concepts lmamathematically transformed into
each other.

* 'Allowable stress’ safety concept:
The resistance quantity 'strength’ (A- or B-value) is reddby the safety factqr, seerig.[2,
which proves:
strength design allowable
J
Note: At least since 1926 by M. Mayer (Ref. [11]), a safety concapbasis of allowable
stresses is questioned.

(3-2)

allowable stress =

* 'Strength design allowable’ safety concept:
The action quantity as the applied external loading is iased by the safety factgr
Note 1:This concept, presently used in aerospace, is still a d@testic concept.
Note 2:1t should be always checked, whether the use of a linear nredalts in an accept-
able design.

The Safety Factor is a load-definédS which enlarges a given loading to a computationg
design load

- factor for design, when viewing the limit lodd (aircraft) as basic load level

- factor for design, when viewing the Design Limit LoAll. L. (spacecraft design)
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- on top of theFbS, so-called project factors and system margins may be usedhwkpend
on design policy

Note 1: The magnitude of &bS j is based on proven processes and validated methods
analyses, tests and manufacturing. Inaccurate analyse®acovered by théos.

Note 2:Higher FoS values are applied for ‘verification by analysis only’ or pasecraft if
later on a higher reliability is required than was considearethe derivation of the basic de-
sign loads. AFoS valuej is related to a specific design policy or a specific project.

Note 3:A safety factor will never be computed.

 'Allowable stress’ safety concept versus 'Strength desijopwable’ safety concept:
At present there is the problem that terms are often mixed theatress level. An 'allowable
stress’ is not anymore a term in the safety concept presasdyg in aerospace. This word
should be avoided, because its un-reflected use may yielddarateR I’ values.

Load Level Stress Level
LT estimation of | | I 002 I
load distribution LL distribution - Kpyy & strength
1 . T =
I @ distribution \@D
11,LL / \ 001 &
0.5 / # X g / \
0= M b -— - ./‘ MPa ?
4 4.5 i 35 i a5 T T3 B By @ a0 R 400 450 00
ii (DL vield strength design allowable
principally aircraft * =
spacecraft - A =
LL DLL DvL DUL
Mis%
Stress Response = Action Resistance
0.03 I I
equivalent stress strength
1) distribution /\ \@ distribution Stress Level
E o0z
g ®R)
= asse sdasc
0ot
reseme . /
|1
200 250 300 | 350 |g 400 450 SO0

8] i

g Geq
dA35C sdasc

allowable stress

Figure 2. Example 'Pressure vessel under internal pre'ssuigialization of differences of (1)
aerospace load terms and of (2) ’'allowable stress’ safetygaqat (assc) and 'strength
design allowable’ safety concept (sdasc)

Using an example, 'Pressure VesselFiy. [2, the various terms are visualized. The compariso
of the terms is performed at stress level. Therefore, thdsl@e transferred at first into stresg

for
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guantities to obtain a strength associated level. Thishgesaed for the ductile behaving material
used via the von Mises equivalent stress.

Remark:According toll < DLL in the upper left figure, it can be concluded that in many cases
aircraft design linear analyses may be sufficient.

AGARD cites in Ref. [[14] “When other physical effects (thexinaging, ...) occur in limit con-
ditions, specificFoS must be applied successively and separately on each of difests”, if
physically reasonable. The verification of such multi-pbgkeffects should be demonstrated by 4
test in order to reduce the mass-driving effect of pilingfagiors of safety.
The new safety concepts have been created in order to avadidg:pp.

3.5.2 Outlook at partial safety factor concept and probabiistic safety concept

Partial safety factor concepts (where globakb' is split) and also probabilistic safety concepts arg
used in several disciplines such as civil engineering. &lw@scepts capture tlemmbinationof
all scattering design variables with their respectiveistiaal distributions. It's application results
in a more reliable stress response followed by a more reli&l. Nevertheless, in case of the
partial safety factor concept - as the simplest proballgsifety concept - dedicatd®.S are used
for the design. The standards are not yet capable of dealihgi@asible survival probabilities (as
attempted with the ARIANE 5 launcher some twenty years ago).

For aircraft engineering it has been proposed to at firsasepthe globaFoS concept, that inte-
grally coversall uncertain design variables, by the most simpdetial safety concept (so-called
semi-probabilistic method, also termed Level | method) ideo to put 'safety’ there where the
uncertainty is recognized (loads, calculation, test, nfacturing imperfections, etc.).

In this context up to now, in aerospace at most, just the tvindy design variables (load and
strength) are stochastically treated, but each separdtely is practically still performed at ESA.
There, one (partial) factor of safety (e §r,,) is used in the derivation of thB L L and the usual
FoS is applied for design. Such a concept is beneficially e.gaforore reliable determination of
deformation in the case of statically indeterminate stries.

In the long range, a probabilistic verification will be thejextiive in aerospace to determine g
structural reliability® = 1 — p;. This would afford a re-work of the design policy includiret
establishment of 'reasonable’ design limit values.

Probabilistic concepts require stochastic modeling whieans statistics and an assumption of th
distribution type (such as Normal, Log-Normal, Weibull,tE&me Value, or something else) of
each essential uncertain design variable. This is bagited same as with the classical procedur
where both these models are required on principle, too, #ehanical modeling and the stochastid
modeling. Applying a probabilistic concept, in additiors@called logical modeling of the failure

system is chosen (as a series failure system or a paralleidaystem or a combination) consider-
ing the effect on the probability of commonly acting failun®des and obtaining a so-called ’joint
failure probability’.

Even, if only the type of distribution can be assessed and usanalysis and not the tails of the
distribution, more reliable information is generated vitik probabilistic concept.

U

\V
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3.6 Computation of a strength reserve factor value RF)

3.6.1 Case: Linear analysis

Strength:

"Stress is proportional to a loading “.

Consequently, it holds for the basic design load that

Juit - Teq(basic design load) = o, (ju - basic design load). (3-3)

In the linear analysis caseF’ corresponds to a stretch factfy of the applied vector of stresses
to meet the failure curve (2D) or the surface of the failurdypBD). The failure point lies on the
elongation(Fig. [, lef) of the applied stress state vector. This means, the failana 55 known
when the applied vector is known.

Effects of a multi-axial stress-state are accounted fohkyeiquivalent stress, the associated mats
rial behaviour (brittle, ductile or intermediate in the aefsbed stress state domain) and the preva
ing failure mode.

The following equations are applied in aerospace desigis@ropic materials (metals, adhesives
most matrices, etc.)

R Rm Rr i€ Rru
RF g = —22—  RF;,=—"": and RF, i = —2  RF,, = —2“  (3-4)

Oeq,yield Oeq,ult Oeq,yield Oeq,bru

Although in linear anlyses stresses and loads are propait{@e. result are the same for stresg
level and load level), formulations at load level should befgrred.

On principle, the equations are similar for composites.

Stability:

In stability verification - even for the statistically traale stability-endangered structural elements
seldom a test series is available as basis to compute sttisbased stability design allowables.
For a compression-loaded column (strut), this situatioy beagiven, however. Then, it can be said
that

Ny,

NDBL

RFstab -

(3-5)

3.6.2 Case: Non-linear analysis

“Stress is not proportional to a loading”.

Consequently, no stress formulation is permitted anymoceraing to Eq.[(343) and the reserve
factor is determined load-re&al. It holds

Juit * Teq(basic design load) > 0., (juy - basic design load) (3-6)

This can be interpreted such that the stress 'smoothescduert-linear behaviour. Failure loading
is iteratively, load step-wise computed and is that loadewgl where the growing vector of the
stress state on its load path meets the failure surface dlusefaurve (as shown ifig.[). This

A} "4
1
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failure surface is identical to the mathematical formwaté’ = 1 or Eff = 100%.

A lower limit may be reached if numerical problems prohihkitther increase of 'loading’. The
uploading process is thereby checked by calculafiify(necessary for design verification) on its
way up to the maximunkff = 100%. Hence, the predicted failure loading reached in numeric
analysis may be smaller than the true failure loading.

The reserve factor reads ) )
achieved failure load

RFEu = i . (3-7)
The procedure, howk F' is computed in the case of non-linearity, will be dealt withai specific

HSB sheet (not yet issued).

Note: If the ratio R,,,/Ry02 > jut/Jjpo.2, then a material-nonlinear analysis is not necessary f
verification in spacecraft design because tHéL drives the design.

4 Strength Examples for the Determination of aRF

Some examples for the determination of a reserve factortfength problems are provided. They
consider the usual "Worst Case’ loading. They do not regHiedts from prior up- and un-loadings
which should be covered by the applied residual strength.

Here, just computations on the stress level are demongdiia¢eause the different aspects can b
made obvious on this level.

The choice of the strength failure condition must be adexjteathe material behaviour in order to
obtain an accurat&F’ value.

4.1 Material failure of a ductile behaving metallic material

Task:

Is onset of shear yieldinfailure SY achieved under limit loadl?

Given:

- Applied loading: shear stress,(l/) = 65 MPa (linear analysis)
- Strength design allowablg,, > = 125 MPa

- Necessary failure condition (limit state function);, > = R,

Calculation:

To solve the task, the failure condition for the “von Miseslgling” mode is applied (formulas are
given in HSB 51101-01 and HSB 51101-02, Refs$[]8, 9])

* equivalent stressré”j“es =\/02+0; — 0,0, +3 T2, = Ty V3 (sinces, = o, =0)

Results:
o fre = Ryoo/ot® =125/(65-v/3) = 1.11 > 1.

€q

D

Prepared: Checked: Date:

Prof. R. Cuntze Dr. J. Broede 07.06.2012 IASB

©Industrie Ausschuss Struktur Berechnungsunterlagen (IASB). All rights reserved. Confidential and proprietary document




07.06.2012, 14:35, page 18 of[20]
Overlay WS-YHSB0O1uk ~ Source File: ~/newhsb/english/draft/00000/02000-01/02000-01.lyx

HSB Zeile 676 (02000-01

Essential topics in the determination of a reliable I A Year 2012
ssue ear
HANDBUCH STRUKTUR reserve factor

BERECHNUNG Page 18 of

AssessmentOnset of shear yielding is not yet achieved under this sitngs fz is larger than 1,
the design is verified.

Note In spacecraft, the designing engineer uses another lzaslnlg for this work case, namely
DYL = jo2-DLL.

4.2 Material failure of a brittle behaving uni-directional (UD) material

Task:

Is onset of inter-fiber-failurachieved undeD L L?

This question is essential for leakage of tank walls. Ingased is the critical lamina of the laminate
wall.

Given:

UD laminas-composed laminate

- Applied loading:{c}, (DLL) = (01, 09, 03, Tag, i3, T12) " = (525,85, 0, 0, 0, 56)" MPa
(vector containing all stresses, it is not the stress victor

- Residual stress statés} , = (01,09, 03,0,0,0)" = (3,10, 0, 0, 0)" MPa
- Strengths{R} = (R, ﬁ,Rj,Rj,RLH)T = (1050, 725, 36, 150, 63)" MPa

- Elasticity quantities{ E} = (B, Ey, Gy, v, vi1) By = 150000 MPa
- Internal friction coefficient of thé/D material:y, | = 0.3

- Failure condition: In total, 5 failure modes are requireshi material symmetry reasons fop
material. 3 of them are affected by the applied 2D stress.stat

- Mode interaction exponent: = 2.6

Calculation:

2D failure conditions from HSB 51301-03(Ref, [10])
Chosen analysis model: Linear analygigd = RF™

Determination of the material reserve factdt™°%: the indexesr andr indicate that stress
(tensile or shear), which is active in the respective failonode. For each activated failure modsg
one mode reserve factor is computed:

e RF]=Rj/oy =1050/(525+ 3) = 1.99,

e RF] =R /oy=—150/(—85+10) = 2.0,

® RFLH = (RlH - ,LLLH '0’2)/7'21 = (63 —0.3 '(—85 + 10))/56 = 1.53.
It is possible - even for transversely-isotropic materied formulate an equivalent stress for each
single failure mode (2D formulation):

_ 17 1
=1 =B, o, =0y, 04 =7Ry/(Ry — p-02).

|lo

Ueq

The full reserve factoRF is the result of the interacting mode reserve facirs 4
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° (I/RFDLL)m = (]_/RFﬁ)m + (1/RFI)m + (]./RFLH)m, RFDLL =1.15 > 1.

Results:

As (material) reserve factor is achiev&d'p;;, = 1.15. This corresponds tdffpr. = 1/1.15 =

0.87. The design is verified.

Driving mode is lateral compression, which is a wedge-stidpgure mode of théamina (ply)
responsible for onset of delamination in taeninate This mode is the most criticdFF" mode.

A coarse design information, that = o, /E) = 528/150000 = 0.35%, fits to the limit design
strain level often applied as design sizing concept.

Final remarks:

(1) Depending on the chosen strength failure condition,véilee of the reserve factor may sig-
nificantly deviate. Therefore, a physically adequate gfttefiailure condition should be chosen.
Bi-axial stress states will cause the largest differene8%(symmetry, see HSB 53101-02).

(2) The computation of multi-axial failure stresses of coegsed materials can not be based o
strength information, alone. According to Mohr-Coulomlatarial friction propertieg have to be
provided, too.

5 Application Hints

* Investigating aMoS value by probabilistic means (see Réf. [4]) points out thatX/oS-
value or theR F'-value are not real quantitative measures for failure téxh. They are only
agreed measures.

Reducing the standard deviation by some percent resultbigher benefit than increasing
the mean (average) value by the same value.

» Deterministic analysis: A set of design parameters isiobthwith which the failure limit

states are not reached by a not quantifiable distance reypeedey RF'. No real measure is
given with RF'.
Probabilistic analysis: A set of design parameters is abthwhich is a set of coordinates
of the so-called most probable failure point. This causeeemmrk. However, the obtained
failure probability p; = 1 — R) is a measure for above distance because it considers
possible combinations of the scattering (random) desigaigs.

» Load terms shall be used carefully in order to speak ab@usdéime load level.

» An ’allowable stress’ in the former safety concept one ddallow’, but one should not use
it according to the present application of a safety format ttoes not work with allowable
stresses anymore (see Hig. 1). There is a risk to mix-upehis &nd numbers.

* The use of the single term 'allowable’ instead of 'strendésign allowable’ (more general:
resistance design allowable) is misleading because onklweuer allow this level.
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The term 'allowable strain’, one should also avoid acaogdp the 'allowable stress’ reasons.
One should use the term 'design strain limit valeg,, (in Ref. [2] termed ’strain limit’). Its
value depends on operational requirements and desigrypolic

For instance folUD-laminatesz;;,, might be about.3%. This practically means "approx-
imately linear structural behaviour'. Some companies bgevalue for reasons to have a
good chance for repair or for avoiding a fatigue or a damalgeance demonstration.

A RF is - according to its definition - a design load-factorizingaqtity (How many percent
loading can be imposed up to a distinct loading level?). Ag las the stress is proportional
to loading, it can be interpreted asreterial failurein structural analysis.

Practically, the determination of a reserve factor in aafsstructuralfailure (stability) can
be seldom performed. Test series are generally missing@najiplication of a probabilistic
procedure (Monte-Carlo method or others) on the basis o¢rfeption knowledge in the spe-
cial application just improves the 'design-by-analysigiation. Besides this, design loading
limits of instability-endangered structures can not bergfialways, e.g. for compression-
loaded panels.

Global strength failure models usually capture seveilfamodes. But, it is scientifically
not correct to employ polynomial (mathematical curve-fiteraction failure models - used
in the global failure condition models - whenever the phgliechanism of failure changes.

Essential influences on stress level and thereby:énare to be considered, especially for
composites. These influences may be generated from mamurfgotaused residual stresses
curing stresses from shrinking, visco-elastic behavibber waviness, hygro-thermal envi-
ronment, etc. Fot/D-composites applications which are placed in the compreskimain
the residual stress effectiveness is naturally smaller thiathose in the tensile domain.

Keep in mind:
Excellent FEA alone does not guarantee reliable designsadiathle reserve factors. The choice of]
the right’ Dimensioning Load Cases from all the possiblad@ases may be the most responsibl
and important task of the designing engineer who has to degid short time in critical situations.

An adequate application of the chosen 'Safety Concept’ isdatory. Appropriate properties (the
use of minimum values is not always on the safe side) shoulakes according to the specific task
to be solved. Failure theories - especially for compositesed carefully to be applied and should
consider the actual material behaviour under stress stdtéemperature. The same material may
behave ductile and brittle depending on stress state ancament. Therefore, one can not call
material a ductile or a brittle one.
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