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Probabilistic Analysis of a Composite Crew Module
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NASA Langley Research Center, Hampton, VA, 2368%-21

An approach for conducting reliability-based analyss (RBA) of a Composite Crew
Module (CCM) is presented. The goal is to identifyand quantify the benefits of probabilistic
design methods for the CCM and future space vehicde The coarse finite element model
from a previous NASA Engineering and Safety CentefNESC) project is used as the
baseline deterministic analysis model to evaluateh¢ performance of the CCM using a
strength-based failure index. The first step in tk probabilistic analysis process is the
determination of the uncertainty distributions for key parameters in the model. Analytical
data from water landing simulations are used to desdop an uncertainty distribution, but
such data were unavailable for other load cases. h€ uncertainty distributions for the other
load scale factors and the strength allowables aigenerated based on assumed coefficients of
variation. Probability of first-ply failure is estimated using three methods: the first order
reliability method (FORM), Monte Carlo simulation, and conditional sampling. Results for
the three methods were consistent. The reliabilitys shown to be driven by first ply failure
in one region of the CCM at the high altitude abortload set. The final predicted probability
of failure is on the order of 10" due to the conservative nature of the factors ofagety on the
deterministic loads.

I. Introduction

A. Motivation and Background

A probabilistic approach is an attractive alternatio traditional deterministic design optimization
quantifying the level of safety (i.e. reliabilitgf a structure instead of a simple safe/unsafeuatian. Probabilistic
analysis and optimization can result in improvesigies considering the variability of structural evéls and the
uncertainty in loads. Traditional deterministicdm relies on historically or arbitrarily assigrfadtors of safety to
account for uncertainties in the design. Theswfa®f safety are believed to reduce the prokgtmh mission
failure to very low levels (e.g. T0or lower probability of failure) in commercial ation. However, NASA’s space
flight program has a higher tolerance for risk (@n@uch higher sensitivity to mass savings) thanroercial
aviation. Probabilistic methods potentially enathle designer to trade off risk for increased nsassngs, which is
of great benefit to the space flight program.

In early 2010, the NASA Engineering and Safety €e(iNESC) initiated a Probabilistic Design Oppoityin
Identification (PDOI) task to illustrate the advagés of probabilistic design. The PDOI team setbthe
Composite Crew Module (CCM) as a design problemtduts large amount of data available for struatur
geometry, loads, and material models from the NES€&cently completed design, development, teskeaatliation
(DDT&E) project. The CCM (Ref. 1) is a concept shew space vehicle similar to the Orion projeG@iew
Exploration Vehicle (CEV), except the CCM is maruaitaed using composite materials and design tedlesiq
Results from this CCM study will be used to helfabsh probabilistic analysis as a design toofftbure projects
within NASA and to help establish probabilistic @gsrequirements as an alternative to traditionatdr of safety
requirements. In this paper, results are presdmetdphase 1 of the project, which includes relighcalculations
for the baseline CCM design.

B. Purpose and Contents

The purpose of this CCM design study is to answgoirtant questions about applying reliability-bagedign
and optimization (RBDO) to spacecraft design inggahand, more specifically, to the design of tf&MC First,
does the probabilistic approach require exorbitamputer resources or measured data that are letzle& This
guestion is answered by estimating the computaticosts of probabilistic analysis and establistiimgneeded and
available data for the CCM. Next, what is the liasaeliability of the CCM and what parameters édlve greatest
effect on reliability? Monte Carlo simulation afit order reliability methods (FORM) are usedattswer this
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guestion. Finally, how much does the determinigtator of safety on loads affect the reliabilifytbe final design?
This question is answered by comparing reliabégyimates both with and without uncertainties mltads.

In the limited context of structural analysis fosace vehicle using simplistic strength-basedfaimethods,
this study shows the strengths and weaknessegs &BDO approach. In this context, the perceived
conservativeness of the traditional factor of sabetsed design approach is examined. Examples and
recommendations are presented for characterizidgrandeling uncertainties, for validating structuaahblyses and
probability calculations, and for computing thedfidesign risk while accounting for important uriaities.

This paper is organized as follows. Section Il jiles a description of the CCM analysis problemudgig a
model description, response computations, and rarqmiyameters. Section Il presents the probaikilistalysis
approach and describes how the large volume ofrdatistic analysis results will be handled by thel@abilistic
analysis. Section IV presents a sample of proisticibinalysis results for the baseline CCM. A suary of the
current status of the probabilistic analysis isspreed in Section V.

1. Description of CCM Structural Analysis Problem

In this section, the CCM structural analysis prabis described. The finite element (FE) model dmad t
analyses that simulate the CCM and its responsdiscassed. Next, the methods used to computegstrdased
margins of safety for the structure are presentedhe third part of this section, the random pagters that are
used in the probabilistic analysis calculationsdiseussed.

A. Analysis model

All FE analyses are performed with MSC/NASTRAN s@fte, a product of MSC.Software Corporation (Ref.
2)*. The FE model of the CCM consists of a conicalanpressure shell and a lower dome-like presset s
connected by a cylindrical splice joint “belly bdr{ffigure 1). The model consists of 28,542 no@8s125 shell
elements (CTRIA3 and CQUAD4), and 1699 line elem¢BBAR, CBUSH, CELAS, and CROD).
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Figure 1. Geometry of the CCM

The FE model includes design details such as wisdaacess doors, an International Space Stati®) (IS
interface tunnel, and six service module/alterteatach abort system (SM/ALAS) fittings. Severaimaonents of
the FE model are used as load introduction strasfiand hence were not sized in the DDT&E proj&ttese
unsized components were removed from Figure 1l&vity.

* The use of trademarks or names of manufacturetssmeport is for accurate reporting and doescoostitute an
official endorsement, either expressed or impligfdsuch products or manufacturers by the NationadoAautics
and Space Administration.



Thicknesses and material properties for the FE inedee determined by the DDT&E team in Ref. 1 udimg
Hypersizer software (Ref. 3). The FE model cosgitboth metallic (aluminum 7050) and compositnsvich of
IM7/977 tape and fabric with hexcel core) mateci@anponents. In the FE model, the composite shefigrties are
represented by NASTRAN PCOMP cards (Ref. 2). Epbfi in the PCOMP card represents a laminate afite
epoxy fabric, a laminate of graphite epoxy tapea tayer of core material. The 19,391 sized coritpahell
elements are grouped into 139 PCOMP cards forah#6876,197 plies. Similarly, 4,882 sized isgioshell
elements are grouped into 37 PSHELL cards.

Structural engineers define limit loads as thedatdoad a structure is expected to encounteiimélie loads
represent limit loads multiplied by a factor ofestgf For this study, all 115 load sets used inDB &E study are
applied to the FE model, as summarized in Tablefdeated from Ref. 1). For all cases, NASTRAN gseg were
performed as linear static analyses. Note thaEthenodel used in this paper is a coarse model inggetliminary
sizing for all flight load sets. The final refin€&E models used to design the details of the feetlarticle (and the
load sets used in experimental testing of theaetigtie) were unavailable for use in this paper.

Table 1. Load sets.

Category| Mission Name # | Axial | Lateral Other Cabin
Phase Sets | Accel. | Accel. Forces Pressure
(g's) | (g's) (psi)
Abort Pad Abort Thrust 1 axial force = 548,485 Ibf 0
Abort Blast Overpressure 1 pressure = 15 psi 0
Ascent | High Altitude Abort 1 axial force = 575,990 Ibf 555
Abort
Cabin | Max Cabin Pressure 1 15.55
Pressure| Crushing Pressure, 1 -1.00
Launch Liftoff Liftoff — Tensile 8 3.30 1.50 0
Liftoff - 8 -2.00 1.50 0
Compressive
| 1°"Stage Max-G 8 | 430| 050 15.55
Ascent Max-Q 8 2.40 0.16 | dynamic pressure = 1038|psfi2.83
Max-Q Divergent 8 2.40 0.16| dynamic pressure = 110§f4 12.83
Max-Q Hardover 8 2.40 0.16 angular accel. = 10sfeg/ 12.83

dynamic pressure = 1004 psf
Burnout Hardover 8 3.90 0.40 angular accel. = 2j/dle | 15.55

2" Stage Max G 1 5.00| 0.00 15.55
Ascent
On-Orbit| Trans- Tension at Full 9 axial force = 293,750 Ibf 9.50
Ops Lunar Pressure
Injection
(TLI)
Compression at Full 9 axial force = 293,750 Ibf 9.50
Pressure
Compression at Half 9 axial force = 293,750 Ibf 4.75
Pressure
Landing | Parachute Drogue Chute 9 axial force = 24,459 |bf 10.10
Main Chute 16 axial force = 46,009 Ibf 3.35
Impact Water Landing 1 28.20 10.10 0
TOTAL 115




B. Failure Index Computations

During the sizing process in Ref. 1, several failundices (FI) were used to evaluate the strucpgegbrmance
of the FE model. The purpose of the Fl is to assdsgether the undamaged CCM is able to resisioidms| that are
applied to it.

For composites, the Fl was computed for each pgaich element using the Hoffman first-ply failunedry
(Ref. 4) using Eq. 1. For the CCM analysis, thdfidan Fl calculation used in-plane ply stressesmated by
MSC/NASTRAN. The strength allowables were derifteuin A-basis, open hole, damage tolerant stramwalbles
for fabric and tape and included knockdowns foriemmental effects. In Eq. 1,7XXc, Y1, Y¢, and S represent
strength allowables for longitudinal tension, ldoginal compression, transverse tension, trans\eEnsgression,
and shear, respectively. In Eq. 1, a Fl valuetgreaan unity indicates failure.

1 1 1 1 sz ~0,0, Uyz Txyz
F Hoffman — - ot~ Jy + + + 2 (1)
X X. Y. Y. X X, YY. S

Deterministic sizing of the CCM in Ref. 1 was perfied on a component-by-component basis using the
Hypersizer software. For the baseline coarse Féemeseveral large Fl values were found in the Hsiger
database. These large Fl values were eliminated fhe final refined CCM models by model improvenamd
component redesign, but these improved features a@rin the coarse model. These large Fl valimgdwskew
the reliability estimate (resulting in a very higtobability of failure); so they had to be investigd and eliminated
from the coarse model if possible. Many large &les were for a honeycomb shear failure mode elefim
Hypersizer. Because the honeycomb allowableshfsifailure mode were not well defined, this enfaiure mode
was eliminated from the results in this paper. thae paper, only the Hoffman criterion for failusethe composite
components is considered.

Some large FI values for the Hoffman strength gatewere found to occur at a few localized shidheents
where the model used rigid elements at point loadtions, where the shell elements connected it si@ments,
or where a significant change in the number ofspliecurred over a few elements. Results at tloeséized
elements were eliminated in the reliability estienttt prevent model inadequacies from affectingctideulated
reliability.

In Ref. 1, the Hypersizer software was found tabedequate tool for designing the CCM based dit sta
loading. It is possible to extract Fl values frtre Hypersizer object model efficiently using VikBasic, C++, or
Python scripts. However, results needed for thahiéity calculation (e.g., ply-level stresses)utw not be extracted
from the Hypersizer object model and had to beaektd directly from NASTRAN output files.

In the deterministic analysis, one Fl is computadefach ply for each of 115 load sets for a totaiver 43
million Fl values. It is expedient to reduce thidlions of NASTRAN stress values to a few thousaladia points in
order to facilitate the reliability analysis. Thilata reduction step is helpful for both LaRC-depeld and
commercial reliability analysis software, and sarode development is required to perform this dadaction for
either software system. A few weeks of work wagineed by the analyst to set up this software thigtset up time
is consistent with the time required to set uplthseline deterministic analysis problem. By uginty one set of
stress results per component per load set, itdsiple to reduce the number of FI calculations w@seliimit state
functions by the reliability estimation softwaretin tens of millions down to a few thousand.

In Figure 2, the critical load sets from the DDT&Eing are shown on the FE model. A load set iswered
critical if the FI computed for that load set ig thighest for a given component. According tottide in Figure 2,
for first-ply failure, only 15 of the load sets §bort, 1 pressure, 10 parachute, 1 translunartioje€TLI), and 1
water landing) are critical for the 139 composibenponents. This data reduction results in 208&kles that are
tracked during the reliability analysis. This i@ load set information will be used in the prbiliatic analysis
process to reduce the amount of data used in timapility of failure calculations.



#LC #Comp % Sized Weight Load Description

1 39 39.30
1 32 21.56 Maximum Pressure
2 3 2.51 Parachute (Drogue Chute
8 21 8.93 Parachute (Main Chute)
1 4 5.01 TLI
::: : 1 32 19.19 Water Landing
R : : 4% 15 139 100.00

Figure 2. Critical load sets in sized FE model.

The component with the highest Fl is in the pressinell at the SM/ALAS fitting as shown in red iiglie 3.
Components with Fl values above 0.87 are presént€dble 2. Component #10,065 (on the lower siedlr the
SM/ALAS fittings) had the highest FI at the highitalde abort load set for this coarse FE model.wikbe shown
in the results section, this component was the writstal for the reliability calculation.
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Figure 3. Locations and identification numbers of composenith critical FI.




Table 2. Critical FL

Load ID Load Description Comp. ID Comp. Description FI

1 | Pad Abort 1,011 Belly band 0.8816

1 | Pad Abort 10,011 Lower shell side 0.8913

1| Pad Abort 10,060 Lower shell near SM/ALAS fitting 0.9284

2 | High Altitude Abort 10,004 Underside of CCM 0.%14

2 | High Altitude Abort 10,06Q Lower shell near SM/AS fittings 0.9542

2 | High Altitude Abort 10,065 Lower shell near SM/AE fittings 0.9931

2 | High Altitude Abort 20,012 Cruciform backboneasiachment to lower shell 0.9114

3 | Pressure 1,01p Belly band 0.8715

7 | Main Chute Landing 1,04p Upper shell 0.9160
14 | Water Landing 1,019 Belly band 0.9259
14 | Water Landing 1,020 Belly band 0.9332
14 | Water Landing 1,049 Upper shell 0.9332
14 | Water Landing 1,050 Upper shell 0.9353
14 | Water Landing 1,07Y Lower shell above SM/ALAE DS 0.8818
14 | Water Landing 10,060 Lower shell near SM/ALA Qs 0.8760
15| TLI 40,000 Gussets 0.8942

C. Probabilistic Variables

One of the key issues in probabilistic design idetermine the uncertainties that are associatédstructural
analysis. The type, distribution, sensitivity, aignificance for each source of uncertainty mestonsidered.
Possible sources of uncertainty include modelimgrer manufacturing errors, environmental variapili
aerodynamic loads, and material variability. Maiyrces of uncertainty were ignored for this stidgause their
effects on the design were considered small in @oisgn to other sources of uncertainty or becatisdark of
quantifiable data on the uncertainty distributiofifie ignored sources of uncertainty include matelastic
properties, as-manufactured ply thickness variationodel geometry errors, and model fidelity errors

Based on prior research experiences in structaeysis, two major sources of uncertainty domirnhéefailure
probability (Refs. 58). These two uncertainties are randomness iagpéed load and variability in the allowables
(i.e., strength limits). The procedure that isdisedetermine the distributions for these two searof uncertainty
is discussed below.

C.1 Digtribution for material strength limits

A-basis material allowables were extracted fromademials database used by the DDT&E project. Asbas
tolerances are the values above which 99 percemspécified population of measurements is expdotéall, with
a confidence of 95 percent (Ref. 9). Similarlyb&sis values are concerned with 90 percent ofdipalption. An
idealized distribution on the material limits isos¥n in Figure 4.

Figure 4. Normal distribution for strength allowables as$ug infinite sample size.



In this study, a normal distribution is selectedtfee materials because the central limit theoretes that the
combination of the uncertainties of multiple fast@® a normal distribution (Ref. 10). For a stagdhormal
distribution (i.e., mean = 0, standard deviatioh)/the notationb(K) (Eqg. 2) is commonly used to represent the
cumulative distribution function of the standardmal variateK. In Eq. 2£ is a variable representing the random
parameter (e.g., strength) used in the integratidne standard normal variate represents the nuoftstandard
deviations from the meam(Ref. 10). The value for the standard normalataif, for a cumulative probability is
computed from Eq. 3:

_ 1 T e
O(K)=—=— [e¥las )
2”{:J:oo
K, =®7(p) @)

The strength valusfor a givenK,, 4, and coefficient of variation (CV) can be compussd
s=ull+CVIK)) (4)

The corresponding normal variate for the A-bagisngith (g) is -2.326 based on an infinite number of coupstst
Therefore, the normalized meam{s,) for material strength can be computed from Egeow:
Ha__ 1
s, 1- 2326CV
The allowables used for the deterministic CCM desigre derived from the A-Basis open hole compoessi
allowables for 70°C, wet conditions calculated asisig the most conservative probability distributfanctional
form, as described in Ref. 1. For the CCM studypon test data were not available, so a CV of 5% assumed

and the normalized mean for the five allowableg &, Y+, Yc, and S) was computed from Eq. 5 and is given in
Table 3.

®)

Table 3. Probabilistic distribution for composite fabstrengths.
Mean (Ua/s) | CV
1.1316 0.05

C.2 Didtribution for the load

Load uncertainty distribution is difficult to deteine in the absence of measured data. For spacdeglihe
loads depend upon many factors (e.g., flight patbelerations, payload, aeroheating, and vibratidie
uncertainty of the load is the combination of tardomness in all of these factors. During the DDT&ie loads
were determined based on the vehicle configuratimhthe aerodynamic performance as specified bffitjtne
mission profile. However, these deterministic loadere deficient in that the loads were not alkblasn a
statistical probability of occurrence. The onlgtigtical data available for the CCM were assodiatgh water
landing loads. Derivation of uncertainty distrilouis for the water landing loads is presented belBar the other
load sets, a simplified uncertainty load distribuatis also derived. In the probabilistic analysegormed in this
paper, the load uncertainty distributions are usezbmpute random load factors which are usedatesbe
NASTRAN stresses in the FI (Eq. 1).

For water landing, a limited set of impact acceleraresults (148 results computed from analysdsSin
DYNA, Ref. 11) as a function of various uncertaiputs (vertical velocity, horizontal wind velocitgapsule pitch
angle, and wave angle) was available from the etuidi Ref. 12. Uncertainty distributions for thdsienpact
parameters are presented in Table 4.

Table 4. Uncertainty distributions on water landing inparameters.

Parameter Distribution | Mean CcVv Simulation | Simulation
Type Minimum Maximum
Vertical Velocity (ft/s) Normal 30 ft/s| 0.05( 104t 50 ft/s
Horizontal Velocity (ft/s) Normal 40 ft/s| 0.12% od 80 ft/s
Pitch Angle (deg) Normal 28deg 0.111 18 deg 38 deg
Wave Angle (deg) Uniform 0 deg - -30 deg 30 ded




A Kriging approximation (using software developaddef. 12 using the MATLAB environment, Ref. 13) of
the maximum root mean square (RMS) impact accéberas a function of the 4 impact parameters waated.
Because of the recoding of software necessaryctrfrorate the Kriging approximation in the probistiit software
(Ref. 14), a distribution for the probability of@arence of the water landing load was approximatsdg Monte
Carlo (MC) simulation. The MC simulation was conthd using 50,000 random sets of the 4 impact peters
These sets of random variables were then usedebiriing approximation to compute 50,000 impact
accelerations. Then, both a normal and a lognodisgibution were fit to the MC accelerations. gtwown in the
cumulative distribution function (CDF) plot in Figu5, the normal distribution follows the Kriging@/tata set
better than the lognormal distribution for a norized load above 50% of ultimate. To prevent negatalues of
the load factor (as negative RMS accelerationsmar@ossible), the water landing load factor isitated at values
below 1% ultimate load. The parameters of the @mbuistribution are used for the reliability anasys this paper
and are presented in Table 5.
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Figure 5. CDF for water landing load factor ratio
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For nominal mission phases (launch, TLI, and masgure), limit loads were defined in the DDT&E pitjas
3-sigma (i.e. the probability of occurrence of litmads is 3 standard devations from the nomired)o Similarly,
limit loads were 2-sigma for off-nominal missiongsles such as abort, chute-out, and water landimgjteans. A
method for defining uncertainty distributions foet2- and 3-sigma loads is presented below.

Eqg. 4 can be used to compute the mean for a Iedhbdition for a given CV and normal variate. Besathe
NASTRAN stresses are computed for ultimate loag ntiean for the load distributiopy () is normalized by the
stress state at ultimate loadjs However, the load distribution for 2- and 3reigis based on limit loads (with
stress statqg,); SO it is necessary to scale the mean by therfactsafety (FoS) for that load set. The nornediz
mean f4 /syy) for the load scale factor is given by Eq. 6:

B M 1

SJIt I:oss_im FOS(1+ CV KLim)
where K, has a value of 2 for off-nominal loads and 3 fommnal loads. For all load sets except water lagda
CV of 10% is assumed. The load distributions usetis paper for the abort, launch, maximum pressu
parachute, and TLI load sets were determined frqnbEand are presented in Table 5. Also preséent&dble 5 is

the probability of occurrence per mission of litoidd and ultimate load for each load set. NotettaFoS renders
the probability of occurrence of ultimate load extiely remote.

(6)



Table 5. Uncertainty distributions on CCM load sets

Load Set FoS Mean CcVv Probability of Probability of

(U / sui) Limit Load Ultimate Load
Abort 1.4 0.5952 0.100¢ 2.275e-2 5.231e-12
Launch 14 0.5495 0.1000 1.350e-3 1.202e-16
Max Pressure 2.0 0.3846 0.1000 1.350e-3 6.389e-58
Parachute Loads 1.4 0.5952 0.10pP0 2.275e-2 5.231e-1
TLI 14 0.5495 0.1000 1.350e-3 1.202e-16
Water Landing 1.4 0.2851 0.2939 1.511e-7 7.178e-18

III. Probabilistic Analysis Approach

In the probabilistic approach used in this papgiability estimation was performed using three methods:
the first-order reliability method (FORM), MC simulation, and conditional sampling. All three methods use a
limit state function that is computed as the highest FI out of 139 FE components (groups of elements with an
identical composite layup definition) for 15 load sets. The FI is computed as first-ply failure using the
Hoffman criterion. The limit state function registers as “failure” when the largest FI has a value above unity.
Because the NASTRAN analysis is linear static, the ply-level stresses computed by NASTRAN are held constant
in the limit state function. The only variables in the Hoffman equation are the in-plane allowables and load
factors for each of the load sets.

Implementation of the reliability estimation reqgdrcoding of the limit state as a subroutine in MLAB (Ref.
13). This subroutine is used with the UQToolswafe developed at NASA Langley (Ref 14) in MATLAB t
compute the probability of failure using all thmeethods. Other probabilistic analysis softwarelisas NESSUS,
Ref. 15) could also have been used to performetiahility estimation. A moderate level of codirsyequired to
define the limit state function for use in any pabbistic analysis software.

In the FORM analysis, the input parameters andinfie state function are transformed into standaodmal
space. Then, a gradient-based optimization iopedd to find the shortest distance from the orgfithe
transformed design space to the boundary of theréaconstraint. The point at this optimized logatis called the
most probable point (MPP). The probability of iaé is computed with Eq. 2 using the distance ¢coMiPP. In
MC simulation, millions of sets of random input @areters are generated and then used to computmihstate
function. The probability of failure is computesl the number of failures divided by the number & Wals
performed. In conditional sampling, MC simulatisrperformed in a reduced design space that istheavlPP,
thus performing more simulations near the “tail'tloé cumulative distribution function (CDF).

A simplified reliability calculation is also perfiored using the stress response of the componenthvatiargest
Fl. By using only the critical load and materidbevable, Cornell's (Ref. 16) safety index methahde used to
compute the probability of failure. Because thadl@and material distributions are statisticallygpendent and
normally distributed variables as shown in Figuréhé difference between these distributions isranal
distribution with a meanug) and standard deviatiood) given by Eq. 7 and 8, respectively (Ref. 10).Figure 7,
the “safety index’B is computed from Eqg. 9. Therefore, the probabditfailure is computed usingas the
standard normal variate in Eq. 3.

Me = Hp — (1)

O, =\o,2+0.° ®)

'8 = & (9)
O¢
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IV. Probabilistic Analysis Results

In this section, the results of the probabilisti@lgses of the CCM are presented. First, resoftsrfie and two
random variable cases are presented using a siecplffafety index” approach. Next, results arespreeed for
various combinations of random material allowalasled random load factors using three computatiomataaches:
FORM, MC simulation, and conditional sampling. &g, individual probabilities of failure are preged for
critical components and load sets.

For a simplified reliability calculation using thgafety index” and two random variables, the resgoat the
most critical component and load set from the NABINR-I results (Table 2) is used. For the mosicaltFI
(component #10,065 for high altitude abort load#s2}, the longitudinal stress (compressive) washiarger than
the shear and transverse stresses; so the twomarattables selected are 4nd the abort load set. Three cases
were evaluated considering randomness in stretigthable only, load only, and both allowable anddo The
results for this study are presented in Table 6teNhat the load was scaled by the ratio of th&&RRAN-
computed longitudinal stress at ultimate loag)($o the A-basis allowable @Xto ensure that both random
distributions were normalized by the same stréssther note that, in this approach, the Fl isaifely replaced
by a simple ratio of the NASTRAN stress ovey; Xo it uses a simpler limit state function.

Table 6. Simplified Probability of First-Ply Failur e Estimates using Safety Index

Case Allowable Load Safety P¢for B,
ID Mean cV Scale Mean CcVv | Index, B ®(-B)
(KA 1 Xc) (sun / Xc) | (W / sun)
1 1.1316 | 0.05 0.9989 1.0000 0.00 2.3453  9.506H-03
2 1.0000 0.00 0.9989 0.5952 0.10 6.8180 4.615B-12
3 1.1316 0.05 0.9989 0.5952 0.10 6.5428  3.018RB-11

Next, a more detailed probability of failure esttioa was performed using three methods: FORM, MC
simulation, and conditional sampling. Ten millisimulations were run for MC simulation and conditb
sampling. Eight probabilistic analysis cases vesta@uated using different combinations of randorargjth and
load factors and different sets of FI responseshasvn in Table 7. For all eight cases in Tablié limit state
function is the FI; so the probability is compufedfirst ply failure (Ry). For the most computationally expensive
case, MC simulation with ten million (Y0sampling points using 20 random variables andsZ&esponses
requires about 75 minutes on a single node of &&® Windows XP computer. This analysis time wdagdmuch
longer if the full set of millions of FI responsesre used.

Table 7. Probability of First-Ply Failure Estimatesfor CCM

Case| # Load | Comp | # Random Variables Prot

ID | Resp.| ID ID | Allowable | Loads FORM MC Conditional
4 1 2 10,065 1 0 8.204E-03 | 8.181E-03 8.203E-03
5 1 2 10,065 5 (All) 0 8.011E-03 | 8.026E-03 8.024E-03
6 2085 | All All 5 (All) 0 8.011E-03| 8.244E-03 8.3438B
7 1 2 10,065 0 1 3.218E-12 0* 3.215E-12
8 2085 All All 0 15 3.218E-12 0* o*

9 1 2 10,065 1 1 2.320E-11 o* 2.375E-11
10 1 2 10,065 5 (All) 1 2.277E-11 0* 2.240E-11
11 2085 All All 5 (All) 15 2.277E-11 0* o*

In cases 4 to 6 in Table 7, only randomness irsttength allowables is considered, and the loabghitity
distributions are effectively an impulse (deltajdtion at the ultimate load level. Results in saé¢o 6 and the
simplified case 1 (from Table 6) predigtn the order of 1%, which is consistent with ti8&®tolerance for A-
basis allowables. In cases 7 and 8, only randosningse loads is considered, and strength is fatettie A-basis
value. Results in cases 7 and 8 and the simplifase: 2 predictq? on the order of 1&, which is consistent with
the probability of occurrence for the ultimate aldoad set given in Table 5. In cases 9 to 11doamess in both
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allowables and loads is considered. Results iasc@ido 11 and the simplified case 3 predjgtdd the order of 10
11

Note that in comparing cases 5 to 6, 7 to 8, antb 11, the FORM analysis produces the sagevien only
the critical Fl is used and when all FI respongesuaed. The results computed using the simplifiethod in
Table 6 are 15% to 40% higher than the resultsgusia computational approaches in Table 7 dueddiffierences
in limit state functions. Results for three congiisnal methodologies are consistent except wheseh of 10
million sampling points is not large enough to proe a single failure for the MC or conditional sdimgpmethod.
Conditional sampling is more successful at prengci,: than MC simulation except when randomness in&ll 1
load sets is considered (cases 8 and 11). In Talaldg, of O for MC simulation or conditional sampling nmsa
that no failures were found in ten million simudats.

For the case #11 probabilistic estimate, thei$controlled primarily by the parameters for begitudinal
compressive strength parameter and load set #hoagn in Figure 8. In Table 7 by comparing cades#d #6, B
seems to be dominated by the FI of component 1(306tgh altitude abort because the differencegrisaround
1% between cases using only one Fl response archsies using all 2085 FI responses. The dominafribés
combination of component and load set on the ridiliaks further illustrated in Table 8. In Tab& for some cases,
the estimated probability of failure was extrenlely (below 1.E-18), notably for the pressure, wéeding, and
TLI load sets. The accuracy of these extremelyPywalues is questionable because calculations aferped
with values near machine zero.

Table 8. Comparison of Fl andPy,; for Probability Case #11

Load | Load Description |Comp. Comp. Description Fl Prof
ID ID
1| Pad Abort 1,011Belly band 0.8816| 2.181E-15
1| Pad Abort 10,011 Lower shell side 0.89133.556E-15
1| Pad Abort 10,060Lower shell near SM/ALAS fittings 0.92841.395E-12)
2| High Altitude Abort | 10,004 Underside of CCM 0.91961.366E-14
2| High Altitude Abort | 10,060 Lower shell near SM/ALAS fittings 0.954%.048E-12
2 | High Altitude Abort | 10,06% Lower shell near SM/ALAS fittings 0.993R.277E-11]
2 | High Altitude Abort | 20,012 Cruciform backbone at attachment to lower shell 1049 8.595E-15
3| Pressure 1,013Belly band 0.8715| 2.215E-30
7 | Main Chute Landing 1,04%Upper shell 0.9160| 1.043E-14
14| Water Landing 1,019Belly band 0.9259( 5.045E-21]
14| Water Landing 1,020Belly band 0.9332( 7.364E-21]
14| Water Landing 1,049Upper shell 0.9332| 2.247E-20
14| Water Landing 1,05PpUpper shell 0.9353( 2.447E-20
14| Water Landing 1,07fLower shell above SM/ALAS fittings 0.8812.878E-22
14| Water Landing 10,06PLower shell near SM/ALAS fittings 0.876Q..767E-19
15(TLI 40,000| Gussets 0.8942| 2.016E-18
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Figure 8. Most Probable Point from FORM for Case #11.

V. Summary

In the probabilistic approach used in this pages,dtructural analysis was performed with inpusd dre
uncertain in nature. An approach was presentedjwsater landing simulation data to determine uiadety
distributions for water landing loads. In the aieof relevant statistical data for the other loases and for
material strengths, a simple method was preseptedetermining uncertainty distributions for thegker random
parameters. Next, the limit state was definedagtobability of first ply failure £ that the Hoffman failure index
(FI) is greater than unity. Strength-based Floasps for the CCM were considered for 15 critiaahich,
maneuver, and landing load sets. To reduce theianud data used by the probabilistic analysis, ponent-level
responses were considered instead of elementydeygl| responses. For the limit state calculattbe ply-level
stresses computed by NASTRAN were held constahe ldst step was the computation gf. P

Simplistic reliability estimation was performed mgilongitudinal compressive strength and the load
distribution for high altitude abort. This safétglex approach was used to compute a distributorfeflure as the
difference between two normal distributions for lgggpload and strength allowable. In order to tieeHoffman FI
from the deterministic design in the reliabilitytiegation, three more complicated methods were uthedfirst-order
reliability method (FORM), MC simulation, and cotidnal sampling. All three methods used a limétstfunction
that was computed as the highest FI out of 139dtponents (groups of elements with an identical pmsite
layup definition) for 15 load sets for a total @85 responses. Results for the three methodsapasestent. The
FORM analysis missed the contribution of the leg&cal components and load conditions that condii
sampling and Monte Carlo simulation predicted. @tonal sampling was better than Monte Carlo satioh for
predicting low probabilities of failure, but conidibal sampling had difficulty handling randomnessll 15 load
sets and predicted zero failures in ten million gl

The reliability is shown to be driven by first dhilure in one region of the CCM at the high altiéuabort load
set. If only material uncertainty is considereg; iB around 1%, which is consistent with A-basiswhbles.
Considering only load uncertainty,fs around 3E-12, which is consistent with the ity of occurrence of
ultimate load. The fial predicted probability of failure using random parameters for both allowable and load
is one order of magnitude higher than Pgyr using only load uncertainty.

One goal of this CCM study was to examine the cdatmnal cost of probabilistic analysis of the CCWVhe
actual probabilistic analysis required just oveihanr of computational time, which is more expeagivan the ten
minutes required to perform a NASTRAN analysisdthload cases, but not prohibitive. Several wewmksork
was required to set up the probabilistic softwhte,this is on par with the time required to sethgpdeterministic
analysis. Another aim of the probabilistic studyree CCM was to present a method to charactemnzemainties
for parameters that affect the structural respsunsé as loads and material properties. Uncerégintere
characterized using a very simple method whendichitncertainty data was available. When actualisition data
was available for water loading, a Kriging approation was used to develop a load distribution. thaogoal of
the study was to demonstrate a method to compligitity on the CCM. This reliability estimatiowas perfomed
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using a variety of methods, requiring computatigmaés ranging from under a minute to almost twarso The
final goal of this study was to determine the dffgfthe factors of safety (FoS) applied to thesdwinistic loads on
the reliability of the CCM. The probability of aseence of ultimate load was on the order ot41® 10 for the
loads with a FoS of 1.4, which is consistent wite B, for the CCM using only randomness in the loadbe By
for the CCM using both randomness in the loadsthedtrength allowables was around 2E-11. TheHgwis
driven by low probability of occurrence of ultimdtads, which is due to the highly conservativairabf the FoS.
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