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Multilevel assessment method for reliable design of composite structures

Hocine Dehmousa,Fabien Ducob,Moussa Karamab,and Hélene Welemaneb

'Department of Civil Engineering, Université Moulaud Mammeri, Tizi-Ouzou, Algéria; bINP ENIT-LGP, Université de Toulouse, Tarbes,France

ABSTRACT
This work aims at demonstrating the interest of a new methodology for the design and optimization of

composite materials and structures.Coupling reliability methods and homogenization techniques allow the

consideration of probabilistic design variables at different scales. The main advantage of such an original KEYWORDS
micromechanics-based approach is to extend the scope of solutions for engineering composite materials Composite materials; design:
to reach or to respect a given reliability level. This approach is illustrated on a civil engineering case includ- multiscale analysis:

ing reinforced liber composites. Modifications of microstructural components properties, manufacturing optimization; reliability
process, and geometry are investigated to provide new alternatives for design and guidelines for quality

contrai.

1 Introduction composites from small to largecales.Regarding that appli-

. o . cdion field, micromectenical schemes areften examinedand
Design and optimization otomposite structures generally cqmparedto find the mostsuitable prediction of homoge

suffer from the variability of several parameters (constituen . . .
nized equivalent properties of these heterogeneous materi-

roperties, microstructural morphology, structural geometr : - .
brop P 9y g %/structures[& 11-13 or used to incorporate microscale vari-

manufacturing process, loading conditions). In the context . o
gp ’ g ) a%IFs andcapturetheir effectson the reliability of structures

determlqlstlc approach, ‘?'UCh aweak point is taken into ac.cilﬂ-lq. On theotherhand the dedaiption of the physical ori-
by the introduction of important safety factors. Associated . . o -
gin of the material failure degpjustifies the reliability anal-

reduction of mechanical properties- am all strength- 2. . o
considered for calculationsauses outsized geometries an sis andprovides a robustassesment of structureseliability.
Indee, the lackof knowledge aboutthe physicsof the damag

excessive costs. For a fgiwarsnow, reliability-based angdes . . o -
. . ing and failure process may become a critical issue and induce
that model the random character of design properties have |ed L . 0 - L
sqme major inconsistencies in the reliability estimation, espe-

to a new consideration of the risk. Reliability indicators denv%lally when considering largezale structuref2, 17]

by these methods (such as the failure probabilit rogide . .
y . ( . prov y) P The presentvork intends to demonstrate the interesthe
clearrepresentatiomf theinfluence ofuncertainties I. e . . R

. L . associationof micromechanicsand reliability methods regard-

For compositesthis significantly contributes tthe develop- . . . . S

. . . ing engineeringdesignand optimizationBasedon a cag study

mert of materialsand structures, regardingpth designsolu- . © . . . S }
in civil engineering,new tools for reliability-basal designare

tions and maintenance programs (see revievidh@dchioet al. . Lo . ‘
(2) and Sobey et al.3). Most existing approaches developegresemed' Specialtentionis givento available alternatives to
B achieve a reliability constraint and to guidelines derived from

in this way aim at determining the reliability level of struc; Lo . . . :
- ; the analysigo improveengineering:hoicesor quality control.
tures according to the Joad and macroscopic parametedis, o - . : a
. . . Initiated in the case of material engineering to dgveiew
as geometnyand material strength.This helps, for instare, to

. ] . ) . solutionsfor compositematerials [13 15 18], suchmethodol-
determinemostprobablefailure modes, identify drivingparam- .
. . . . ogyis extendedhereat a structural scaléAfter a generarecall
etersof failure mechanismsgestimate safetynargins,compare

. . of the methodologynd case study, wpresentsubsequentlyhe
materials performances, or propose new design sofuiimm o gynd ¢ Y, WPre q W
instance (3-7]) design interest foa multiscaleoptimization.Based on the inte-

o . . N ration of uncertainties at micro, macro, and structoaes,
Associating micromechanics to theliability framework g

. . o the results and discussion foamis new designsolutionspro-

clearly enhances suatepresentation. Material constitutive laws.
. o . vided by the coupled approach

derived from homogenizatiotechniques account fdine ptys-
ical mechanismsinvolved at the microstructurascale (8-10).
Introducing micromechricd arguments within probabilistic 2 General framework
approachleads then tcan enrichedmodeling ofvariabilities
inherent to composites. On the one hand, the ability to r
resent uncertainties on microscopie, macroscogit] struc-
tural features could explain the consequences of variabilit

(‘al'heoretical developments and implementation stepseofdu-
pPéd approachlsuggestedy the authorsiredetailed in 13, 15).
For clearnessve briefly recall here the major milestones of this
type of study.
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The first key point of the association of micromechanics anc
reliability methods stands in the selection of randamiables
X ={X}; =t.N-Theyshould includall variable datafthe prob-
lem,andpossibly as much as possible of design parametars. F
composites, microstructural features play an important role an
should then be considered. The limitations at this stage conce
the availability of the statistical distribution of randearniables
and the size of the problem (number N) to avoid prohibitive
calculation tine.Significant endom parametersf theconsid-
ered problem may be identified by means of sefitsithnaly-
ses []. In thiswork, random variableX taken into account 7
concern several scales of the problem (from microstructural t. - o
ma!crostructural dgta) and differergpacts (mechanical prop- Figuret. Strictureof the Laroin fotbridge
erties, manufacturing parameters, load).

The second step deals with the definition of the mathemati-
cal fonctionGrepresenting the failure scenario regarding eithér Application case: The Laroin footbridge

strengthachievementorserviceability (failure domainisdefined, ..o sty consideredn this article is a civil engineer

by Dt ={X, G(X) :SO}). In order to provide a sound basis o[, srycture that include carbonfiber reinforcedpolymers.
results, this requires arelevant representation of the mechanigal innoative pedestrian footbridgef Laroin (France,2002)
behavior of thestructureand a physical definition of the limit ;¢ compaead of a 110-m lengthsted deck heldby compositestay
state: Fo_r both of these issues, the association with m'CrOE}ﬂ)‘Ies. At eackicle of the footbridge, eightstay cables and one
chanics is a clear advantage: on the one hand, homogenigas stending cable goined to a stebreversed V-shapeglylon

tion techniques derive the effective behavior of arepresentatiyen go-m heightEachstay cableincludes two or threestrands
volume element(RVE) of a heterogesous matrial from the ¢ seve unidirectionalcylindrical canpasite rods Eigure 1)
knowledge of its microstructural characteristics; on the ot B)

hand, they provide a local load sustained by constituents for %o asto demonstrate the inteteof the approachor the

given macroscopic load. . ~ design ofcomposite materialsind structures, wo types of reli-
The final stage lies in the calculation of probabilistic 'nd'caébility invedigaionsarepresented invhatfollows:

tors, such as the probability of failure: - Thefirstone calletMaterid;initiatedin [18),tha focuses
on theelementarycomposite rod;

e The second one cedl "Structure; which integratethe
entire footbridge.

compasite

stay cables ~~__ //f
V7

steel stending

stay cable

anchorage

N
Pj = Prob(G(X):S0) = Lffx(X)DdX;, (1)

with fx the joint probability fonction. Wheti X cannot be 31 Materia/ study

directly expressed and/or for problems dealing with alarge num-

ber of design variablest is much moreefficient touse numer- Basedon high-strengthcarbonfibers (Torayca TO0SC-12K)
ical methods,especiallyif the coupling with finite-element @nd epoxyesin(Bostik Findey Epaa 401), camposite rods
simulations is required. Among them, approximation methof§/€ been manufactured byultrusion byToray Caibon Fibers
FORM/SORM (first-order and second-order reliability methEuropecompany(mean fibervolume fractionfj of 67%). Inside
ods) constitute very interesting solutions. Working in the stalfte cablesgach cylindrical roqwith diametek/>) issubjectedo
dard normal space, these methods compute by optimizatitigxial tersile load (denoted-).

algorithm the design poim* of the failure domain thagxhibits

the highestfailure probability.The distancéetwee the design

point and the standarspace origin isalled thereliability index
{3. Linear (FORM) or quadrati¢cSORM) simplification ofthe
failure domain tangent to the design point finally allosgdi-
matingPf [1).

In what follows,usual intrinsicnotationsareemployed The
tensor products afvo secondordertensorsaandb aredefined
by:

[a®b] :x= (b :x)a
[a®b] :x=a.xr .br

[a®b] :x=a-x-kr

a®b= (a b+a®b)
(2

for any seconérdertensorx, theterma®i =a ® a.® arepre

sentsthe ith tensor producbf a tensora. 1denotes thesecond-

orderidentity tensor.

3.1.1.Mechanical mode/
The cylindricd rod correspong to he RVE of the composite
material. Its behavior is describey Imeans ofa micromecthan-
ical approachthatprovides both:
= the maroscojic properties(effedive behaior) from the
componentgropertiesand morphology;and
= thelocd sdicitations from the caesponihgmacroscpic
quantitieson theRVE. . .
In the present context, the formulation of Mori andlranalka
[20) constitutes a well-adapted constitutivemenork to derive
these expressions.Matrix medium comresponds hereotthe
epoxyresin, fibers aranodeledasinfinitecylindrical inclusions,
and constuents are assumed be isotropie (demonstration
detailsare givenin [13). Using that scheme, theffecive stiff-
nesstensor @ff thatlinks the macroscopicstressa and straire



on the RVHa = Cetf :t:) is thusgivenby: Table 1Distribution parameters of randomvariables for the reference point.

—1 : .
Cetr =[Sy + ff(Sf— S : (A)f] ™, (3)  Study Random variables XI: sref
with S; the elastic compliance®f the epoxyresin (i =r) and MS Fiberyield strength (MPa) al () 4870 52
fiber(i = ): MS Fiber volume fraction(%) I 67 B33
’ ’ MS Active fiber fraction(%) Pact 95 67
|+ v; MS Roddiameter (mm) o 6 ®3
S= —— 101 _ _1 o1. @ M Axialload (kN) F 76 2533
, : S Weight (kN/m) w 0650 0355
S Exploitation (KN/m) E 8076 0.269

E; andv; representhe Youngmodulus andPoissa ratio of con-
stituents, respectively. On the otHeand,the stress concentra- 5 mean value,\'standard deviation; M: Material study, S: Structure study.
tion tensor(A}f of Eq. (3) relates theaveragdocal stressover

thefi.ber phasga}f andmacroscopicstress: = Componepts mechanical properties: fi.leedal yield
_ _ strengtha?(n);
@=Ak: e ®) = Manufacturing process parameters: fi.selume fraction
Denotingn astheunit vectorin the axial directionof fi.bers, it is fj,activefi.ber fractioraa>rod diametexfa;
defined by: = Load conditions: uniaxial tensile Jokd
— -1
(A)r = (B)y: [(1 = fOIBI+ fr(B)s] ", ©) 31 3 Failure criterion
with The reliabilityassessmeri$ defined as the mechanical failure
o of compositeodsunder tensile Joad. The considered |state
(B); = 5;1 . [I@I +S,:S,: (Sjjl — S,_l] . (7) fonctionaccountdor the microstructural origin of thfailure,
namelythefi.ber failure. Theailuredomain is thuassumetb
The Eshdby tensor§g, of infinite cylindrical fi.ber inclusions be reachedvhen themaximum principal value of the average
within the resin is provided by (se2]] for instance): local stress over the fi.ber ph s@}] exceeds the fi.ber axitlil-
4v _ ure strengtla} (n):
8, = (l— n®2) O (1 —n®2)
8(13 v4 =oy Fm) — (O')f (10)
+4(1 vr) (= ne? ° (1-n®2) In Eq. (0), (a}] is deducedfrom the micromechanical mode!

(Eq.5) and a} (n) is amaterial data provided by manufacturers.
“n®2) — n®2T nN®2Q9 (1 —n®2)]
Cl + (

> (I —n®2) On®2. ®) 3.1.4.Simulation procedure

+
2(1-v,) An explicit couplingbetween theprobabilistic code FERUM
(Finite elementeliability using Matlab) and the micromechan-
ical modehas allowed the calculation ofeliability indicators
(upper part of Figure 2). Preciselywe have ¢osen to use the
FORM approximation method, mainly for its computational
efficiency.In thatcase the failureprobability Pj canbe directly
computedfrom the reliabilityindex f3. Suchaprocedure requires
the estimation of failurgfonction G for several sets of random
fJ . Jj =paa x TL. (9) VvariablesAt first, FERUM thus generates realizations raf-
domvariadesX = {X;} ;=1.s accading to theirindividud dis-
Identification of the quality parameterract has been done tributionlawand distribution parameters. From ¢hialloadF

on the pultrusion production line of TorayCarbam Fibers androddiameteat,the macroscopistresssgivenbye=::,,
Europe L3].

Due to severalmanufacturingdefects (fi.bers misalignment,
impregnaion defects, etc.)it appears that only a pawhct :S
100% of the fi.ber fraction is involved in the mechanicakponse
of the composite. Accordingly, thé.ber volume fraction

appearingn the Mori-Tanakas schen{&gs.3 and6) has been
adjustedo account fothe manufacturing process efficiency

while fi.ber volumefraction fJ and activefi.ber fraction pac pro-
vide the stress concentration tens@}f through Eg. 6) and
31.2.Random variables then theaveragdocal stress ovethe fi.berphase(ay] through

Among all design parameteesiteringthe mechanical model, Eg. 6). Finally, comparison of thiatter with & f(n) allows esti-
only those whose variability cleadyfectshecompoitemate ~ matingcriterion(10).

rial and footbidge reliability have been definedsrandom
variables.lt hasbeen demonstratethat some properties or
aspectsan beconsidereds deterministi¢for instancecom-
ponentselasticproperties)or neglected(for instance, ratrix Calculation of the footbridge is based on European Civil Engi-
porosityfi.berelliptical shape) without modifying significantly neering Standardfl9, 22]. Structuralloadsapplied are the own

the reliability estmation [13]. For the Materialstudy, onéhas Wweight of thestructure (denotedW), the variade expoitation

thus considered the following randorariablesX = {x} =J,s Joad relatedio the pedestrianpassaggdenotedE), and the
(Table cables adjustmerforces. Regarding the mechanical modeling,

3.2. Structure study



Probabilistic code + Estimations of G

(FERUM) Calculation of fJ
=
is)
=~
: 1
IS Realizations of Fibre localstress
E random variables X (EN
o
s, S
o
=
i
% Micromechanical mode!
k]
=
&
Rod effective behavior vJ Rod macroscopic stress
Cerf g
FE code
(ABAQUS)

Figure 2 Interactions between probabilistic andchanicatools.

the previous micromechanical scheme of composite rods is kep# Homogenization stepsto derive the effective mechanical

for the study athe structurescale. behaviorof the composite rocceff and the stress concen
tration tensor(A)f from microstructural parametersl
andpact) through Eqs(3) and(6);

3.2.1.Random variables . ) = Finite-element calculations tetermine tfe macroscopic
It has been demonstrated that Huatterin cable adjustement axial tersion stressa appliedto the rod according to the
forces has a neglecting effect on j(he probability.of failagg [ geometryfthe rod</J), thecompositeodeffectivebehav-
Regarding the Structure problesix random variableX = ior cei and thestructural Joad applied to the footbridge
{X} =J.6 havethusbeenconsidered Table }: (W and E)
° Conponh‘%nls mecharical properties: fiber axial yield - Localization sjepsotderivethe averagdocd stressover
strength@] (n); the fiber phas 85] through Eq.%) from the macroscopic
= Manufacturing process parameters: fiber volume fraction  stresa appliedto the rod.
fj, active fiber fractiorpact>rod diameter:; o As for theMaterialstudy, compagon of (&) ] with a; (n) allows
= Load conditions: weighof the structure w, exploitation finally to estimatecriterion (10)
JoedE. '
3.2.2. Foilure criterion 4. Micromechanical-based reliability analysis

It is assumed that ail steel components of the footbridgek,
reversed V-pylonsstendingcables) exhibit an elastic behavio#.1. Reference point

with high strengthWhile keeping thesae failure fonctionG Deterministicand statistical cata ofthe problemwere provided

usedfor the Material study, failuremechanismof the footbridge . . .
. . . by manufacturess of composies constituents (Torg, Bostik),
isdefinedasthefailure of themostloadedstaycebles.Thelatter . . .
. compositemateials (Toray Carba Fibers Europe)and struc-
are cakesof greatedength (lasel onthreestrands seeFigure 1) . .
turalfootbridge (Freyssirt).

when they are submitted to the most critical loading configu- . . . . o
ration. Severalfinite-element calculations with ABAQWS&de Elastic properties of matrix and fiber were foliag: Er =
: 2800MPa, vi = 0.4, Ef = 230,000 MPa,v = 0.3. Random

have shown thasucha situation is induce@hen the variable . .

o - o variables follow aormal law forwhich mearnvalue andstandard
exploitationJoadE is appliedin a centerednanner or60% of o . ] L
the bridge span[19]. deviation are respe(_:tlvgy denoted X; a_nd SX,. AI! distribution

parametersaaredetiledin Table 1and will be cansideredasthe

referencepointin what follows Withoutspecific datayeassume
3.2.3. Simulation procedure also a normel distribution for the loads.Regarding the Material
Such multiscale alysis has been performed by meaof investigation, the study is centeracbundthe operating point
an additional coupling between finidement code ABAQUS F =76kN thatcorrespondso a searity level approvedn civil
andprevious micromechanics-probabilistic couplifiigure 2. €ngineeringstrudures(/3 greaterthan 3or, equivalently failure
Indeed, reliability assessmenof the footbridgerequires sev Probability P1grester than 10-3). Preciselyone obtainsn this
eral interactions between the micro, macro,and structuda casel3::,fr = 3.0514. Forthe Structire study, data relatetb the
scales: ownweight W and explitation loadE arefixed, respectivly, by



Table 2. Scope of the distribution parameters of random variables around the

reference point.

f

the geometry and materials of the fj:)tbyidge and by European
standards 19, 22]. This leadsto avaluef £/ = 18.90far above

the previous caseainceit includesasafetymargin to account for

Randomvariables X; SX, .
anchoragesffeds and durability aspects.
Fiber yield strength (MPa) cr(n) (4384, 5356 [0,243.5] From thesensitivity analysis provided bthe FORM method,
Fiber volume fraction(%) I, [64,70]b [0,0.5] one could getsomeinformationon the origin of the scatter
ggg\f_;::;r efrréifntlrz;l(%) Pact [[z‘;’lé)g}z Egvé]%] in the materialresponse and about thespective influencef
I < .0, 0. ,0. . .
Axial load (kN) F [64.6,87.4]+ 0.38] each design parameter. Indeed, FORMcedureallows obtain-
Weight (kN/m) w (9.052,12.247) [00532]  ing elasticitiesthat isderivatives ofJ according to distribution
Exploitation(kN/m) E (6.865, 9.288]« (0,0.404] L.
parameterssuch asneanvalue( :,) or standarddeviation
+10%: b+5%: <+5:Z@>; d+3%: 1—]5%0fx;'l; 40,150%]of5;.". (9, ag: ) atthedesignpointP* [1]. As said beforeit helps above
/3 (%)
3. ]
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Figure 3. Evolution of reliabiltyindexf3 aroundthe reference pointwith respecttothe meanvalue X ; ].X ; o ofeachrandomyvariableX;.



all to identify variablesof the problem whose deviation has acope of the distribution parameters of variables considered in
weak influence on the reliabilitgndthat can be considered aghe present study (range ratio relative to the reference point is

determingtic (see details in1B, 15 18]). Yet, such analysiss

indicated for clearness). Uniform range has been assumed for

not a practical tool foengineergo bring out the consequenceshe standard deviatiofnote that Sx, =0 corresponds to the
of design choices. Weintend in what follows to illustrate an altefeterministic case).

native representation for reliability assessment, which highlightsReliability analyses of several configurations hbeen per-
specific advantages of the micromechanics-based approach formed Evolution according to each distribution paragnet

4.2. Investigationofnewsolutions

New design solutionare investigated by means of@utions
around the basic design of the reference point. Acceptalile

of each random variable is considered independently, other
parameters being fixed to the reference point. On the numerical
point of view, explicit formulation of the Mori-Tanaka scheme
and the small number of variables lead to a reasonable number
of calls to fonction G for the estimation of the reliability index

tions should respect the materialsdmanufacturing machines {3: around50calls to G for the Material study and between 200

capabilitiesandthe model assumptianrable 2illustratesthe

and 1000 for the Structure analysis. In this latter ,¢heenore

fJ
13, @)
150 T—— e O/ (n)
) e . f
" « Pari
\\ fll
100 @
un F
\\\7 “
T
50
S
S (%)
X
0
0 50 1m 150
(a) Material study
fJ
- (20)
A1
400 - a (n)
- - fl
= Paa
300
250 W
\\ o E
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150
100 ® . \.\\ *
50 s
: $ic 09
) 50 100 150

(b) Structuestudy

Figure 4.Evolutionofreliabiltyindexf3 aroundthe reference point with respecttothe standard deviation Sx/Stofeachrandomvariable X;.



important numberof calls is relatedto the very weak failure of ,8-cuves)differ according tahe contextthe mossignificant
probability. influenceis obtainedor <jJ atthecompositeodscale Figure &)
and foraJ (n) atthestructure scaleRigure D).

For designerssuchresult provideguidelinesto reach orto
respecta reliability level. Jusfocusingon the composite mate-
The evolution of indexB according to the mean value @dich 5| (Figure 2, the reliabilityindexf3'":/a = 3.0514at therefer-
random variable is depicted dfigure 3An increase(respec- gnce pointcan beincreasedof 15% (thatis to ,B = 3.5) either
tively decreasepf ,B with X{ is obtained for strengtiwariables py anincrease of 2% of the meanfiber yield strength(that is
(resp.loading variables). For bothhe Material and Structure with @] (n) =4970MPa) or with arincreasef 1%ofthe mean

?ng\;’ﬁ: s?(t?t:fmrgj;srl;\“\r/‘:rri:kylzlsmﬁnsi(r)r:’i:?a‘rlvelzt\r/]oﬁzgﬁc;g rod diameter (that is witki) =6.07 mm). Regarding nowthe
; : footbridge reliability (Figure 3), the same increasef 2% in

observedor fJ andpact variables which stands in agreement _: . . i
with the modeladjustmentdefined in Eq.(9). The most influ- & (n) only leads to an |ncrelasmf 3% of index B (thatis up
ential design parameters (correspondinghtesteepestlopes  10,B = 19.50)comparedo ,BY/ = 18.90 at the reference point.

5. Results and discussion

131" (%)
200 Parv:100)/0
+ pact =95%
150 - Puer=90%
[ ]
[ )
10 °
° [ J
[ J
[ ) Y °
[ J
50 °
fi (@)
0
64 &% 6 67 53] ® o)
(@ UJ, Pact)
f% (%)
13
200 fr=70%
o efr=67%
ofi=64%
150 °
[ ]
( ]
( ]
100
[ ]
® [ ]
50 ® °
[ J ® -F
o ai(n)(MPa)
280 ¥.500) 470 290 5100 530 550 0

(b) (uf (n) ft)

Figure 5. Materialstudy-Crossanalyses ofhe evolutiorof reliability indexfJ with respect to theneanvalues of couple ofarameters.



Impact of the mean rod diameter is even lower with an increase

of 1.3% off3 for the same increase of 1%&djt
Such analysis provides also the safety margin iklatéoad-

ing variables. For instance, we note that an increase of 6% of

the mean macroscopic load on the rod (that is with80.6
kN) leads to a decrease of 40% of infl@geading to a remain-

. . . 250
IBgealg AR et QAR A RSINRRMLARS MR R IARITLY .,
E. Ifthe micromechanics-based reliability approach allows to . °
account for the influence of multiscale parameters, this shows™®~ '

p
Pil <%>

400

= So;t1=0

*51'/CeJ-50%S::f4 0
ESI1<0

So 111 =150% S

300 °S.,

0

that the modeling of the composite material inside its structural

application modifies the amplitudewairiationof f3 and, accord-
ingly, the design recommendations

Considering now the effect of theandarddeviation, the
influence on theeliability of the uncertainties owmariablesis
given onFigure 40bviously,more (resp. less) theariablestend
to bereproducible,more reliability increases (respdecreass.
In agreement with the sensitivity analysis presented &) the

(mm)
o
S8 S,9

61 6,2

Figure 6.Structure study-Cross-analysis of the evolutiorebébility index.B with
respect todistribution parameters of two variables: the mean value ofthe rod diam-
etercf> and the standard deviation of the liber yield stretitiin).

influence of thescatteron manufacturing process parametergnean value of a manufacturing process (the rod diameter) and

CJJ, pact> and1J) canbe neglected. Optimization of ts&uc-
ture is here mainly based on the reproducibilityheffiberyield
strengthin which the /3-curvesexhibit a polynomial depen-
denceFor the same meawalue aghe reference poinghighly
reproducibé a-J (n) (with Sx; 0) can increasehe reliability
index of 44% for the Material studyi@ure 4a) and of 220%

for the Structural analysig-igure 4b). For such an application

of the standard deviation of a material parameter (the fi.ber yield
strength). For such an application, one can demonstrate that the
main quality effort should be put on the reproducibility of the
fi.ber yield strength whatever the geometry of the rod.

6. Conclusion

case, this result confirms then the main importance of the filMwodeling the variability of design parameters is now abso-
strength in the composite performance, both regarding its méaely required to develop the use of composite materials. For

value and deviation. Also, theariability of the macrscqic
load F plays asbefore,an importantrole at the material scale
(Figure 4)but influenceof the scatter of structurbdadsW and
E can be neglected for the footbrid@@gure4b). Thislast result

these materials mainly governed by their microstructure, the
associationof reliability methods with micromechanics allows

to addresssuch issues in elevantway. Based on two well-
established frameworks, the coupled approach extends the scope

is in line with safety conditionssince the control over loads isof designvariablesfrom the micro to the structuralcaleand

quite difficult insuchcivil engineeringcases.

Cross-analyses between randorariables provide also
extended design solutions, includingcombined changeon
parametersat different scales Figure Sillustrates thecom-

gives a physical justification to the reliability criteridhis arti-
cle has illustrated some innovative tools for design and opti-
mization provided by this method. The ability to investigate
the influence on the reliability level of several featuatdiffer-

binedinvestigation ofmean manufacturing process parametersnt scales, eventually in a combined way, providesraithed
(namelythe fiber content and the active fiber fraction) and meam efficient assessment method for structures. Modifications of

material parameters (namely the fibgeld strength) for the
Material study. Asshownon Figure Sa, the reliability indeX3
can be improvedf | S% either:

= by increasng the fibercontent ¢2% with j1: 68.S5%)
while keepingthe current manufacturing process,

= or by keeping the fiber content aimaprovingthemanu
facturingprocess (+2.3% of the mechanically aefiber
such thabact =97.2%).

Including now material features-igure Sb), same reliability
improvementcanbe obtained either:

- byusing‘iberswitr‘higherstrengtf(+6.4%witl"aj (n)=
SI80MPa) and areduced fiber conteatS% wihff=
64%),

- or with an higher fiber conter(t-4.5% withff = 70%)
and lower strength fiber (-2% Wiﬂij (n) =4770 MPa).

Obviously,suchakind of cross-anajsis can be clonalsoon

standard deviations of variables or evsgtwesn mean value
and deviationof different parameters according the needs

and possibleactions of designersAn example on the Structure

case is presented diigure 6with the cross-influences of the

components and morphology of materials, manufacturing pro-
cess, and geometry can be considered and investigated, either
for material optimization or structure optimization. Moreover,
results have shown the importance of the seékt. Indeed,
reliability analysisshouldrely on the integration of theorn

posite part within the whole structure to get a clear wéthe
consequencesf designchoices. Association of such structural
reliability analysis witheconomic issues (including the prices of
materialsandmanufacturingsee R3] for instancewill provide

atthe enda soundasis to fullyguideoptimization.
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