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Motivation

= Complete lack of standards and accepted practices in testing
and analysis of composites under crash conditions

Benefits to Aviation
= Streamline certification process

* Increase confidence in analysis methods and therefore level
of safety

Objective
» Develop experimental practices and analytical guidelines
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Experimental challenges
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Crushing is a complex phenomenon
» The crushing behavior of a composite specimen is not understood
= |tis a mixture of multiple failure modes:

= fiber tensile breakage, fiber compressive kinking, delamination,
matrix cracking, bending of the fronds, and friction.

» Attempts have been made at testing a single flat plate specimen
under crush conditions
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ARL/ NASA fixture:

= Farly 1990’s

= Simplest coupon geometry

= Very Complex Fixture

= Knife-edge supports all along length of specimen

= Qver-constraining at crush front prevents “brooming”
of the plies and free movement of debris

= Produces unrealistic SEA values il S ST

= = j~— notch
S8 full scale L
B (4mm thick)

= |nitial push but never became a standard
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UW modified NASA fixture

= modified to include effect of variable unsupported height (which was its
original limitation)

= Crush front is free to deform naturally

“‘Development of a modified flat plate test and fixture specimen for
composite materials crush energy absorption” — Feraboli P. —
Journal of Composite Materials, 43/19, 2009, pp. 1967-1990
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UW modified NASA fixture
= Variable unsupported height 0.0 - 1.0 in. at different increments

= T700/2510 carbon/epoxy TORAYCA plain weave fabric used in the AGATE
program
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Figure 19 a, b. Flat specimen, before crushing showing the saw-tooth trigger (a), and after
crushing (b) at 12.5 mm of unsupported height.
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Conclusions
= Flat plate fixture poses several questions
=  Unknown boundary condition effects
= Difficulties for dynamic testing
= Variable unsupported height effects
= Not all the relevant failure mechanisms may be captured

= For the TORAY material there appears to be an asymptotic SEA at
around 23 J/g at quasi-static rates
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Indirect measurement of flat SEA
= Need to overcome flat fixture limitations
= Manufacture single tubular specimen

=  Same material, processing and molder as flat
plate specimens (autoclave cure on male @® ©)
mandrel by Toray CompAm) '

= Machine to obtain 5 different specimen

geometries )
\
= Square tube & & é)
= Two C-channels — ; —
= Two corner elements H ‘ | | N
“Crush energy absorption of composite channel section @)

specimens” — Feraboli, P., Wade, B., Deleo, F., Rassaian, Hﬁ [—

M. — Composites (Part A), 40/8, 2009, pp. 1248-1256
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Multiple shapes based on tubular specimen

= Objective to isolate effects of curvature from flat segments

Table I Summary of the five specimens considered and associated key geometric features.

Specimen Shape Outer Section Portion of cross section
MNo. Dimensions Length affected by one corner
I Tuhe L1xL1 A b
1I Large Chantel L1 xLZ bl L& 3
I1I Small Channel L1xL3 Am 1 Sm
I Small Corner L3xL3 any s
v Large Cottiet L4 xL4 S B

L1

L3

L1

L4

=\

L1
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Procedure

= Divide each cross section into portions influenced by adjacent corner

= Specimen IV (small corner) is the repetitive unit common to all shapes

= Each section perimeter is expressed as function of corner element length

plus some flat segment length

ig
4
1
ESII
1
Esm

S v
Sy

for specimen |
for specimen Il

for specimen |11

for specimen IV
for specimen V

AS =

2AS’
AS'+ AS”
AS'’

0

2AS"

for specimen |

for specimen 11
for specimen 111
for specimen 1V

Q.

for specimen V |

AS =S -S,




A Center of Excellence

m Advanced Materials in

Transport Aircraft Structures

Results
= All specimens crush in stable fashion
= All specimens except tube need potting for stability

a)

Figure 9 a, b. Small C-channel, specimen ITI, before and after crush testing.

Figure 10 a, b. Small corner element, specimen IV, before and after crush testing.

a) b)

Figure 11 a, b. Large corner element, specimen V, before and after crush testing,

Figure 8 a, b. Large C-channel, specimen II, before and after crush testing. a) b)

a)
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Results
= Small corner has greatest SEA, large corner the lowest

1V, Small Corner

62

111, Small Channel

1l, Large Channel
I, Square Tube

Table I Summary of crush test results for all five specimen geometries

V, Large Corner

: Average Crush
Specimen Peak Force . Average SEA [ CoV
Shape Crush Force| Efficienc
No. hap ) Y @ | oo
(L33)]
I Tube 30 R 16% 36.9 10
II Large Channel 216 13.0 166 36.8
I Small Chatinel 17.1 10.7 1.60 42.7
IV Small Corner 75 49 1.53 2.3 11
i Latge Cother 153 9.4 163 3lé 8
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Analysis of results

If we subtract the corner element SEA, which is our reference, we
can infer the in-situ SEA of the flat section
Each section has a different amount of perimeter that is flat vs.

curved
An average of 16 J/g as in-situ strength can be extrapolated
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Effect of curvature

= Plot SEA with respect to dimensionless parameter f = indicator of
degree of curvature of cross section

?Ts o @

where / 15 the arc length, given by the product of the radius r and the angle /2, and 5 15
length of the cross section influenced by the corner, as defined 1 eq. {1).

70

y =196.34x +17.315
R®=0.9303 .
60
50
z
= 40
&
@
&
g 301
<
20
10 -
D T T
0.00 0.0% 0.10 0.15 0.20 0.25 0.30



AMTAS

Advanced Materials in
Transport Aircraft Structures

Conclusions

= In-situ SEA of flat segments appears to be around 16 J/g, slightly
lower than the coupon-measured asymptotic 23 J/g

= Degree of curvature greatly influences the SEA

=  SEAof corneris ~60 J/g, SEA of flat is ~20 J/g
= The more curved the specimen, the higher the SEA
=  SEA not material property but structure’s property:

=  Highly geometry dependent
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Analysis challenges
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Damage in composites

= Composites are non homogeneous (two distinct phases of fiber and matrix),
hence damage can initiate and propagate in many ways

= Many failure mechanisms can occur (fiber breakage, delamination, cracking,
etc.). Strong Implications on damage initiation and propagation. Damage
growth is not self-similar.

= Many failure criteria have been proposed over the last 40 years
= Micromechanics approach (micromechanics)

» Based on the physical properties of the constituents (i.e. fiber, resin)
» Lamina-based failure criteria (first-ply failure)
» Max stress, Tsai-Wu, Tsai-Hill, etc.

» Based on the single ply properties
= Do not account for stacking sequence effects and processing defects
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Failure initiation
= Commercial airliners are certified by analysis supported by test evidence
= Analysis methods are the key to certification

= The Boeing Company utilizes the Building Block Approach, which is a semi-
empirical approach that relies on laminate-level allowables and failure criteria

» Boeing Research & Technology - Structures Technology Group

» Advanced Analysis Team responsible for 787 Crashworthiness Certification,
(group led by Dr. Mostafa Rassaian)

» First CFRP fuselage certified: only 1/2 section of barrel segment tested in drop
tower
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Challenges in crashworthiness simulation

Crash events involve exclusively damage initiation and propagation
Importance of failure criterion and degradation scheme is paramount
Time-dependent event requires explicit solvers (non-standard)
Computationally very expensive, requires the use of shell elements (not solids)

Current FEA technology cannot capture details of
failure of individual fibers and matrix, but needs to
make approximations. The key is to know how to
make the right approximations.

» Element failure treated macroscopically:
cannot account for differences between
failure mechanisms

= |t cannot account for delamination damage
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LS-DYNA considered benchmark for impact and crash analysis

= MAT 54: Material failure modeled using Chang/Chang criterion.
= Failure occurs if stresses exceed strengths
= 4 criteria: tensile fiber and matrix modes, compressive fiber and matrix modes

= Failure can also occur if strains exceed maximum strains:

= 4 criteria: matrix strain, shear strain, strains for fiber tension and compression

= Each time step, plies of the MAT54 elements are checked and modified using
“brogressive damage”

= Once all plies have failed element is deleted

“Crushing of composite structures: experiment and simulation” - Deleo, F., Wade, B., Feraboli, P.,
Rassaian, M. -AIAA 50" Structures, Dynamics and Materials Conference, Palm Springs, CA, May
2009, Paper No. 2009-2532-233
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= Commercial FEA codes use material models (or material cards)

= These comprise material properties based on coupon-level test data

»Tension/ Compression and shear: modulus, strength, strain to failure
= Everything else is a mix of mathematical expedients, correction factors that
either cannot be measured by experiment (alpha and beta) or have no direct
physical meaning (e.g., the SOFT parameter, which is a crash front softening

factor) - These need to be calibrated by trial and error

“MAT_054 (ENHANCED_COMPOSITE_DAMAGE)

mid ro ea eb (ec) prba (prca) {prch)
1 1.50E-04 B11EHIE 7YB9EHE 1.00EHI0 0043 O O
gab gbc gca (K1) aopt
bOYEHIS BOSEHIS B.OSEHIS 0 3
Xp vp p al aZ a3l mangle
O O O O 0 a S0
v v v3 d1 d2 d3 —dfailm dtails
O O O 0 a 0.013 0.03
tfail alph soft fhrt ycfac F’lﬁﬂ_ dfailc efs
1.00E-05 0.3 0.5 0.95 1.2 0.02 -0.013 O
HC Ht ycC yt sSC crit heta
1O3EHS  1.32EH15 1 40E+H)5 1 12EHIS 1.90E+14 A4 0.5

Material properties:
strength and strain to
failure
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Example: crushing of square tube

» Trial and error procedure to find the “right” SOFT parameter that matches the
experiment

» Vary only SOFT parameter — every other property remains the same
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Trial and error: finding the “right” SOFT

» For all geometries it is possible to find a suitable value of the SOFT parameter

by trial and error to lead to stable crushing

» Each geometry is characterized by a specific value of SOFT that matches the
experimental data, while keeping all other parameters unchanged

» The same input deck cannot be used to predict all geometries “as-is” to scale

from a coupon test to any other geometry

Table W1 Process of findng the right SOFT wahie for each geomety type

¥ chamnge.

Gaometry type SEA SOFT
e [1/e] |Calibrated

Tube . 36.9 0.035

Large C-channel . 42.7 0.23

Small C-channel . 36.9 0.22

Small corner I 6220 | 0.3

Large Corner ' 31.6 0.21

Geometry Type S0FT EA SEA P/ wort Test Comment
Square Tube Exp. Data 724 A0 30,77
o0s 4340 5064 04% Stable
ong S4909 34.45 11.9% Stable
010 G50 26 4011 30.3% Stable
[ 11557 7050 129 1% Stable
030 ] 5169 E2.0% Unstable @ 0.003728 [5]
054 31728 1291 S35 3% Unstable i@ 0002446 [5]
Large C-Channel Exp. Data = 223 -
[ 343491 1295 -3 Stable
020 45 55 2599 N Stable
022 404 55 2827 0 2% Stable
050 2E ] 2% AW Tnstable (@ 000557 [5]
044 2190 1257 55 5% Unstable @ 000253 []
Small C-Channel Exp. Data 45545 4325 -
020 6l 97 3531 BEEES Stable
0235 44017 4293 -0.7% Stable
K] 41 J83F T table
050 244584 PEE] -4 B Unstable i@ 0005009 [5]
0 Ad 10532 247 -1 Unstable @ 0.002512 [5]
Small Comer Exp. Data 15240 6211 -
050 17557 53.9% -134% Stable
052 TELZR 3581 BIRE table
033 2251 6213 00% Stable
035 15382 4081 34 1% Unstable @ 0005541 [5
040 7551 2312 -5 3% Unstable @ 0.00415 [5
054 B2E2 253 -570% Unstable i@ 0002796 [5
Large Comer Exp.Data | 305 SIE -
02 R 2098 -52% Stable
021 420002 3194 11% Stable
022 435 3333 52% Stable
054 g2.82 554 - 5 nstable i@ 000233 [5]
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Figure 16. Model geometty and optimal Load-Displacement curve for the squate tube speciten Figure 19. Model geometry and optimal Load-Displacement curve for the small cormner specimen
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Figure 18. Model geometry and optimal Load-Displacement curve for the small C-Channel specimen.
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Observations

However, there appears to be a trend between SOFT and SEA

There appears to be a linear correlation between stability,
curvature, delamination suppression and and SOFT parameter

Average SEA [J/g]
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Conclusions

Current crash simulation tools are not physics-based and truly predictive
Experimentally it is a challenging task
The need for standards is evident but not straightforward

Modeling strategies require the use of control parameters that cannot be
measured experimentally, need to be calibrated by trial and error, and may
have no physical significance

However, use of the Building Block Approach to certify by analysis is possible
and successful

The need to produce numerical guidelines is very important to prevent users
from running in gross mistakes associated with the selection of these
parameters.



