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ABSTRACT

A probabilistic structural analysis of an experin@@nComposite Crew Module (CCM) has been
performed using the most current Orion Crew Modidsign loads. The purpose of the analysis was to
quantify the risk of failure for different factorsf safety in response to uncertainties in the daesig
variables.

The CCM was found to be very safe with ample madjisafety and a low probability of failure. As a
further analysis activity, the loads were scalecand the composite material’s strength was scabeehd
to assess a bounding scenario; still the desigrfevasl to be safe.

This analysis shows that for given factor of safiatg uncertainty in the design space, the proltalufi
failure associated with the design can be signifigadifferent. Further, designing structures based
factor of safety without quantifying the influenoé uncertainties in the design variables can lead t
structures with unknown risk.

KEY WORDS. Composite Analysis, Probability of Failure, Compestrew Module, Space Vehicle,
Composite Failure Theories Applications

INTRODUCTION

NASA is evaluating the use of composite materials uilding its next generation crew exploration
vehicle (CEV) [Kirsch 2011]. In addition, NASA isnterested in assessing the applicability of
probabilistic methods for developing reliability deal designs of components, structures and systems
made from composite materials. For these two readdASA initiated a task to probabilistically anady

the composite material that was developed for 8w erew module. This paper describes a procedure fo
estimating the reliability of the CCM structure givvarious missions.

Most design practices use deterministic analysimbioed with factors of safety (FOS) to provide a
margin between the assumed peak load and a mdare fppbint. Unfortunately, this approach does not
provide any information on the potential failureerar reliability of the system. Factors of safdty not
provide any information which relates the loading rangeatre¢ to the structural allowable range. In
reality, there is statistical scatter in both thading variables and the structure’s ability tastethose
loads. Hence designs using deterministic analymisbined with FOS can lead to an overly conservative
design with excess weight and cost or under degitinunknown magnitude of risk.

Probabilistic analyses quantify the effect thatartainties in the input variables have on the raspo
variables. As a result, the probabilistic analysesvide quantitative information to enable designir
either calculate a realistic risk or the actual F@®&n existing design. Thus the designer can ingthe
design by either selecting a predetermined risadpusting the FOS to meet the predetermined rigke
authors [Nagpal et al 2010 and Pai 2008] have psaiabilistic approaches in quantifying probabibify



failure and performing sensitivity analyses of eliéfint structural problems and furthermore demotestra
its application to improving design practices.

The probability of failure, a measure of relialyiliis critical for determining the structural intéy of the
vehicle under the various flight and ground loadsoeintered during operation. Performing an aceurat
estimation for the probability of failure is moretical now than before because of recent changes i
NASA's requirements. The objective is to reduceltss-of-crew/loss-of-vehicle rate by a factor ab2.

In addition, the cost/pound of payload is also &rbduced by the same factor. These requirements
present a formidable challenge given the rigors amckrtainties of space flight coupled with possibl
future budget constraints.

The use of Polymer Matrix Composite (PMC) materfalsstructural components is steadily increasing
particularly for aerospace applications [Harrisakt 2008]. The key advantages of using composite
materials are that they are light weight and cambaufactured with desired properties [NASA SP-8§108
However, the fabrication process of a componentenfamin composite materials is quite complex and
uniquely developed specifically for a given struaticomponent [NASA PD-ED-1217]. This complexity
in the fabrication process is due to a large nunab@ariables such as fiber volume ratio, ply otétion,
density, type and strength of fibers and otheraldes.

Designing, components made from composite matensisig probabilistic methods requires the
characterization of uncertainties in the materralperties, fabrication processes and loading vigalhn
addition, there are further uncertainties assodiat¢h the degradation of composite materials Bpace
environment.

Probabilistic methods using physics-of-failure aygmhes provide valuable quantitative information
which is not only used to develop a risk-basedgiedbut also provides the probability of failure
design which has been developed using a factoafetys Figure 1. This figure displays the relatioips
between this CCM model’s factor of safety and thebpbility of failure. There is an inverse relaiship
between the probability of failure and the factbsafety. That being, demanding a larger factosajéty
leads to a decrease in the probability of faildfer human rated systems NASA HQ requires that the
probability of failure be no greater than 1.0E-Ofue to the safe nature of this design, this study
estimates that one could relax the safety of fatigust below 1.4 and still satisfy the risk regment.
Figure 1 assumes that the uncertainties in thegydasiriables are known to some extent. Later litlvei
shown how to deal with the situation when the des@riables have a large amount of variance.

Inherent uncertainties in material properties, ¥oadd geometry complicate the design process [Afdrz
Nowak, and Collins, 2000] and affect safety, perfance and cost. Traditionally, factors of saf&®$)
have been developed empirically based on yearsgiheering experience and are assumed to accaunt fo
these uncertainties [Melchers 1999]. Any desigredam the FOS lacks quantitative information ok ris
of failure, consequently it remains unknown whetther design is within the acceptable risk limitsot.

In the absence of expensive-to-acquire experimatdtd, a probabilistic approach provides extremely
valuable quantitative information for generatingtceffective risk-based design and additionallyjites
precise direction for further resource investmendacertainties in the design variables are defined
through probability distributions which are used danjunction with a probabilistic methodology to
propagate these uncertainties up to a probabigstem response. Figure 2 shows a family of cuitests
relate the probability of failure with an assumeatertainty in the design variables. As the uncetyain

the design variables increase, for a given factwadety, the probability of failure also increaseEhe
probabilistic analysis was first conducted assuntivag all the material properties had 5% unceryaior
which a probability of failure is then produced.eThull probabilistic analysis is again conducteddach:
10%, 15%, 18%, 20%, and 40% uncertainty in the giesiariables. The 5% and 10% cases are
considered to represent realistic scatter in theemad properties, due to fabrication issues, waerene
other cases represent an attempt to envelope #gigndgpace to find cost savings based on lesgstrin
manufacturing quality controls. All six test casesre used to generate the curve named “NO Cov’",
where all the design variables were assumed tadbependent random variables. The entire procedure



described above is repeated. This time assumingthibadesign variables are not fully independerit bu
have 10% and 30% mutual correlation.

Technical Approach

The following procedure was used to quantify thebability of failure. First to be discussed is the
deterministic finite element model; its materiabperties and the loads that were analyzed in thidys
Next, several probabilistic analyses of the fimtement model is presented, each case assumiegedtf
levels of uncertainty in the design variables. Epabbabilistic analysis generates a distribution tfe
stresses or strains in a region of interest tadtwgner. These stress/strain distributions gretimto the
reliability calculation, which is used to determiaeprobability of failure. The probability of faile is
estimated by considering the area under a matdeiadl limit state equation such as (1 - the
stress/strength). This type of the limit state ¢iguais more realistic when the stresses and thtenah
properties’ allowables are not statistically indegent, as can be explicitly seen in the Hoffmaaitufe
criterion.

Finite element model

The finite element model analyzed was providedHeyNASA Langley Research Center, Figure 3. The
ANSYS workbench translator was used to convertnioglel from a NASTRAN format. The translated
model was then verified for its accuracy of tratiskaby comparing results of the original modelabéd
using ANSYS and NASTRAN. This comparison showed tha values of the maximum stress from the
two analyses were within 0.25%.

The model was of the CCM pressure vessel's outectstre and included the mass of the secondary
structure. This ensured that the loads were acedoatthe mass and center of gravity of the CCMwit
payload. A preliminary global analysis was perfechusing the material properties provided by NASA.
From the results of this analysis, regions of hstfesses, also called critical regions, in thecttine were
identified. The finite element meshes in these amgjiwere further refined to perform high resolution
analysis

Composite shell elements with orthotropic matepedperties were used to model the structure. The
properties indicating the thickness of each pheffiangle and materials in the refined mesh aegigen

in Table 1. The CCM wall is made of 10 compositeerial plies and one aluminum honeycomb layer
(“Shapegrid” TradeMark). The honeycomb layer, nuredeas 6, is sandwiched between layers of
composite plies numbered 1-5 and 7-11, as listedialle 1. The composite plies are made of two
different materials; plies 3 and 9 are made of fgpe of material, labeled as 1, and plies 1, 5,4, 8,

10 and 11 are made of another type of materiatl¢émbas 2. The composite plies are designed ugjig h
strength carbon fiber, IM7 and Cytec's 977-2 epdRyoperties for both types of materials 1 and 2
including their elastic properties and allowablesgths are listed in Table 5. From these properiigs
obvious that material 1 is considerably stiffer atbnger than material 2. The honeycomb material,
labeled as material 6, is a filler material andaesn’t have appreciable stiffness and strengthepties.

Loading and boundary conditions

The CCM is subjected to three different loadingditbons during its flight and landing. The loadings
were provided by the NASA Johnson Space Flight €ens adaptations of the Orion Crew Vehicle
loadings. In all cases the CCM is subjected to psidnternal pressure. This analysis considerg thd
first two of the three loading conditions, see ®aBl Since the original FE model was designedHer t
launch abort and docking load conditions. For theseloading conditions, the analysis includes B-su
loading conditions for abort loads and 8 sub-logdionditions for docking loads. The sub-loadings
represent different variations in the two loadinfise two loading conditions considered are:

1. High altitude abort loads with five (5) sub-loachddions.
2. On-orbit docking loads with eight (8) sub-load cibioas.



Both the abort and docking load conditions inclukeeleration loads. Where Ax, Ay and Az are
accelerations in x (along the height), y (perpemdicto the paper) and z (horizontal in the plahéhe
paper) directions.

Deterministic analyses

Deterministic structural analyses were performeitiémtify the most critical regions with high stses in
the crew module, see Table 3. The high stress megion the cylinder near its interface with theneo
shape structure near one of the door openingsrd-igu

Of the thirteen different load cases analyzed omtyloads, high altitude abort loads and on-orbitkdng
loads were found to be the most critical loads. riwest critical regions were identified using théwe
loads. A high resolution analysis at the ply lewgls conducted to determine peak stresses andfidenti
potential failures.

Overall, the high altitude abort sub-load condisigesulted in higher stresses than the on-orbikidgc
sub-loading conditions. Since all high altitude @tsub-loading conditions are very similar in laagli
variations in stresses among these sub-loadingitimmsl are insignificant. Out of all the thirteeabs
loading conditions, the maximum stresses occurregly 3 under the fourth case, which was a high
altitude abort sub-loading. Therefore this loadiogse was selected to perform the subsequent
probabilistic analyses. The peak stress and typphoffailure were used in performing probabilistic
structural analyses for several different levelasdumed uncertainties in the design variableg. 3R$

the stiffest of all plies found in the critical stis region. Figure 4 illustrates stress distrdvuin ply 3, for

the fourth high altitude abort load, without exirand internal connections with the aero-shell and
payloads.

Failurecriteria

The probability of failure was estimated from threaawhich is both under a given failure criteriBBF
and to the left of the failure criteria limit of@. A distribution for each of the following thrgdy level
failure criteria was constructed from the probatidi analysis: (1) inter-ply delamination criterjon
(DELFC), (2) Hoffman’s failure criterion (HFC) an() modified distortion energy criterion (MDE)
[Robert Aiello, 1989], see Appendix A.

The MDE and HFC criteria have been expressed ingerf actual and allowable stresses and the DELFC
has been expressed by actual and allowable strallzsvable strain for DELFC is the shear strain
between two plies. Plies 2, 3 and 5 are identifiednhave the most probable failures based on a
deterministic analysis and thus selected for tlobabilistic analyses, Table 4. The three ply Idadure
criteria were used to define the limit state equrain a “stress-strength formulation”.

All three failure criteria have been calculatedepdndently to estimate a probability of failuretlire
critical regions based on uncertainties in ten irgmsign variables; three material properties arahgths
(limiting stress) for each of materials 1 and 2 dnel pressure and acceleration loads. There age fi
limiting stressesdy;, Oxe Oy, Oyc @andoyy) for both material 1 and material Z,, o, ando,, are the
allowable stresses in both the x and vy directi@spectively. Further, the subscript (t) represéms
materials’ allowable in tension and (c) is the miatis allowable in compression. The allowablehwi
respect to shear stresses is denotes,py

The DELFC is based on strainsg; in the x direction, ane,, in the y direction, and shear straig, and
shear strength of the epoxy which holds the plaggether. DELFC will occur only if the actual shear
strain in epoxy is more than allowable shear strBire allowable shear strain is calculated frorovedible
shear stress, (5= 7,000 psi), Elastic Modulus {E 500,000 psi) and Poisson’s ratio 0.41) using the
relations G, = E; / 2(1+v) and Phi (Allowable) = §/G,,. This allowable shear deformation is calculated
as 0.0395.

Table 4 shows the deterministic results for aleénfailure criteria for each ply in the criticabren. For
the HFC and MDE criteria, plies 2 and 3 have theelst of the Failure Criteria (FC) values for batistf



and second cases. On a scale from zero to oMDiefor ply 2 is 0.663. For the DELFC criterionjgs

2 and 5 have the lowest FC valu&nce plies 3 and 9 have a zero fiber angles aadsandwiched
between plies which also have a zero fiber angky have no response for DELFC. Ply 2 is next yolpl
which has fiber angle of 45, and ply 5 has fibeglarof 45, they show the lowest FC values for DELFC
response. Again low FC is more likely to fail thhe plies with higher FC values.

Note at this stage, Table 4 gives point valuestlf@ three failure criteria. In the next sectiom th
probabilistic analysis will fit distributions to élse criteria to quantify the expected scatter énfélilure of
the plies.

Probabilistic analyses

All design variables including material and geonaegproperties, boundary conditions and applied ilogd
variables were selected as input variables forpitebabilistic analysis. The input variables’ indetr
uncertainties are represented by a standard dmviafihe design variables’ uncertainties are then
propagated through the finite element model ofGM. The resulting response function, such asielast
stress, is then fit to a distribution. The disttibn of the uncertainties in the peak stressesmngive
systematic perturbations to all the relevant designiables are then inputted into the reliability
calculations. A distribution for each failure eria was generated based on the stress distribititire
critical region.

The analyses began by introducing uncertainty itiie relevant state variables. A probabilistic
discretization of the design space is created bigasg a probability distribution function (PDF) €ach
design variable, see Table 5. On successive samnpdeof the finite element model, one uses th&desP

to determine the numerical values that the desmpables take on. PDF and cumulative distribution
function (CDF) for the response function are thenstructed. This is accomplished by fitting a mrge
surface, via a least squares methodology, through the perturbed basic variables and the subséquen
structural response.

This technique permits the entire spectrum of syatesponse for the structure under uncertain lgadin
conditions to be discovered. To arrive at this infation traditional deterministic solution techrégu
were used, only the basic variables were modiftegparmit uncertainty in the model's design varigble
[Miller 2006].

Results of probabilistic analyses

The deterministic stress analysis results togetlittr mean strengths and uncertainties of inputaldeis
were used to perform probabilistic structural ases/using FPI (Fast Probability Integrator) modhfle

the NESSUS code. FPI determines the PDF of thporse variable, stress, based on the uncertaofties
the input variables and subsequently conductsetligbility analyses using the limit state functifom all

the failure criteria.

For the sake of the probabilistic analysis the nte components of strengtl,{, oy, oy, 0yc andoyy)

were considered to be one variable for each coestitply material; they were perturbed concomitantl
All three components of the acceleration vectoo algerease or decrease simultaneously by the same
proportion.

For the first probabilistic analysis, Table 5, ialbut variables were assumed to have uncertaintits
standard deviations of 5%; the NASA experts coraimvith this level of uncertainties. These standard
deviations are considered realistic and represéngtaquality fabrication of composites. The restitr
this level show that the PDF of the failure critedioes not overlap a limit state value of zero,FSgares
5-10. This means that there is practically no déKailure. Hence, the design is found to be coitebye
safe with respect to all three criteria of failure.

In the second probabilistic analysis, Table 5,uheertainties standard deviations are doubled % fdb
all variables, twice the magnitude of uncertaintidéghose in the first scenario. This case reprissan
lower quality fabrication of composites. The unaerties in this scenario are exaggerated interitipita
order to demonstrate the reserved safety of theecudesign. The HFC failure criterion PDF for @y



approaches the limiting value but does not crgsmite again implying a completely safe designufég
for this scenario are not shown because of the [i@agations.

Based on several scores of stress analyses forthet6% and 10% uncertainty scenarios, normalized
CDF and PDF using all three failure criteria fdrthe plies have been generated, more than 30 whrts
created. These plots show the CDFs and PDFs dhtie failure criteria (HFC, MDE and DELFC) along
with their limit states for ply 2 for 5% uncertdad in the input variables. The limiting value o @or all

the failure criteria is also shown in the PDF plotdy. However, only three of these plots are shbeare

in Figures 5-10. These Figures are representatitreemther 30 results which are not shown heravtud
repetitiveness of discussion. The results for a@bes are shown in an unpublished report [N&R
Engineering 2011] submitted to NASA.

Trade study for reliability and cost effectiveness

Since the analyses for both scenarios yield sad@dg, the next natural step is to conduct a tsideéy
with the objective of finding a lower cost compesibaterial. In the trade study uncertainties indbsign
were systematically increased in set bounding s@nal5%, 18%, 20%, and 40%. This was done to
provide guidelines for key managers on how theyhinlie able to reallocate their resources more cost
effectively. The uncertainties in these analysesehaeen highly exaggerated to show their quantéati
impact on reliability and cost of a design. Thesalgses illustrate how probabilistic methods casisas
the designer in selecting a lower cost compositecomposite fabricated using lenient toleranceisewh
maintaining the desired level of reliability. FiguR, discussed earlier shows a summary of requlis f
the first two scenarios and this trade study.

Simulating a fabrication processes for composites

It is important to quantify the impact that the lifyeof a fabrication process can have. The nesnegle
demonstrates that for a given reliability a designan select the appropriate tolerance level and
corresponding cost for the design.

In this scenario, consider the case of three coitgmosvith same mean strength but fabricated with
different quality standards; high, medium and I@whigh quality composite implies tight-tolerances

fabrication process, poor quality composite impliesient-tolerances fabrication process and medium
quality composite implies composite fabricationgess with tolerances in between the two.

A graphical comparison of the composites with tlaene mean values of and hypothetically large
uncertainties in all the input variables is showirigure 11. In this figure, there are 3 PDFs \lith same
mean value, a normalized mean of 0.588. The ortetigiitest scatter, green color, represents the chs
tight and most expensive fabrication toleranced, the one with widest scatter, blue color, represtre
case of most lenient and inexpensive of the thasexfabrication tolerances. The third PDF, purpler,
represents the case of tolerances in between hiee wio.

The three tolerances cases are represented bystiaredard deviations (SD); SD of 0.207 represdms t
case of tightest tolerance and SD of 0.287 the rdemséent tolerance and SD of 0.239 the in-between
tolerance. The quantified risk is area under thé Rdthe left of the red vertical line. For thghiest
tolerance case the risk is 0.0225%, most lenidatdonce case is 2.204% and for the in-betweenaoder
case is 0.696%.

This figure shows that for the same factor of safétte risk in the design is significantly diffeteand it
illustrates that designing based on factor of gaféthout quantifying the influence of uncertairgtieould
lead to a design with unknown risk. The factor-afiety for all three tolerance cases is the sard@72.It

is obvious from this demonstration that the levietisk would have been unknown if the probabilistic
method was not used to quantify it.

Figure 12 illustrates a graphical comparison of ttiree PDFs representing three composite fabricated
using the same tolerances. This example demoesthatw probabilistic structural analysis is used fo
accurately selecting an appropriate material fogsigle The analysis was performed using the same



magnitudes of uncertainties but with different mgatues for the input variables. All three PDFerap
the failure-criteria limit of zero, thereby allovgrone to find the lower bound on acceptable mdteria
Such a study provides the relationship betweerptbeability of failure and a factor of safety. Thas
analyst has more control over the amount of risklved with the choice of a given factor of safety.

Also, this scenario demonstrates how probabilistathods can be used in making key decisions such as
setting cost-saving fabrication tolerances in addito providing a quantitative estimate of thekrisr a
given factor of safety.

Summary

A probabilistic structural analysis of an experitanComposite Crew Module (CCM) of the future
spacecrafts has been performed using the mostntubigon Crew Module design loads obtained from
the NASA Johnson Space Center. The purpose wasidotify the probability of failure for different
factors of safety in response to uncertaintiesh@ design variables. The results of these reltgbili
calculations provide a quantitative means for s&lgcappropriate composite materials. An additional
purpose was to demonstrate how probabilistic methm@vide cost savings by allowing a reliability
manager the ability to select proper factors oétyafior predetermined risk.

Structural analyses were performed for 13 diffefeatl cases and the most critical load conditich the
corresponding critical regions of high stressesewdentified. A high resolution analysis at ply ééwas
conducted in that region to determine peak streaadsidentify potential failures. The peak stresd a
type of failure were then used in performing thelabilistic structural analyses.

Based on probabilistic structural analysis, the CiSNbund to be very safe with ample margin of safe
and a low probability of failure. As a further &mas activity, the loads were scaled up and thapusite
material’s strength was scaled down to assess rdiiscenario. Still the design is found to be saf

Probabilistic methods demonstrate how to selecerizds for the structure based on setting tolerance
(cost) and factor of safety for predetermined riskithout using probabilistic methods, the reliépibf
the design remains unknown; in contrast to usifg&tor of Safety method alone.

Finally probabilistic methods provide one more impot piece of information for the key managers mhe
optimizing the use of the critical resources. Tihfsrmation consists of sensitivities of the inpatiables
such as geometry, material properties, etc., orrdhponse variables such as stress. For improtiag t
quality of the end products, managers need to kwbigh resources have high sensitivities, and ties a
controlling the structures’ performance or safety.

Table 1: Section Properties and Materials

Numbers of Lavers = 11
Total thickness = 1.0754 In.
Ply thicpklr:’ess Material Fiber PIy‘
(Layer) in. ID angle Location
1 0.0081 2 45 Inside
2 0.0081 2 Q
3 C.0053 1 Q
4 C.0081 2 Q
5 0.0081 2 45
] 1 6 Q
v 0.0081 2 45
E 0.0081 2 Q
< 0.0053 1 Q
10 0.0081 2 Q
11 0.0081 2 45 Qutside




Table 2: Composite Crew Module Loading Conditions

intemal Grawq Vehicla Acee lerations
Load Cases Pressure  |Acceleration)
[psi} K(infs®) | X[infel} | v{inge®) | 2 [in/sY) [Rx (rad/s®) | Ry [racs®) | Re [rad/<}
M 1 152 -BEM  [5408.400) 1154480 |-354.305
E: 2 152 -386.04 | 5413442 2280736 |-1381018)
j__‘? 3 152 -385.04 |5385386( 2262812 |-56R2328
‘;_:ﬂd L 152 -386.04 |5385.233(-203.9%545 |56 3412
= 5 152 -386.04 |5414.383(-205.0886 |-138 1558
A G's
;‘:E & -386.04 | 348836 | 279488 | 306435 | Thewaterlanding loadeases are
=
== 7 -3E.04 | 222436 | -152.225 | 307,35 | notconsidersd inthis analyses,
2 -386.04 | -110.448( -112.088 | -18.202
. 008 01z 0.1
El 152 111952 | 32604 | 424680 | 0.50265 | 0.86080 | 025751
£ 10 15.2 111952 | -3.8604 | 424840 | 0.50285 | 0.88080 | 0.25781
2 11 15.2 111852 | 33804 | -4.24844| 050265 | 0.88080 | 0.25781
[
= 11 152 -11.1852| -3.8604 | -4.24644| 0.50265 | 0.8608D | 0.25761
=]
Py 13 15.2 -111852) 38604 | 42484 | 0.50265 | 0.88080 | 0.25781
g 14 152 -111952) 38604 | -4.24644| 0.50265 | 0.56080 | 0.25761
15 15.2 111952 | -3.8604 | -4.24844| 0.50285 | 0.88080 | 025781
16 15.2 -111852| -3.8604 | 42488 | 0.50265 | 0.28080 | 0.25781
Load Case Plyl [ Ply2 [ Ply3
High
Altitude Maximum Principal Stress (psi)
Abort
1 28,848 32478 55,355
2 28,269 32,432 54,947
3 30,218 33,109 55,542
4 29362 32491 56,377
5 27.409 31,811 55,751
On-Orbit
Docking
9 21,449 26272 44254
10 22,228 26,154 44371
11 21206 26227 44,024
12 22.497 26270 44,537
13 22.140 26433 44,650
14 21717 26388 44420
15 21,805 26,109 44,141
16 22920 26315 44767
Pressure 25079 | 419.767

Table 3: Typical Stress Distribution 11 pliL—9nlv

Table 4: Failure Criteria, calculated stressessirains at the ply level for mean design values (5%
uncertainty case)

Material | Ply: HFC MDE | DELFC SX SY SXY eX ey exy
2 1 0.950 0913 1000] 689517 12319.16] -2938.25| 6.13E-04) 1.15E-03] -3.50F-03]
2 2 0.694) 0663 0.963] 27155.71| -8183.74) -448.21| 261E-03| -870E-04] -5.34E-04)
1 3 0.886 0.772 1.000] 59352.79| -127.83| -368.22| 2.59E-03| -8.70E-04| -5.34E-04]
2 4 0701 0.670 1000] 26770.13| -8199.09| -44833) 2.57E-03]| -8.70E-04] -5.34E-04)
2 5 0.951 0918 0.950| 6450.67| 11878.02| -2870.68| 572E-04] 111F-03| -3.42E-03]
3 6 1.000 1.000[ 0.981 0.00 0.00 0.00] 118E-03] -8.68E-04] -5.39E-04}
2 7 0878 00855 0985| -8687.95| -314632) -560.47| -814E-04| -2.69E-04| -6.78E-04)
2 8 0872 0.949] 0999| -2703.88| -937275| -457.93| -225E-04| -881E-04| -545E-04)
1 9 0975 0.995 1000] -5966.80| -130379| -376.21) -2.43E-04) -8.81F-04) -5.45E-04]
2 10 0.869 0.949 1000] -3089.46| -9388.10| -458.05| -2.61E-04| -8.81E-04) -5.45E-04)
2 11 0.869 00951) 0986] -9132.45| -3587.47| -501.91] -855E-04| -3.09E-04] -5.98E-04]




Table 5: Material Properties, Loads and Standanddliens used in the Probabilistic study

Variables with (%) Uncertainties and Standard Dewviation.

Case 1l

526,650

526,650

A2 000!

12,477.90) 10%4] 24,855.80| 20%|Tension

1 Syt 100,000.00] 10,000.00] 1025} 20,000.00| 20%
sye 100,000.00] 10,000.00] 103%6{ 20,000.00] 20% {Comprassion
Sxy 12,870.000 1,287.000 1056} 2,574.00) 2006ls

57,265.20] 5,726.52|10%| 11,453.04] 2026

Allowable Stress

5,726.52 20%

-2,000] 40%

227.34) 40%
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Figure 1: Probability of Failure vs. Factor of Sgfe



Failure Criterion: HFC at Ply 2
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Figure 2: Probability of Failure as a function loé tamount of uncertainty in the design space

Figure 3: Refined Mesh for High Stress Location
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Failure Criterion: HFC Ply 2
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Figure 5: Cumulative Density Function (CDF) of kiadl Criterion, HCF Ply 2
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Figure 6: HCF Failure Criterion with Failure Critam Limit for Ply 2 (5% uncertainties in the input
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Failure Criterion: MDE Ply 2
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Figure 8: MDE Failure Criterion with Failure Criten Limit for Ply 2 (5% uncertainties in the input

variables)
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Probability of Failure due to Uncertainties in Design Variables
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Figure 11: Probability of Failure due to Uncertantin Design Variables. Factor of safety aloneds

enough to properly assess risk.
Probability of Failure vs. Factor of Safety due to
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Figure 12: Probability of Failure (POF) vs. FaatdSafety (FOS) due to variation in the
Uncertainties in the Design Variables
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ANNEX A

Failure Criteria equations and nomenclature

Delamination criterion:

e -1- (121)
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Hoffman’s criterion:
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Modified distortion energy criterion:
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where K, the correlation factor, is assumed to be 1.
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Symbol | Description
£11 Strain in the 11 direction
£99 Strain in 22 direction
£192 Shear strain in plane 12
t; Fiber angle in the ith ply
;4 Fiber angle in the i — 1 th ply
Sta Shear strengh in plane 12
Gia Shear strain in plane 12
Tp11 Caleulated stress in the 11 direetion of ply p
T pag Caleulated stress in the 22 direction of ply p
Tp12 Caleculated stress in the 12 plane of plv p
SpitT Tensile strength in the 11 direction of ply p
Spi1o | Compressive strength in the 11 direction of ply p
Spogp | Tensile strength in the 22 direction of ply p
Spaac | Compressive strength in the 22 direction of ply p
Spia | Strength in the 12 plane of ply p
V19 Poisson’s ratio
93 Poisson’s ratio
T Tension
C Compression

15




