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Incorporating risk-based design as an integral part of spacecraft development is becoming more and more
common. Assessment of uncertainties associated with design parameters and environmental aspects such asloading
provides increased understanding of the design and its performance. Results of such studies can contribute to
mitigating risk through a system-level assessment. Understanding the risk of an event occurring, the probability of
its occurrence, and the consequence(s) of its occurrence can lead to robust, reliable designs. An approach to risk-
based structural design incorporating damage-tolerance analysis is described. The application of this approach
to a candidate Earth-entry vehicle is also described. The emphasis is on describing an approach for establishing
damage-tolerant structural response inputs to a system-level probabilistic risk assessment.

Nomenclature

[A] = matrix of constants associated with a given
response metric; see Eq. (2)

ag,a,as = crack length, mm

E; = elastic modulus in the ith principal
material direction, Pa

e = failure index for fiber compression;
see Eq. (3b)

ey = failure index for fiber tension; see Eq. (3a)

€ine = failure index for matrix compression;
see Eq. (3d)

€t = failure index for matrix tension;
see Eq. (3¢c)

G(a) = strain energy release rate, N - m/m?

G, = critical strain energy release rate, N - m/m>

Gj; = shear modulus in the ij principal material
plane, Pa

R, = response surface for the /th
performance metric

Ryviir = response surface for the maximum-load-
factor performance metric

Rsr = response surface for the shape-factor
performance metric

Rrr = response surface for the toughness-factor
performance metric

{R} = vector of values for a given performance
metric; see Eq. (2)

Sey, Syz, Sz = in-plane and transverse shear strength
allowables, Pa

Xr, Xc = tension and compression strength allowables
in the 1-direction, Pa

Xj = coded variables for the jth design parameter
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Yr,Yc = tension and compression strength allowables
in the 2-direction, Pa
Zr, Zc = tension and compression strength allowables

in the 3-direction, Pa

coefficients for response surface
approximations;see Eq. (1)

vector of unknown coefficients

for a given response metric; see Eq. (2)

p, gy Ogpy Qg =

{o} =

B = failure index limit for strength-related
failure initiation; see Eq. (3)

Vij = Poisson’s ratios

ojj = stress components, Pa

Introduction

DVANCED aerospace systems are becoming increasingly

more complex, and customers are demanding lower cost,
higher performance, and higher reliability. Increased demands are
placed on the design engineers to collaborate and integrate design
needs and objectives early in the design process to minimize risks
that may occur later in the design development stage. The design
process itself becomes a balancing process between risk and con-
sequences. High-performancesystems require better understanding
of system sensitivities much earlier in the design process to meet
mission goals. This understanding is developed through enhanced
concept selections, heritage data (experience), and enhanced ana-
Iytical tools. As such, the design of advanced aerospace systems
demands a full understandingof system functionality, system inter-
dependencies,systemrisks, and possible failure scenarios.! This un-
derstandingof the system cannotbe attained from a single discipline
view, irrespective of the depth of understanding in that discipline.
A systems-engineering perspective with in-depth understanding in
at least one discipline critical to the design contributes significantly
to understanding and mitigating risk.!

Probabilistic risk assessment (PRA) involves the combination
and integration of systems engineering, discipline specific analy-
ses, statistics, decision theory, and heritage data. PRA represents a
systematic approachfor identifying factors and events that have po-
tential to affect mission success and system performance > System-
level information and integration are needed for a complete vehicle
PRA that identifies and prioritizes risk associated with some event.
The occurrence of an event, for example, off-nominal condition,
subcomponentfailure, or accumulationof tolerances, and the sever-
ity of the consequencesassociated with this event can be quantified.
Guidance is thereby provided for modifying the design to mitigate
known risk to meet specified systemrequirements for reliability and
robustness.
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The objective of this paper is to describe an approach to risk-
based structural design that incorporates damage tolerance. The
emphasis of this paper is on the quasi-staticresponse of the space-
craft to launch and entry load cases. Other conditions associated
with spectral loading, shock loading, and impact, although readily
accommodated by the proposed approach, are not included in the
presentdiscussion.The proposedapproachincorporatesprogressive
failure analyses and fracture mechanics methods to assess dam-
age tolerance for composite spacecraft systems. Complex, detailed
nonlinear finite element simulations are used to evaluate structural
integrity for various loading conditions. Selected design parame-
ters are identified as key parameters with some known statistical
distribution along with response metrics for the spacecraft mission
associated with structural performance. The computational cost of
deterministic nonlinear finite element simulationsis significant and
necessitates an alternate approach for the probabilistic calculations
such as response surface methodologies. Multiple response surfaces
are proposed for the spacecraft system and its mission. These re-
sponse surfaces are defined based on the results of deterministic
analyses. Each of these steps is described and discussed in detail in
the following sections.

Proposed Risk-Based Design Approach

Mission goals define system requirements, many of which may
have direct bearing on the structure, whereas many others may not.
Those system requirements that do have a direct bearing on the
structure need to be cast into quantifiable design performance or
response metrics. In addition, selected design parameters or group-
ings of design parameters and their statistical variations need to be
defined. Probabilistic assessment of the design can then be made
using deterministic analysis tools to evaluate the effects of com-
binations of the input design variables on the response. Through
detailed study, the overall design space may then be approximated
usingresponsesurfacesdefining systemresponse metricsdeveloped
using large-scale finite element structural analysis simulations.

Hence, the approach to risk-based design incorporating damage-
tolerance analyses involves four basic steps. First, response met-
rics on the structural design performance are developed based on
system-level requirements for the vehicle in general and those re-
lated to specific disciplines in detail. Understanding system-level
requirements and mission goals results in formulating master logic
diagrams and functional event sequence diagrams that identify fail-
ure scenarios and their consequences due to system uncertainties,
limited knowledge or heritage data, or other subsystemfailure. Met-
rics may be explicitly defined within the design documents or may
need to be implicitly imposed. After metrics are defined, the de-
signer has measures of success to assess the impact of uncertainties
on performance. Second, design parameters that strongly influence
the structural performance are defined along with their statistical
variation. These statistical variations may be obtained from testing
or other sources. These two steps are crystallized by developing
event sequencediagrams for structural performance and thereby es-
tablishing an understanding of the interplay between subsystems
and the structure. Third, response surfaces approximations are de-
veloped based on detailed finite element analysis results for use in
probabilistic analysis as a fast computational substitute for large-
scale finite element simulations. These finite element simulations
for specified combinations of the design variablesinclude a damage
tolerance assessment and account for material damage, delamina-
tion growth, and local stiffness discontinuities.Finally, probabilistic
analyses are performed and quantifiable risk measures for mission
success are generated and provided to the systems-level probabilis-
tic risk assessment for integration.

Risk-Based Design

Risk-based design means that uncertainties associated with the
design are assessed and their impact determined. Uncertaintiesmay
berelated to material mechanicalproperties,geometric shape, loads,
or even outsideinfluences that are consequencesof other, seemingly
unrelated, system response to off-nominal conditions. Robustness
implies that the system design is nearly insensitive to these uncer-
tainties, that is, the vehicle design mitigates their influences. Proba-
bilistic methods are used to quantify the occurrence of such events

given certain statistical distributions of design parameters and their
mean values. In addition, event sequence diagrams are needed to
identify potential critical conditions and to serve as guides to miti-
gate risk and increase system reliability.

Deterministic analysis tools are commonly used in these assess-
ments to evaluate the structural performance for a given set of de-
sign variables and response metrics used to characterize mission
success. Deterministic analyses can be simple analytical models or
large-scale finite element models. In the latter case, these analyses
can overwhelm typical computational infrastructures unless high-
throughputcomputingmodels (for example, Refs. 4-7) are utilized *
An alternative approach is to employ response surface approxima-
tions (for example, Refs. 8-10) that are defined using a selected
subset of the design variables and deterministic nonlinear struc-
tural analyses. The response surface approximations are then used
in the probabilistic risk assessment. To this end, the risk-based de-
sign approach studied here utilizes response surfaces defined using
a two-level full-factorial model. A two-level factorial design ap-
proach defines a first-order response surface with interaction terms.
The two-level factorial design approach uses low and high values of
selecteddesign variablesto define aresponsesurface. Fora two-level
full-factorialdesign, the number of deterministic analysesis related
to the number of design variables that will later be considered as
random variablesin the probabilisticanalyses. That is, for numberof
random variables (NRV), 2NRV deterministic analyses are required.

Damage-Tolerance Analyses

Damage tolerance may be defined as the structure’s ability to
contain weakeningdefects underrepresentativeloadingand to retain
adequateresidualstrengthto meet missionrequirements.!! Damage-
toleranceanalyses are performed to determine the structure’s ability
to continue to function, in a structural sense, after damage initiation
and possible propagation while in service. Damage-toleranceissues
for spacecraft systems are critical due to the spacecraft cost and
overall program visibility.

Nonlinear finite element simulations of the launch and reentry
loadingcases providecriticalinformationaboutthe structuraldesign
in establishing the reliability of the spacecraft system to achieve its
mission. Nonlinearfinite element simulations are used to evaluate at
least four issues. First, the nonlinear structural analysis simulations
are used to determine the extent of the deformationsand their gradi-
ents. These deformation patterns can be used to validate the assump-
tions used in the aerodynamic simulations, for example, maintain
aerodynamic shape. Second, the nonlinear simulations are used to
determine any occurrence of strength-related material failures (i.e.,
yielding of metal structures or brittle failures for composite materi-
als) and any propagationof damage related to these strength-related
failures. Such a simulationis referredto as a progressivefailure anal-
ysis (PFA). However, initiation of local material failures, although
requiring careful study and understanding of their cause, may not
prevent the spacecraft from fulfilling its mission. Third, the nonlin-
ear simulations are used to determine whether initial defects (initial
delaminationsor disbonds)in a spacecraftstructure when subjected
to launch loading will propagate. These defects or initial damage
could be initial delaminations or initial disbonds not detected by
nondestructive evaluation (NDE) techniques employed during in-
spection. This initial damage could also be damage that develops
as a result of the launch loads. Fourth, the nonlinear simulations
are used to determine whether delaminations or disbonds present
at reentry will develop and propagate. The delaminations consid-
ered at this step are an accumulation of those associated, perhaps,
with manufacturing or fabrication delaminations that are smaller
than NDE inspection limits and those that are predicted to occur
as a result of the launch loads. Similarly disbonds are associated
with a local bond line failure, for example, bonded joints or bonded
flanges. Although these two failure modes are different, analysis
models often treat them in the same manner.

Hence, the damage-tolerance methodology to be employed for a

damage-tolerantspacecraft structural analysis involves two distinct

#Data available online; see Fields, S., “Hunting for Wasted Computing
Power—New Software for Computing Networks Puts Idle PC’s to Work,” ac-
cessed 26 August 2002, http://www.cs.wisc.edu/condor/doc/Wiscldea.html
[last modified 27 November 1996].
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phases. One phase predicts strength-related failure initiation and
growththatoccurduringloading. This phase, PFA, is predictedusing
atwo-dimensionalclassical lamination theory approach with failure
initiation criteria and ply discounting(or similar scheme) as the ma-
terial degradation model. The other phase predicts damage growth
from an assumed disbond,delamination,or combinationof both that
are embedded in the laminate. In addition, strength-related failures
may also occur as a result of these embedded flaws. This phase re-
quires using locally refined regions in the finite element model and
a strain-energy-releaserate calculation. Each phase typically em-
ploys separate structural analysis models with the latter requiring
locally refined models to embed the initial damage and monitor its
propagation. However, a single finite element model with all struc-
tural details (bolt holes, penetrations, flanges, and joints) included
couldbe usedin all phases provided the computationalinfrastructure
can deliver the computing resources for the simulations.

Treatment of Material Damage and Its Propagation

Nonlinear finite element simulations including progressive fail-
ure can be performed using a variety of structural analysis tools as
illustrated, for example, by Sleight'? and Knight et al.'* Typically,
nonlinear finite element analysis tools are used because geometric
nonlinearities (large-deflection, large-rotations) are coupled with
material nonlinearities (nonlinear elastic, inelastic, brittle damage)
in determining the structural response. PFA involves the prediction
of local material failure initiation, material degradation, and dam-
age propagation. Failure initiation criteria such as the maximum
strain criteria, the Tsai-Wu failure polynomial,"* or the Hashin
criteria!® are commonly used for laminated composite structures.
Many researchersincluding Singh et al.,'® Soden et al.,'” Sleight,?
and Knight et al.'® discuss the use and assessment of these fail-
ure criteria for laminated composite structures. Continuum dam-
age models based on internal state variables (e.g., Talreja'®) may
also be used but typically require additional material data. If the

spacecraftis fabricated using a process different from lamination of
unidirectional plies with various orientations, for example, textile
composites or nonpolymeric composites, then other failure mod-
els and material degradation models would be employed. Material
degradation models also vary depending on the failure criteria, but
generally they are based on ply discounting where lamina material
stiffness coefficients are reduced in value from their elastic value.
Damage propagationrequires following the material failure pattern
and reestablishing equilibrium as new failures are detected, local
material degradation occurs, and stress redistribution develops.

Failure criteria are evaluated at each material point in the com-
posite structure. A material point is defined as a location within the
laminate thickness (possibly several points in each ply) and at a
given surface location that is defined by a surface integration point
or Gauss point for a specific shell element. For example, a single
4-node shell element with 4 surface-integration Gauss points and
a 16-ply laminate with 1 sampling point through each layer would
have a total of 4 x 16 x 1 =64 material points per element. Once
failure has been detected, the elastic mechanical properties are de-
graded to zero (or nearly zero) and archived for use in subsequent
calculations. Each material point has a set of state variables that
include the failure mode flags (fiber and matrix), the failure index
for each mode, an overall failure flag, and the material degrada-
tion factor, nine state variables per material point. A holistic PFA
methodology'? shown in Fig. 1 includes material coupon testing
to determine material properties, PFA incorporating phenomeno-
logical models to predict failure and material degradation within
the finite element analysis, and subsequent testing of representative
structural configurations to validate the analysis.

Treatment of Delaminations and Disbonds

Fracture mechanics methods (e.g., Broek,!”” Aliabadi and
Rooke,”’ and Anderson’') are used to evaluate whether initial
cracks, delaminations, or disbonds will grow and whether that
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v v

Iterate to Establish Equilibrium

v

Stress Recovery Procedure to Compute Stresses

and Strains at Each Material Point

Flatwise Tension No

v

Assess Failure Criteria
Apply Material Degradation

v

Solution in Equilibrium?

4-Point Bend

Material Testing

¢ Yes

Increment Load
Pi=Pi.1+AP

Progressive Failure Analysis

P

Representative Failure Models

Fig. 1 Components of a holistic progressive failure methodology for composite structures.
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growth is stable or unstable. Assessment of disbond or delamina-
tion growthis obtainedusing severalcomputationalapproachessuch
as the force method,?? equivalent domain integral method,? virtual
crack closure technique (VCCT),?*~%6 and the crack tip opening dis-
placement method.?” The computed strain energy release rates can
then be compared to the interlaminar fracture toughness values of
the material. The interlaminar fracture toughness is determined for
mode 1, mode 2, and mixed-mode loadings using double-cantilever
beam, end notch flexure, and mixed-mode bending configurations,
respectively, as indicated in Fig. 2.

Benchmark computationalresults for two- and three-dimensional
analyses, applications to disbond simulations using shear-flexible
shell elements, and computational aspects of the method are pro-
vided in Refs. 28-36. Once a deterministic finite element analysis
has been performed, the fracture mechanics parameters are evalu-
ated. These postprocessingcomputationsof the finite elementresults
are required to calculate the strain energy release rates. As such, an
a priori determination of the way the damage will grow is needed,
and special attention to local mesh refinement is required. This ap-
proach can be coupled with PFA.

Three hypotheticalcurves of strain energy release rate vs delami-
nation or disbond length (G vs a) are shown in Fig. 3. Hypothetical
initial and final delamination or disbond lengths, ay and a ;, respec-
tively, are shown by the vertical solid lines. The initial value ay
is typically assumed to correspond to the smallest detectable flaw
size, whereas the final value a, corresponds to a completely de-
laminated member. Curve A represents a condition where unstable
growth may occur because the value of G is larger than the criti-
cal strain-energy-releaserate G, once the delamination reaches a
length a’ corresponding to point a; in Fig. 3. In contrast, curve B
represents a condition where unstable growth will not occur for any
crack length ay < a < ay because the strain-energy-release rate is

Double Cantilever Beam - G;

e
| Z

End Notch Flexure - G,

LM

Mixed Mode Bending - «G,+(1 -oc)ta‘,,c

o = mixed mode ratio

Fig. 2 Fracture mechanics testing for disbonds and delaminations.
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Fig. 3 Strain energy release rate as a function of delamination length.

less than the critical value for the material system for all size delam-
inations considered. Finally, curve C represents a condition where
unstable growth occurs between points ¢; and ¢, (¢] < a < ¢}) and
is arrested once the delaminationreachesa length ¢;. Arrestin curve
C neglects inertia. (Inertia effects are discussed by Broek.'”)

Another approach for treating delaminations and disbonds in-
volves the use of recent developments related to decohesion or
interface element formulations for strain-softening materials 37~
These models require overlaid shell elements in the regions where
delaminations and/or disbonds are expected to occur. The decohe-
sion formulation also requires a priori determination of the way
the delamination will grow, although the decohesion formulation
is not as restrictive as some methodologies. The simulation begins
without any delaminations or disbonds. During the simulation, lo-
cal response may be such that a delamination or disbond initiates
and grows. The decohesion element modeling approach provides a
computationaltool for damage tolerance. This approachcan also be
coupled with PFA.

Response Surface Approximations

Each response or performance metric is evaluated for each com-
bination of selected design variables. These results are then used to
define a response surface of a given shape 8~!° Although multiple
response functions may be included easily through additional post-
processing of the deterministic analyses, increasing the number of
selected design variables has a significant impact on the computa-
tional effort. A fundamental assumption in the use of this approach
for preliminary design assessmentis the functional form of the re-
sponse surface approximation, that is, first order, second order, or
higher order. Implicit assumptions are made regarding the accu-
racy of the response surface approximation relative to the actual
response. The following sections describe a proposed approach to
incorporate damage tolerance analysis into the risk assessment by
defining appropriate sets of selected design variables and structural
performance metrics.

Design Variable Selection

The selection of design variables to be included in the damage-
tolerant risk assessment is a key step in the process. The number
and definition of these design variables has two effects. First, selec-
tion of variables that influence the structural behavioras reflected in
the performance metrics is critical. Second, the number of variables
defined relates directly to the magnitude of the computational task,
for example, on the order of 2N®V deterministic calculations. For
example, the elastic mechanical properties of the composite mate-
rial (Eyy, Es, E33, G, Gaz, Gy3, V12, Va3, and v13) and the strength
allowable values (X7, X¢, Y7, Yc, Z7, Z¢, S,y, Sy:, and S,.) define
18 independent variables that affect structural performance. In this
case each composite material type used in the design would require
2'8 (or 262,144) deterministic analyses to form a response surface
based on a two-level full-factorial approach. For example, if each
analysis required 1 min of CPU time, then approximately 182 CPU
days would be required. Such an approach does not appear to be
tractableat the presenttime. Therefore, design variablesare grouped
together, that is, moduli group and strength group, having their own
mean values and standard deviations, but sharing a common prob-
ability density function. The approach used to incorporate damage
toleranceanalysisinto the risk assessmentis to group related design
variables together and to assume that all terms in a group share the
same statistical distribution, that is, normal distribution or Weibull
distribution. Again, if sufficient computing resources are available,
each design variable could be treated individually.

Response Surface Definition

A response surface is a mathematical approximation of a spe-
cific system response as a function of a set of design variables$~!°
A fundamental assumption is required pertaining to the functional
form of that surface, thatis, first order, second order, or higherorder.
Multiple response metrics can be involved to assess the robustness
and reliability of the system. Development of multiple response
surfaces, that is, the number of response surfaces (NRS) to be gen-
erated, should require only data extraction or postprocessingof the
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deterministicanalysesrather than additional simulations.Represen-
tation of the /th response surface (from a total number of NRS) can
be expressed as

NRV NRV NRV
Rl(xj) =aqay+ E X + E E A1 XXy
k=1 k=11=k+1

NRV NRV  NRV
+ Z Z Z gt Xk X1 Xy + - -+ (D

k=ll=k+1m=I1+1

where x; representsthe coded variable set, R; representsthe /th re-
sponse metric to be “fitted” to a surface (could be up to NRS defini-
tions needed), and «, o, oy, and oy, are the unknown coefficients
to be determined for the /th response surface. The coefficients with
a single subscript represent first-order terms, and those with two
or more subscripts represent the interaction terms for the response
surface approximation. The coded variables (normalized physical
variables) range in value between 1 and relate to the low and high
values of the natural variables (unnormalized physical variables).
Response surface approximations of this type involve products of
variables but no variable is raised above the first power, that is,
no squared terms. This type of response surface is classified as a
first-order model with interaction terms.

To determine these coefficients (o, o, oy, and oy, ), specific
unique combinations of the design variables are defined, and for
each combination, the system response is determined: a determin-
istic analysis typically from which the response metric is extracted,
for example, maximum principal strain. The coefficients are then
determined by solving a set of linear algebraic equations that is
2NRV 5 ONRV ip size and fully populated. When the coded variables
are used and NRV = 3 is assumed, eight expressions for a response
metric using a two-level, full-factorial approach are needed, and
these expressions may be expressed in matrix form as

[+1 -1 -1 -1 +1 41 +1 —17[ R'
+1 +1 -1 -1 —1 41 -1 +1{] « R?
+1 -1 41 -1 -1 -1 41 +1|| @ R3
+1 -1 =1 41 41 =1 +1 +1|} e | _
+1 +1 41 -1 an |
+1 +1 -1 +1 o
+1 =1 +1 +1 ] an
[ +1 41 41 +1 +1 41 41 +1 ] |am RS
(2a)
Aft Aeroshell
Structure

Lid Structure

Aft Heat Shield

Forebody Heat Shield

Cylindricali
Support Skirt

\
Impact Sphere

or
[Al{a} = {R} (2b)

where {R} is a vector containing the value of the response metric for
each combination of the coded variables, {«} is a vector of undeter-
mined coefficients for the response surface, and [A] is a matrix of
constants (£1s associated with the coded-variable values for each
combination). This set of linear algebraic equations can be readily
solved using traditional linear equation solvers.

Application to Earth-Entry Vehicles

To illustrate the outlined approach, application to a candidate
Earth-entry vehicle (EEV)*~* shown in Fig. 4 is considered. Vehi-
clesof this type are partof the payload for some launch vehicle. Once
in orbit, mission objectives are addressed, and the vehicle returns
to Earth experiencing loading conditions associated with reentry
through the Earth’s atmosphere. Mission success has two aspects.
One aspect is the return of science data, and the other aspectis the
protection of the biosphere. As a result, reliability and robustness
designrequirementsare extremely high. To mitigaterisk and address
the impact of possible off-nominal conditions, a scoping PRA was
conductedon EEV systems to quantify the risk associated with mis-
sion uncertainties*® Structural analysis input to the scoping PRA
was based on a single performance metric based on the strain at the
thermal protection system (TPS)/aeroshell interface bondline using
response surface approximations(Kurth, R. E., “Response Surfaces
and Statistical Designs for Their Construction,” charts from infor-
mal presentation by Battelle to NASA Langley Research Center,
EEV Team, Sept. 2000). The present paper addresses one aspect
of the design process that contributes to the mission success re-
quirements, namely, structural performance of the EEV aeroshell, a
critical driver for EEV structural design.

Candidate EEV Mission Scenario

Candidate EEV mission scenarios are similar.*>=* An EEV is
launched as a payload on some launch vehicle, it performs its sci-
ence mission, and then it returns to Earth. The EEV structure has
three functions. First, during launch, the EEV structure will react
body forces associated with launch accelerations. The EEV will
be mounted to the launch vehicle using several hold-down mech-
anisms (typically bolts) that have the potential to generate severe
local stress gradients. Second, during reentry, the EEV structure
needs to provide support for the external TPS or may need to serve
amultifunctionalrole for carrying both structuraland thermal loads.
Third, during reentry, the EEV structure needs to retain its shape for
aerodynamic performance and other mission-related aspects.

Mounting Bolt

Forward Aeroshell
Structure

Forward/Aft
Aeroshell Intersection
(Outer Tip)

Impact Protection System

Containment Vessel

Fig. 4 Candidate EEV system.
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Fig. 5 Representative event sequence diagram for reentry.

To illustrate the approach to risk-based design incorporating
damage-toleranceanalyses described in the preceding sections, the
method is applied to a candidate EEV aeroshell structure. A rep-
resentative event sequence diagram for this aspect of the design
(structural integrity) is presented in Fig. 5. The analyses described
providethe necessary input for generatingresponse surfaces that are
then used in the probabilistic analyses as indicated on Fig. 5. Im-
pact protection is provided by the impact sphere (e.g., see Kellas*
for design, fabrication, and testing results and Billings et al.*’ for
nonlinear transient dynamic simulations) rather than the aeroshell,
and impact protection is not a primary part of the EEV aeroshell
structural design problem.

Candidate EEV Configuration and Finite Element Modeling

A candidate configuration of an EEV system** is a 0.9-m-diam,
spherically blunted, 60-deg half-angle cone forebody (Fig. 4). The
forebody heat shield is 12 mm thick.

The EEV primary structures include a forward structure, an aft
structure, a cylindrical support skirt, a 0.3-m-diam impact shell,
and a lid structure (covers the aft side of the impact sphere). These
structures are generally thin except near intersections between the
internal skirt (support cylinder) and the forward and aft structures,
between the forward-aft structures interface (EEV outer tip), and
near the three mounting bolts on the aft structure that have metal
reinforcement. Dimensions quoted here are representative for the
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Table1l Summary of finite element models used for a typical spacecraft structure

Launch load cases

Reentry load cases

Nominal Nominal
Finite Nominal material material Off-nominal
element material properties properties Initial flaw sizes
model Nominal properties and  and initial  and initiated  flaw and initiated
number  configuration no damage damage damage sizes damage
i J J
1A N J
2 v v J
3A N N N J
3B N N N N
3 v v v J
4 N N N J
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Fig. 6 Representative 90-degsegmentof the EEV finite element model.

structures at a conceptual design level. Each component has a near
uniform thickness: The forward structure is 2.5 mm thick, the aft
structure is 2 mm thick on the sloping section and 4 mm thick in the
flat region with the mounting bolt holes, and the skirtis 2 mm thick.
Analyses have indicated that for the launch and reentry load cases
considered the lid structure and the impact sphere are only lightly
loaded and, thus, are considered as linear elastic with no damage in
subsequent simulations.

A series of finite element models of a candidate EEV are de-
veloped using the geometry definition. A 90-deg segment of one
finite element model is shown in Fig. 6 to illustrate the modeling
fidelity incorporated into the simulations. The finite element mod-
els are assessed to verify modeling assumptions and discretization
effects. In this study, the composite structures are modeled using
two-dimensional shell elements except near the outer connection
between the forward and aft structures (near the EEV outer tip).
The foam between the skirt and the impact sphere and the TPS are
assumed to have linear elastic behavior and modeled using three-
dimensional solid elements. The cylindrical skirt, which bounds
the foam and connects the forward and aft aeroshell structures, is
modeled using shell elements. Composite structure components are
modeled using classical lamination theory, implicit assumption on
composite fabrication approach and material constituents, that is,
layers of unidirectional polymer-based composite materials.

A certain degree of symmetry does exist in the configuration of
the structure and the reentry loading case. However, the launch load
casesmay cause damage initiationand propagationthat are not sym-
metric. As a result, only full-vehicle finite element models are con-
sidered. The reference finite element model, model 1, is defined as a
detailed 360-deg model of the EEV having approximately 100,000
elements and 100,000 nodes, over 6,000,000 material points to ex-
amine for material damage. In this model, penetrationsand the three
mounting bolt holes on the aft structure are explicitly modeled and
includea local flange for the mountingbolts on the aft structure. Re-
gions of the model for which damage is anticipated, that is, modeled
for PFA, have one through-the-thicknes integration point per layer.

Increasing this to three points per layer would significantly increase
the analysis computing time. Regions of the model for which dam-
age is not anticipated (lid structure and impact sphere) are modeled
as elastic only. Various finite element models and their basic use are
summarized in Table 1 and discussed furtherin the “Computational
Approach” section.

Before proceeding further, a few comments are in order. First,
the commercial structural analysis tools themselves are generally
accurate and reliable in terms of correctly performing the calcula-
tions. However, few commercial structural analysis tools provide
automated adaptive modeling features to ensure accuracy during a
nonlinearresponse simulation, with the possible exceptionof sheet-
metal forming. Second, the material constitutive models including
elastic response, failure behavior, and material degradationare lim-
ited to common material systems and fabrication types. However,
advanced vehicle designs typically use advanced materials technol-
ogy, for example, three-dimensional woven composites, ceramics,
and foams, and direct representationof new materials fabricated us-
ing new methods is often only approximate. Finally, prediction of
damage-tolerant structural behavior is very complex and problem
dependent. Local stress and strain redistributions due to damage
initiation and growth will occur and requires automated remeshing
techniques or manual remeshing and resolution. Generalizations
regarding these aspects of the analysis, especially with regard to
correctness and appropriateness,cannot be made.

Loading Cases

There are two loading conditions to be considered in the EEV
analysis: launch and reentry. Because a specific launch vehicle is
undecided, this uncertainty is addressed by considering eight dif-
ferent launch load cases to envelop the acceleration characteristics
of several candidate launch vehicles. Hence, eight different launch
load cases are defined and analyzed to account for the uncertainty
associated with launch vehicle selection. The reentry loads case is
defined based on the likely deceleration of the vehicle on reentry.
This load can vary depending on vehicle orientation and trajectory.
The reentry loading is considered to be known with certainty.

Selected Design Variables

Design variables having a significant influence on the structural
design including damage tolerance are identified and grouped to-
gether, if needed. For this study, six groups are identified. The elastic
mechanical properties are one group. Another group represents the
material strength parameters, whereas another group involves the
fracture toughness parameters of the aeroshell material. These three
groups are commonly defined as design variables significantly af-
fecting structural performance; however, they do not represent the
complete picture. Two additional design variable groups and one
load variable group are identified. One design variable group is re-
lated to the failure indices for failure initiation (failure index group)
and the other is related to initial flaw size for delaminations and
disbonds (flaw size group).

The first three groups are defined based on material characteri-
zation testing and heritage data for the material system. The fourth
group accounts for uncertainty in the failure model. The fifth group
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accounts for uncertainty in the initial flaw size in fracture mechan-
ics analyses. The sixth group is based on trajectory and orientation
predictions from reentry aerodynamic simulations.

The failure index group involves the failure model and its as-
sociated failure modes. For the present approach, HKS/ABAQUS
Standard*® is employed as the nonlinear finite element analysis tool.
This tool offers a robust nonlinear solution strategy, ability to incor-
porate user-defined material models and elements, and a multipro-
cessor capability. Specific failure models and material degradation
models are incorporated through a user-defined constitutive model
using UMAT.*® This material model consists of a two-dimensional
classical lamination theory approach with the Hashin failure
criteria!® and ply discounting as the material degradation model.
Failure indices for the Hashin criteria are related to fiber and matrix
failures and involve four failure modes defined as follows.

Tensile fiber failure:

2 2
ai) L (22) 128
X, Sy 1 <8,

Compressive fiber failure:

o 2_62 >8, failure (3b)
Xc) T <, no failure

Tensile matrix failure:

2 2
>B, failure
Z2) () et . (30)
Yy Sy <B, no failure

Compressive matrix failure:

Y, : o o : o :
c 22 22 12
(25@) (YC> (2.5}_v> (Sxy>

{ >8, failure

failure
. (3a)
no failure

2
mc

3d
<B, no failure (3d)

In the Hashin criteria,'> lamina strength allowables for tension and
compression in the lamina principal material directions (fiber or
1-direction and matrix or 2-direction) as well as in-plane shear
strength allowable are denoted by X7, X¢, Y7, Y¢, and S,,, respec-
tively. In-plane normal and shear stress components are denoted by
0ij, I, j =1,2. Finally, fiber and matrix failure indices for tension
and compression (e, €., €y, and e,,.) are then compared with a
specified limit § to indicate whether failure is predicted. Typically
the value of g is unity; however, within the probabilisticrisk assess-
ment approach described here, g will be allowed to take on values
less than unity in an attempt to account for the uncertainty in the
appropriateness of the failure model. One alternative approach to
dealing with the uncertainty of the selected failure criteria would be
toevaluateconcurrentlyseveral failurecriteria(i.e., maximum strain
criteria, Hashin criteria,"> Tsai—~Wu criteria'*) and then define failure
when any criterion is exceeded. Hence, this group varies the failure
limit from a value of unity to a smaller value 8, thatis,0 < g <1.

In effect, when B is less than unity, failures would be initiated
earlier, that is, at a lower load level, and thereby account, in some
sense, for the uncertainty regarding the appropriateness of the se-
lected failure model for the composite material architecture. The
approach is to assign this failure limit to all failure modes consid-
ered; however, different values could be used for each failure mode
or for individual components (fiber or matrix).

The flaw size group involves any and all flaws embedded within
the finite element model and associated finite element modeling
changes to accommodate these new flaw sizes. Again the flaw size
distribution is assumed to be the same for all flaws even though the
initial flaw size and its mean value may be different. Based on the
VCCT, local computation of strain-energy-releaserates uses nodal
forces and nodal displacementsin the vicinity of the delaminationor
disbond front. The strain-energy-releaserates are computed using
locally refined regions in the finite element model at a well-defined
interface between layers of the composite material 28-36

One final variableis defined as the magnitude of the reentry load-
ing (load variable group). This variable is not directly related to the
structure itself but has the potential to affect the results dramati-
cally. The reentry loading condition is a function of other vehicle
characteristicson reentry such as spacecraftorientation and reentry
trajectory.

The structures’ input to the probabilisticrisk assessmentis based
on a series of analyses for both the launch and reentry conditions, as
indicated by the event sequence diagrams shown in Fig. 5. Using a
two-level full-factorial design model, design parameters are varied
from their mean values (a value of 41 for the coded variables)to ex-
treme values, that is, negative two sigma for the physical parameters
or a value of —1 for the coded variables. The number of required
deterministicanalysesincreasesas 2¥*V, where NRV is the number
of design variables that will be considered as random during the
probabilistic analyses. Results from these analyses are used to de-
fine a response surface for each response metric based on two-level
full-factorial design approach. The number of required simulations
can rapidly become prohibitively high for large-scale finite element
models such as the one developed for the candidate EEV (approxi-
mately 100,000 nodes). Thus, measures must be taken to ensure all
required analyses are performed and to understand how they will be
used. Reducing the number of variables will reduce the number of
analyses needed, provided the sensitivity of the structural response
to the design variables is known and understood.

Response Metrics

Several response or performance metrics on structural perfor-
mance may be identified from the event sequence diagramsin Fig. 5
and then analytically defined in relation to mission success. Note
that failure initiation, initial flaws, and possible damage propaga-
tion do not necessarily result in mission failure. Response metrics
are needed that define overall structural failure that would prevent
an EEV from accomplishingits mission. The interface between the
damage-tolerance analyses and the probabilisticrisk assessment is
dependent on the variables extracted from the damage-tolerance
analyses. Because the number of nodal degrees of freedom and
element quantities, that is, u;, €;, o;;, G,;, Gy, etc., is poten-
tially enormous, response metrics for structural response within
the probabilistic risk assessment must be computed at the vehi-
cle system level. That is, the damage-tolerant analyses must de-
termine whether or not the vehicle is capable of sustaining launch
and reentry loads. Three structural-performane response metrics
are considered for an EEV with a composite aeroshell design: a
strength-based factor, a toughness-basedfactor, and a shape-based
factor. These factors or response surface parameters for reentry de-
termine whether or not the structural integrity of the EEV has been
compromised.

The strength-based factor is taken as the ratio of the largest sus-
tained load at a converged increment in the nonlinear PFA to the
reentry design load. This strength-basedfactor is computed for each
combination of design variables and may take on a value equal to
or less than unity. A value less than unity, that is, for a load level
below the reentry design load, indicates convergence difficulties in
the PFA numerical solution due to a discontinuous load path and
loss of structural stiffness, and the structure is determined to have
failed. Hence, a response parameter Ry r is defined as a normal-
ized maximum load factor obtained from a PFA simulation for each
combination of design variables where a maximum value of unity
indicates that, for this combination of design variables, the reentry
design load level can be reached. This factor is not directly influ-
enced by the toughness group of design variables. Thus, only four
of the design variable groups are used to form the response surface
for the maximum load factor. This response surface approximation
has the form

NRV NRV NRV
Ryie(X1, Xg, X3, X4) = g + E X + E E Qg X Xy
k=1 k=11=k+1

NRV NRV  NRV
+ E E E Ot Xi X X+ 01234 X1 X2 X34 “4)
k=1l=k+1m=I1+1
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This approximationinvolves 16 unknown coefficients. For the two-
level, full-factorial design approach 16 PFA simulations are then
required to generate the right-hand-side vector of Eq. (2) and to
obtain the coefficients of the response surface defined by Eq. (4).

The toughness-basedfactor is taken as the ratio of the computed
strain energy release rate to the critical value. A response parameter
Rqrisdefined as a normalized strain energyreleaserate (G/G. > 1)
with a value greater than unity indicating unstable damage growth
will occur for the specified combination of variables. Values less
than unity indicate stable damage growth. This factoris directly de-
pendent on the toughness group; however, the toughness group es-
sentially changesonly the critical strain energy releaserate, which is
compared with acomputed strain energy releaserate. This increases
the number of design variable groups to 5 and increases the num-
ber of unknown response surface coefficients to 32. The response
surface for the toughness factor is expressed as

NRV NRV NRV
Ryie(X1, Xg, X3, X4) = g + E X + E E QX Xy
k=1 k=11=k+1

NRV NRV  NRV
+§ E E Ok Xk X1 Xm
k=1l=k+1m=I+1
NRV NRV ~NRV  NRV
+ E E E E Qptmn XX X X+ X12345X1 X2 X3X4Xs
k=1ll=k+1m=Il+1n=m+1
()

No additional PFA simulations are required, rather further postpro-
cessing calculations that utilize the 16 PFA simulation results are
required to determine the right-hand-side vector of Eq. (2) for the
response metric given by Eq. (5).

The shape-based factor determines if the aerodynamic character-
istics of the vehicle have been significantly altered due to extensive
deformations of the aeroshell even though catastrophic structural
damage is not predicted. Calculations use selected points on the
EEV model to evaluate average diameter change or change in aver-
age angle of the conical shell, or use an L, norm of the displacement
vector to estimate shape change. A response parameter Rk is de-
fined as the ratio of some undeformed geometry measure (diameter
or cone angle) to the measure computed from the nonlinear simula-
tion. This response surface approximation has the same functional
form as that given by Eq. (4). No additional PFA simulations are re-
quired; however, a response metric based on geometric shape needs
to be evaluated, that is, extract additional information from the pre-
vious PFA simulations.

Hence, structural analysis requirements are defined in part from
the eventsequencediagramsof Fig. 5 and the definition of the design
variables that influence the structural response. In this application,
three response metrics are proposed to define structural integrity,
namely, the maximum load factor, the toughness factor, and the
shape factor. Detailed, finite element analyses are to be performed
using deterministicmethods and thereby provide the basis for defin-
ing associatedresponse surfaceapproximationsfor each metric. The
computationalapproachto providethisinputto the PRA isdescribed
next.

Computational Approach

The finite elementmodels used for this investigationare described
in Table 1. The computational approach begins with the analysis of
the eightlaunch load cases using model 1: a complete vehicle finite
element model with nominal material data, 8 = 1, and without any
damage, defects, flaws or imperfections, that is, a model of the
pristine structure. Eight PFA simulations are performed where the
loadfactorsare graduallyincreased from zero to amaximum valueof
unity (representingfull applicationof the designload) for each of the
eightlaunch load cases. A maximum value of unity implies that the
structure carried the full magnitudeof the load case considered;local
damage may be presentbut did not preventthe PFA simulation of the
structural response from converging when the full load was applied.
A maximum valueless than unity implies that the designloads could
not be sustained by the structure. Results include the failure indices
from the chosen failure criteria. (Failure modes are grouped as fiber

or matrix failure indices, e and e,,, respectively.) The fiber failure
indices for tension and compression are examined, and the highest
value of e and ey is then assigned to e, (similarly for the matrix
failure indices). In addition, the transverse shear strain energy and
total strainenergy by elementare archived. Following each analysis,
the failure index distributions by layer in the composite laminate
are reviewed, and a cumulative distribution for each failure index,
that is, number of elements with a failure index greater than B,
is computed. These distributions are used to identify “initiated”
imperfection sites. These initiated imperfections simulate possible
manufacturing defects or voids with a size defined by the NDE
inspection limit (or at least a single element), where the specific
failure index causes a corresponding material degradation in those
locations. The union of all such initiated imperfection sites are then
incorporatedinto model 1 and called model 1A.

The eight launch load cases are then reanalyzed using model 1 A.
Theresultsof these PFA simulationsare evaluatedto see if additional
strength-related failures (via the Hashin criteria'®) have occurred.
If no additional strength-related failures are detected beyond those
incorporated by changing 8, then model 1A defines the baseline
finite element model for the reentry load case, that is, model 2. If
additional strength-related failures are detected, then the union of
all strength-related failures superposed on those already in model
1A becomes the baseline finite element model for reentry, model
2. Hence, the baseline finite element model to study the reentry
load case assumes that any manufacturing or fabrication flaws, de-
fects, or delaminationshave been detected by NDE inspection. Any
initial undetected defect is simulated by material degradation. Fur-
thermore, it is assumed that if the PFA simulations for any launch
load case lead to a predicted failure, then design changes would be
made before proceeding to analyze the reentry load case. At this
point, 16 PFA simulations have been performed.

Next, a PFA simulationis performed using the baseline finite ele-
ment model, model 2, for the reentry load case. Candidate locations
for the initial delaminations are determined by examining the trans-
verse shear strain energy distribution within the model, whereas
candidate locations for initial disbonds are determined based on as-
sembly and manufacturing information or heritage data. For these
identified locations, the baseline finite element model is modified to
includelocally refined regions to accommodate strain energy release
rate calculationsusing a technique such as the VCCT. Each location
may have its own initial size, location, and orientation. Simulation
results will need to ensure that these effects do not interact; if they
do, then further modifications to the finite element will be required.
Incorporating these initial flaws within model 2 leads to model 3A,
which reflects these initial flaws plus any and all strength-related
failures predicted from the launch load cases.

Three PFA simulationsare performed for different flaw sizes (an-
alyze models 3A, 3B, and 3C) to develop a family of curves for
strain energy release rate vs flaw size. These results are used to
define a nominal value of the flaw size random variable. Model
3A is then modified to reflect the off-nominal flaw sizes and called
model 4. This model has nominal material properties for much of the
model, nominal geometry, regions with material degradationdue to
strength-related failures from the launch load cases, and embedded
flaws simulating delaminations and disbonds.

At this point, 20 PFA simulations have been performed, and the
baseline finite element model for reentry (model 3A) has been de-
fined. This finite element model is then used with the reentry load
case and each combination of design parameters from the design
variable groups to evaluate three response metrics, that is, strength
factor, toughness factor, and shape factor. Results obtained using
model 3A representthe case of nominal values for each design vari-
able group, including flaw sizes. The off-nominal value for the flaw
size and damage from launch require modifications to model 3A
that lead to model 4. Off-nominal values of the toughness group
require only additional post-processing of the PFA simulation re-
sults. Therefore, for the 4 groups of design variables identified (i.e.,
moduli group, strength group, failure index group, and flaw size
group),another 16 (2%) PFA simulationsare required for a two-level,
full-factorialapproachfor creating the response surface approxima-
tions, giving a total of 36 simulations. Clearly, risk-based design
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incorporating damage tolerance requires significant computational
effort. Even with the use of response surface approximations, the
necessary computations may tax a computing infrastructure. Ad-
vanced computing strategies*~’ need to be harnessed as an enabling
infrastructure for the proposed damage-tolerant risk-based design
strategy.

To summarize, the computational effort to incorporate damage-
tolerant analyses in a probabilistic risk assessment of a candidate
EEV structure includes 36 PFA simulations plus selected postpro-
cessing calculations. These simulation results are used to generate
the response surfaces correspondingto the three identified response
metrics and four groups of random variables for a two-level full-
factorial design approach. Additional PFA simulations may be re-
quired to investigatesome aspect further or to improve the fidelity of
the results. Employing the decohesion element modeling approach
for delaminationand disbond modeling would require 16 additional
simulations because the toughness design variable group would be
explicitly included as part of the simulations.

Probabilistic Analyses

The results of these deterministic analyses provide the basis for
generating the response surface approximations. A response sur-
face is formed for each structural response metric defined to assess
structural performance in meeting mission objectives. The response
surfacesare then incorporatedinto the probabilisticanalysis strategy
as an approximate method of assessing damage-tolerant structural
performance without requiring a full PFA simulation. Each design
variable group has an associated statistical distribution function, ei-
ther known from heritage data, test results, and/or expert opinion.
For a specific value of a design variable, the probability of that vari-
able taking on at least that value is known. Collectively the set of
design variables is used to determine the corresponding response.
Then using their probabilities, the probability of the responsereach-
ing at least a certain value can be determined.

Conclusions

An approach for incorporating damage tolerance analysis with
risk-based structural design has been discussed within the context
of a candidate EEV composite aeroshell structure. The approach de-
scribed a process of accountingfor local material flaws and strength-
related material failures within a probabilisticrisk assessment. Pro-
gressive failure and fracture mechanics-based analyses are to be
performed. Because of the computational effort required to assess
the structuralintegrity of the EEV composite aeroshellstructure, de-
sign optimization techniquesbased on response surface approxima-
tions are incorporated.In addition, related design variables affecting
damage tolerance are grouped together with the same probability
distributions.

Nonlinear structural analyses of the EEV structure are to be per-
formed to account for launch and reentry loads in both a pristine
state and an imperfect state to establish the damage tolerance of the
structure. The design variable groups for the reentry cases include
five groups that account for variability in elastic moduli, strength,
interlaminarfracturetoughness,damage from launch,and delamina-
tion/disbond size. Three response metrics are considered including
strength, toughness, and vehicle shape to determine the capability
of the supporting structure to meet mission goals. When a two-level
full-factorial design approach is used, the number of deterministic
analyses required to determine the coefficients that define the re-
sponse surfaces for each response metric is explicitly known. These
response surfaces are subsequently used innumerable times in the
probabilistic analyses as substitutes for detailed deterministic anal-
yses. The design variable groups will then be treated as random
variables in these probabilistic analyses. The approach presented
outlines a framework and the steps needed to supporta probabilistic
risk assessment of damage-tolerant composite structural compo-
nents of a spacecraft system. However, it should be clearly under-
stood thatthe simulationsand damage models included have implicit
assumptions regarding how material failures will initiate and prop-
agate. Accounting for failure mechanisms and damage modes not
included in the mathematical models needs to be part of the overall
risk assessment.
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