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Crashworthiness of Aerospace Composite
Structures

* Motivation and Key Issues

The introduction of composite airframes warrants an assessment to evaluate that their crashworthiness
dynamic structural response provides an equivalent or improved level of safety compared to conventional
metallic structures. This assessment includes the evaluation of the survivable volume, retention of items of
mass, deceleration loads experienced by the occupants, and occupant emergency egress paths.

* Obijective

In order to design, evaluate, and optimize the crashworthiness behavior of composite structures it is
necessary to develop experimental and numerical methods and predictable computational tools.

Approach

The advances in computational tools combined with coupon/component level testing allows for a cost-
effective approach to study in depth the crashworthiness behavior of aerospace structures.

A building block approach is used to assess the crashworthiness dynamic structural response of composite
airframes including the evaluation of survivable volume, retention of items of mass, deceleration loads
experienced by occupants, and emergency egress paths. Two research programs are conducted at different
levels of building block: high speed test methods are being investigated experimentally and numerically not
only for material property generation but also for material model development and numerical tools used to
model structural joints are being evaluated
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Approach

e Building Block Approach

— Coupon level
= Material Characterization
= CMH-17 Round-Robin exercise
for Dynamic tensile testing
— Element level

= Guidelines for Modeling Fastener
Joints for Crashworthiness
Simulations

/ Full Aircraft

Section Test | Sub-assembly

— Sun-assembly level ca %,
: S, e;
. . s (o)
= Drop simulations L '°e, ?
omponent Level | Energy Absorbmg Dewces | Failure Mode )é@

= 10-ft fuselage section

& =
= Energy absorbing capabilities /

Strain Gradients | Connections

In-plane Tension In-Plane Shear In-Plane
Compression

N
o o
o N [0 /90 ]35H

[0 L’B 01,
Coupon Level Material Characterization | Constitutive Laws | Strain Rate Effects | Failure Criteria
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Crashworthiness of Aerospace Composite
Structures
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— G. Olivares Ph.D, J.F. Acosta Ph.D
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— C. Zinzuwadia, |I. Echavarri

« FAA Technical Monitor
— Allan Abramowitz

« Other FAA Personnel Involved
— Joseph Pelletiere Ph.D.

* Industry Participation
— Toray America (S. Tiam)

« Research Institutes\Universities Participation

— Arizona State University (B. Mobasher, A. Bonakdar), DLR (A. Johnson,
M. David), Ohio State University (A. Gilat), Oakridge National Labs (Y.
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Dynamic Characterization of Round Robin
Material — Coupon Level

* Primary Objective

— Characterization of dynamic in-plane material
properties in tension over a wide range of loading
rates to support the crashworthiness building
block approach T T o

Cl o = o o
O [0, A" w©/s0 1,,1

Coupon Level Material Characterization | Constitutive Laws | Strain Rate Effects | Failure Criteria

— Evaluate test methods/apparatus and load
measurement methods employed by the

participating laboratories using an extended tab | Axil Gage Transverse Gage
2024-T3 aluminum specimen ’ =¥
%1.25—"
« Secondary Objective i

— Characterize the strain rate sensitivity of Toray -
T700G/2510 Plain Weave carbon/epoxy (F6273C- 0.75
07M) material at strain rates ranging between 0.01 "

to 250 s o] ?Fi 27

* CMH-17 Material — Fiber and matrix




Round Robin Participating Labs

Coordination and Reporting

FAA (Program Monitor - A. Abramowitz)
NIAR/WSU (G. Olivares, K.S. Raju, J.F. Acosta, M.T. Siddiqui, |. Echavarri)

« Specimen Fabrication, Fixturing, Instrumentation
NIAR/WSU
 Material
Toray America (S. Tiam)
« Testing
*  Arizona State Uni. (B. Mobasher, A. Bonakdar)

DLR (A. Johnson, M. David)

NIAR/WSU

Ohio State Uni. (A. Gilat)

Oak Ridge National Laboratory (Y. Wang, D. Erdman Ill, M. Starbuck)
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Specimen Preparation
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« Composite Specimens

. Tension testing coupon per ASTM
D 3039, but accommodated to high
strain rate testing

. Nominal dimensions™*
. LxWxt=45inx05inxt

l Axial Gage Transverse Gage

0.5 = m}/

Lo 4o

326 —— —+

4.5

*  Rusinek, A. et al, "Dynamic Behavior of High-strength Sheet Steel in Dynamic Tension: Exp. &

Num. Analysis,” J. Strain Analysis, 2008.
**_ Dimensions [in]

Aluminum Specimens*

. Tension testing coupon per ASTM E 8,
but accommodated to high strain rate
testing

. Nominal dimensions**

o LXxXWxt=5inx0.6inx0.09in

grip region

"T_’l

= I

main strain gage tab strain gage

R0.375
0.3 \
o.sI: ] B
1.25 ‘ 0.75 ’ 2.4
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Quasi-static Characterization

Tensile Failure Strength

250000
M Toray - 0.0004 [s-1]
WAI-0.0011[s-1]

200000 -

« Test Method — in-plane tension
— (ASTM D 3039 and ASTM E 8)

 Load Frame — 22 kip Servo-hydraulic MTS 3
« Test Rate — quasi-static (0.05 in/min) - n l
* Load Measurement — strain gage based load cell (5.5 kip) : - - - .
«  Strain Measurement — strain gage Modulus of Elasticity - Tension
— signal conditioner Vishay 2210 (1-5 V) . o oo
« Baseline for Strain Rate Effect Evaluation

« Coefficient of Variation — based on three (3) samples for g0 i
reference only N I

Stress [psi]
s

:

Modulus of Elasticity [Msi

i) [457]
Stress vs. Strain- [0]-QS Stress vs. Strain- [90]-QS Laminate Stress vs. Strain- [45]-QS Stress vs. Strain- [Al]-QS
180000 180000 35000 80000
——[0}R-QS-1-12 ——[90}R-05-3-16
——[0}R-QS-2-13 ——[90}-R-05-4-3
——[0}R-QS-3-23 ’ ——[90}R-QS8-4-12 seoooy
144000 144000 7 64000 Topical Swengi
25000 -
L
T 108000 z 108000 Z 20000 z 48000
13 w 1] 1]
8 4 g € 15000 8
@ 72000 @ 72000 a & 32000
10000 ——R-QS-24
—— [45}-R-QS-1-6 — R-Of-ff
36000 36000 —[45}R-QS-2-17 16000 ——R-QS-58
5000 [45}R-QS-2-19 R-QS-16
% 0004 0008 0012 0016 002 % 0004 0008 0012 0016 002 % 0.01 0.02 0.03 0.04 % 0.04 0.08 0.12 0.16 0.2

Strain [infin] Strain [infin] Strain [infin] Strain [infin]




Dynamic Characterization

« Same detailed test procedure provided to all laboratories
* Four (4) stroke rates
« Three (3) composite material orientations

« Limited test specimens (3) per test condition

Nominal Strain rate (1/s)

Material System

0.01 1 100 250
2024-T3 Aluminum x3 x3 x3 x3
TORAY T700/2510 plain weave/epoxy (F6273C-07M)
[0]4 x3 x3 x3 x3
[90], x3 x3 x3 x3
[+45], x3 x3 x3 x3
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Test Apparatus

« Servo-hydraulic Machine
— Slack inducer

|
— Accelerate actuator prior specimen # <—— Load cell
loading

* Tensile Split Hopkinson Pressure Bar

7 Crosshead

-«— Specimen

-«+— Grips

Pulley Clamyp Incident Bar Gage B Transmitter Bar
Specimen
— —> g
Lo 3 [ 2 H c:\ = D\j r/11:[\1 [=] L \ = ] } Slack
p — 1 ﬂ!/ g ASE \\ﬂ_’gz [ | lé ek
Gage A / Gage C \H‘ Slac )

l Mechanism

P v

ZZ ‘ Actuator

|

i
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Force and Strain Measurements

e Force

— Participating labs use their
own Load sensors

e Strain

«  Strain gage mounted on
specimen gage section

*  Photogrammetry — Lab D

Tension
= adapters
~ L it

Lab Load Cell Capacity Natural
(kips) Frequency (kHz)
A PCB Piezotronics 206C +10.04 ~40*
B Kistler 9041A +20.2 ~ 62*
C Kistler 9361B +13.5 ~ 55*
D Kistler 9051A +9.0 ~ 28

Axial Gage

eyy [1] - Hencky
0.025

0.0234375

0.0203125
0.01875
0.0171875
0.015625
0.0140625
0.0125

0.0109375

0.009375
0.0078125

0.00625

0.003125

0.0015625

0

A Center of Excelence
A Materiais

\dvanced Materials in
Transport Aircraft Structures

—b| r— 0.070

!

Dimensions [in]

1




Dynamic Tension Testing Challenges

* Force signal modulation

7

| | |

* Load cell characteristics | __, = 1 7() 1oadcen ers T
- Presence of masses Cell 7 A== 1]
between load cell and 5000 —
. Grips, =
SpGClmen [ adapters, 2000 —
i pins, etc. 1000 B
+ Wave propagation & .
.
reflections - 1000 -]
F(t) 2000 ;
(specimen) 3000 I I I
0.084 0.086 0.088
J 0
i Ve I OCIty D rO p ) Displacement History - [0] - 2 in/s
o —LabA-1 (2.0682-1.753)
—LabA-2 (2.0722-1.732)
0.35 ——LabA-3 (2.0706 - 1.736)
——LabB-1 (2.0444 - 1.4688)
0.3 LabB-2 (2.0385- 1.4986) g
——LabB-3 (2.0409 - 1.4716)
0.25(—Lab C-1 (2.0479 - 1.8667) h WA
Lsb©-2 (20363 18116) R T
02 labD-1 (Lot TN Fasd
0.15 LabD-3 (1.9989 - 1.3071)| Ir'y I

Displacement [in]
o
o ©
& =

o

-0.05

o5

-0.025

0

\ Velocity d

0.05 0.075 0.1 0.125

Time [sec]

0.025

rop at engagement

0.15
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Aluminum Dynamic Characterization — Lab A

Stress vs. Strain - 2024-T3

. . 80000
*  Control material for load sensor evaluation
) 700001
« Tab strain gage used for load measurement e oo ;-
60000 Typical Strength
+  Coefficient of Variation based on three (3) 0000
samples a
©40000
grip region 2
0.75 \ 30000 ——R-QS.
——R-0.0075
0'{ = Q\ / 20000 ——R-0.75
main strain gage tab strain gage 10000' - R = 75
——R-1875
§00 002 004 006 008 010 012 014 016 018
Strain [in/in]
Tensile Failure Strength - Al 2024-T3 Strain Rate - Tension - Al 2024-T3
80000 1000
0.6% 1.2% 7% 34% 0.3% .
100 5.4%
60000
10
E Fl% 1 3.4%
§ 40000 E
& £ o
b
0.01 5.8%
20000
0.001 12% I
0 . . . . 0.0001 J
0.0011 0.01 1 100 250 0.0011 0.01 1 100 250
Nominal Strain Rate [s-] Nominal Strain Rate [s™]
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Composite Dynamic Characterization — Lab A

« Apparent properties are estimated based on load measurements before
correction for signal modulation

« Load measurements corrected for signal modulation

Tensile Failure Strength - Toray

250000 -

o[0°]
0[45°] i
A[90°7] o
200000 - ©[0°] Corrected
@[45°] Corrected ° g x
A[90°] Corrected A 8
_ | A R
7= 150000 g ' % ' $ £
2 | | s 2
v, 3
(7]
Q
=
& 100000 - A
50000 5]
g g i i in E (]
8 R A R R N bl whal ol bl b g
0.0001 0.001 0.01 0.1 1 10 100 1000

Nominal Strain Rate [s]
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Comparison across Laboratories

Corrected Tensile Failure Strength - [0°]

L4 ° 250000
[0 ]4 +QSs AlabA oOlab B
[ J [900]4 . olabC olLabD xOHIO
o o
. [45°/-45°] | 5 8.4
« Load measurements corrected for signal gom ¥ % 8 f )g,f
modulation
« Address the variability associated to
different laboratories generating same
material properties
0.0001 0.001 0.01 Nomi:; Strain R;te Is_|] 10 100 1000
Corrected Tensile Failure Strength - [90°] Corrected Tensile Failure Strength - [45°]
e +QS alabA  0OLabB o +QS slabA  oOlabB
olabC olabD x OHIO 70000 | ¢labC olabD x OHIO
A < 60000
o
= 150000 t & % <>x = 50000
. s 8 2% 2 o] o
g 100000 P i X % 20000 + ¢ ? 3
+ % ?
20000 x
50000 %
0.0001 0.001 0.01 Nom'r(.)a1l Strain R;te [s.1] 10 100 1000 0.0001 0.001 0.01 Nom":a‘ll Strain R;te [5.1] 10 100 1000

15




Modeling Fastener Joints for Crashworthiness

Simulations

 Structural assemblies use fasteners as
primary joining entities to facilitate slip
resistance and load transfer

» Energy dissipated through fastener
joints in the structure can be up to 43 %
of the total energy for no cargo
configurations.

2
AL
L TN
. “|

/ Strain Gradients | Connections

30 ft/s drop

8 ' Reinforcing
£ Beam

FAA Test setup NIAR FE Model
Enerqy Balance
Max Compression Residual

Subfloor, 8%

Subfloor, 8%

Rivets,
39%

Rivets,

43%

Brackets, 3%

A Center of Excevence
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Modeling Fastener Joints for Crashworthiness
Simulations

22012 Total Connections

» The 10-ft Fuselage Section Model has 22012 fasteners.
* Modeling all fasteners accurately with solid elements is not practical for computational efficiency
» Fasteners need to be idealized to minimize the computational effort

» Such idealizations are a necessity when dealing with simulations involving large structures where a
compromise has to be made between studying the global responses whilst capturing localized effects

» Therefore, Simplified FE bolt modeling techniques need to be explored to understand its limitations

A Conte of Excebence
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Modeling Fastener Joints for Crashworthiness

Simulations
LoaM

* A dog bone specimen joined with one
fastener is used to understand the load
transfer mechanics, and the effect of
friction and preload on the load
transferred
L18 Pin/ HL70 Nut

« A numerical model of the test will be Load Bypass/ Load Transfer

generated using Solid 3D elements and a
fine mesh to replicate the test results

+ Different Simplified Bolt Modeling
techniques will be subjected to the same
boundary and loading conditions and
compared to the test results

ransfer Part

Transfer Part Load Transfer Doubler
i = J‘- L =
/| = T rd
Bypass Load - ‘ Loading
Main Part HL18 Pin/ HL70 Nut
Main Part Bypass Region Main Part Loading Region




Bolt Modeling Techniques

Typical Beam Connection

Spider Fastener, with Hole

Solid Fastener

Spider Fastener, No Hole

AMTAS

Advanced Materiaisin
Transport Aircraft Structures
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Bolt Modeling Techniques

% LOAD TRANSFER EVALUATION
100
Solid
904 ) ) — .« = Spotweld Beam
- Onset of Yielding m— —— Spider Connection
----- Elastic Patch

704 — - — Beam with Rigid Links (no hole
3
B 60-
© - -
= Loading = 1 /s Solid Spotweld Beam Elastic Patch
E COF =06
- Tension
2

"ﬁ ?
et I -
0 2000 4000 6000 8000 10000 12000 14000 16000

Remote Load - N

Spider Connection

Doubler

Transfer Part

Load Transfer

Bypass Load HL18 Pin/ HL70 Nut Loading

c I ! A Cnterof Exebnce
Advanced Materiaisin
Transport Aircraft Structures
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Main Part

Beam with Rigid
Links (no hole)

Load Bypass/ Load Transfer

Transfer Part
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Bolt Modeling Techniques

Contour Plot
Stiess(vonMises, Ma)
Analysis system
Simple Average
5.180E+02
4.782E+02
4,333E+02
3. 985E+02
=—3.535E+02
—3.186E+02
F—2788E+02
T2WE2
+—1.982E+02
1.594E+02
| 1.195E+02
-7.989E+01
-3.985E+01
0.0002+00

X f’/_‘,x

Contour Plot
Stess(vonMises, Max)
Analysis system
Simple Average
©.160E+02
4.782E+02
4.333E+02
39856402
=—3.536E+02
—3.188E+02
2. 783E+02
T231E402
=—1.932E+02
= 1.534E+02
| 1.195E+02
7.989E+01
-3.935E+01
0.0002+00

Shell Mesh with Beam Fastener, No Hole
Loadease 1 . Time = 0.000000

Shell Mesh with Spider Fasterner Model, With Hole
Loadcase 1 : Time = 0.000000

Contour Plot Salid Model
Stiess{vonMises) Loadcase 1 : Time = 0,000000
Analysis system
Simple Average
5.18DE+02
4.782E+02
43332402
39855402
=—3.886E+02
—3.188E+02
F—2.768E+02
T2PEH2
+—1.992E+02
=—1.594E+02
i 1.195E+02
79595401
3.985E+01
0.000E+00

X f X
o

Shell Mesh with Spider Fastener Madel, No Hole
Loadcase 1 : Time = 0.000000

Contour Plot
Stress(vonMises, May)
Analysis system
Simple Average
.180E

+12

—3.188E+02
F—2783E+02
T2.391E+02
=—1.992E+02
+—1.894E+02
1.195E+02
7.909E+01
3.985E+01
0.000E+00
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Future Work

* Analyze Composite joints and joint
behavior in Composite materials
— Composite - Composite Joints
— Hybrid Joints Metal - Composite

— Joint types
= Fastener joints (Preload)
= Pin-bearing

« Evaluate differences between single
fastener joints and multiple fastener
joints for both metallic and composite
materials

* Understand the differences and
performance of simplified bolt
modeling techniques when used for
a single fastener joint compared to
multiple fasteners.

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE

&

Max = 6 900E+02 (ELEMENT_SHELL 208768)
Min = -4 G14E+02 (ELEMENT_SHELL 206783)

Test Specimen

A Material

\dvanced Materials in
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Appendix - Bolt Modeling Techniques

3D Solid Elements
Most accurate FE representation

Accurately captures bearing stresses and
stress around fastener hole

¢ Bolt shank modeled with beam element and
connected to hole using rigid links.

» Fastener hole is modeled, therefore
meshing of large assemblies will be
complicated

» Cannot capture bearing stress since forces
are distributed circumferentially around the

hole

Bolt Shank modeled with beam element
and rigid links used to distribute the forces

Fastener hole not modeled

Several variations as shown below are
possible with this technique.

* Type 9 spotweld beam connection to
represent the bolt

¢ Fastener hole not modeled

* Results vary due to both mesh size and
location of weld relative to center of contact
segment (LS DYNA Keyword Manual). Some
variations shown below

JOINT ADVANCED MATERIA
CENTER OF EXC

Fastener — Connected at
Fastener — Connected Element Center

on edge of four
elements

Fastener — Connected
between 2 elements

drM S on center of edge

Advanced Materiaisin
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Appendix - Bolt Modeling Techniques

El + Narkhede, Shailesh, et al. "Bolted Joint Representation in LS-
= DYNA® to Model Bolt Pre-Stress and Bolt Failure Characteristics in
e Crash Simulations."” 11th International LS-DYNA® Users Conference.
E‘ 2010.
" 7 ' ' * Bolt shank is modeled with a beam element at the center of the hole
Component Material Element Type/ Thickness + Beam element is connected to the periphery of bolt hole using contact
1 MAT 24 SHELL, ELFORM 16, 5Smm springs
2 SHELL, ELFORM 16, Smm
3 MAT 100 BEAM, ELFORM 9, 12mm . Sh_ell element pa.tches r.epresenting bo_It head and nut are modeled as
2 SDMAT6 CONTACT SPRING rigid and constrained with XTRA nodeing.
> MAT20 (CON1=0 CON2=7) | SHELL, ELFORM 2, Smm + Beam model is advantageous if failure forces for bolted joint are known

* Sonnenschein, U. "Modelling of bolts under dynamic loads." LS-
Dyna Anwenderforum, Bamberg (2008).

» This modeling technique combines the advantage of the beam with spider
connection and the solid modeling technique

* Null beams are modeled around the holes for contact and the bolt shank

is modeled with type 9 spotweld-beam elements 1 1 J;L 3 | |
» Shell elements are used to model bolt head and nut
Component Description
1 Elfrom 9, Spotweld Beams
2 Null beams for Contact
3 Shell Elements for Bolt Head and Nut

Advanced Materials in
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