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Space Structures
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« Crew exploration vehicle water landing simulation

e Inflation deployment structures



Crew Exploration Vehicle Water Landing
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Capsule Water Diving Characteristics

Pitch angle: 45-deg, Vertical velocity: 31 ft/s, Horizontal velocity: 47 ft/s
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Snap Shots of Water Diving Characteristics
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Inflatable Structures
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Technical Challenges for Analyzing

Inflatable Structures
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* Highly nonlinear flexible structures

* Lengthy computational time for simulating
contacts and gas-structure interactions
In inflation deployment process



Inflation Deployment of Folded Tube
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Wrinkling Deformations
A I ; IIIIITI’T’T';';'TTTTTiRR»«»»»R

* Local heating ,
e Thrust reduction

w (mm)
0.3494

-0.4595

Corner load (F): 2.45 N
ABAQUS Nonlinear Analysis



Damage Tolerance of Composite Aircraft
Structures

Improved Damage
Strength, Tolerance Design
Stiffness

Damage Sources:

— Impact damage (tools, tool box, runway
debris, service carts, hailstones, etc)

— Engine failure (rotor disk fragments, blades,
etc)

— Fatigue

— Manufacturing and assembly defects

— Environmental effects (temperature,
moisture, etc)

Service Life

 Damage tolerance analyses of cracked panels
« Composite wing box test and analysis data correlation
» Effects of residual strain on the bridging stress in cracked fiber-metal laminates



Fuselage Panel With Discrete Source Damage
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Progressive Failure Analysis

40 in.




Composite Wing Tested at Langley




Analysis of Wing Stub Box
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Boeing 787 (50% Composites)

....
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Benefits
*Reduces structural weight
e Uses 20% less fuel B Carbon laminate

M carbon sandwich
B Cther composites

* Increases range B Aluminum

B Titanium



Improving Aircraft Durability and Efficiency
with Fiber Metal Laminates
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Fatigue Crack Initiation and Coalescence
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Fatigue Crack Growth Behavior of FML'’s

*FML’s show significant improvement in
fatigue crack growth resistance
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Residual Strains after Post-Cure

Stretching
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Post Cure Stretching Reducing Crack Growth
Rate

*Post cure stretching can result in
improved fatigue crack growth resistance
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Specimens with Elliptical or Rhomboidal
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Effects of Residual Stain on

Bridging Stress
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Effect of Residual Strains on CODs

Crack Opening Displacement (x10'6 m)
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Fracture Mechanics Related Research
-l

 Stress intensity factors for interfacial cracks
« Conditions for the equivalence of cohesive
zone models and linear fracture mechanics



Delaminated FML Configurations

Cracked aluminum layers
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N\
N\

N

X, 4

Z
Aluminum / ] '& X,

Aluminum Glass/Epoxy Delaminations X,

FML with multiple cracks and interfacial delaminations

Aluminum

/ﬁ@
A X2
FML with single . X
interfacial delamination \\ \\
Glass/Epoxy Delamination %3

Crack



Calculation of Stress Intensity Factors for
Interfacial Cracks

Crack —
#1 Aluminum
49 G_Iass/I.Epoxy
43 _Alumlnum
Glass/Epoxy
#4 —_Aluminum
A )(2
Obijectives Xl,

» Obtain mesh-size-independent stress intensity factors
for interfacial cracks

» Explore the use of stress intensity factors to establish
interfacial crack failure (growth) criterion

Ref. John T. Wang , 50th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, 4 -7 May 2009.



Energy Release Rates

P ll A X2
Aluminum P PN >
c "X
Glass/Epoxy H | = 1
P

0.25 ‘ \

o
N
'
I
i
)
i
¥

N T I
S S
= | =
= s G ‘ s s =
oL 2
xx ‘ ‘ o
3 g
© | | | ©
o Olpoo e e e e S . @
x ; ; o
> >
(@) [@)]
S S
(] Q
c [
L L

2 [
0.05 ~ | | | | |
e
0 | | | | | 0 \ | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12
0 0.02 0.04 0.06 0.08 0.1 0.12

Aa (in)

Aa (in)
0-deg unidirectional Glass/Epoxy Layer

90-deg unidirectional Glass/Epoxy Layer



Displacement Ratio Method
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» Definition of stress intensity factors proposed by Wu
(1990) and Hwu (1993)

 Stress intensity factors determined with the total energy

release rate and ratios of relative interfacial crack
surface displacements (Sun and Qian, 1997)
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Stress Intensity Factors
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Energy Release Rate (in-Ib/inZ)

Energy Release Rates for FML with Multiple
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Total Energy Release Rate (in-Ib/in%)

Crack
#1

u=0 —
#2
#3
u=0 —
#4

FML Interfacial Crack Failure Criterion

24 I

/ Crack #1 |
2 o e

7Y I N S

‘ Crack #4 ‘/

-

¥ (deg)

60 65 70

Y/ (deg)

75

—

%)
4 i X,
Symmetry Plane, v=0

* Mode mixity angles defined as

K
=tant—L
v K,
* Mixed mode failure criterion

G, (v) 2 G (v)
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Cohesive Zone Model (CZM)

» CZM essentially models fracture
process zone by a line or a plane
ahead of the crack tip subjected
to cohesive traction

Cohesive zone tip

« The constitutive behavior is Material crack tip 5
given by traction-separation y o (\)A
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Cohesive zone models (continued)
A R

» Cohesive zone models (CZMs) also known as “Dugdale-

Barrenblatt model”
* Widely accepted as a computationally convenient fracture

analysis tool
« Many different cohesive laws used and similar failure load

predicted for the same cracked structure
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Fully Developed Cohesive Zone
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Equivalence of LEFM and CZM
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LEFM Energy Release Rate vs. Cohesive
Zone Length
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Concluding Remarks
T

» Results of three research areas related to modeling the response and
Integrity of aerospace structures presented

* In the area of damage tolerance of composite aircraft structures,
methods for predicting the damage progression in cracked
composite panels, composite wing box test and analysis data
correlation, and effects of residual strain on the bridging stress in
cracked fiber-metal laminates discussed

* In the area of response prediction of space structures, crew module
water landing, and techniques for modeling inflatable structures
iIncluded

* In the area of current fracture mechanics research, stress intensity factors
for interfacial cracks, and cohesive zone models addressed
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