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Overview

—Motivation
— Crashworthiness for (CFRP) transport aircraft

—Estimation of the concept capability
— Crash simulation at the fuselage section level

—Tension energy absorber
— Design concept for the cabin floor tension crash absorber

—Concept development
— Experiments on coupon level

—Concept improvement & validation
— Experiments on element level

—Summary & Outlook
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Motivation
Crashworthiness for (CFRP) transport aircraft

—Dominant use of carbon fiber reinforced plastics (CFRP)
— Partly limited energy absorption (brittle failure behavior)

—Airworthiness standards/ Special conditions

— Equivalent level of safety (compared to metallic A/C)
crush force
—Crash designs for the CFRP fuselage /
— Tendency to unfavorable structural mass penalty
—Motivation

— Utilization of tension crash loads for energy absorption
to reduce the structural mass penalty T

tension tensile loaded cross beam tension
crash loads

\4

crash loads
filigree crash design
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Motivation
Utilization of tension loads for energy absorption

—Tension loads in atypical crash event (transport aircraft)

— ‘Ovalization effect’

Ovalization of a circular cross section
(with transversely stiffened element)
impacting on a flat surface:

< tensile displ.

<>
tension loads

v_impact + v_impact

i DLR




DLR.de ¢ Chart5 > 8" Triennial International Aircraft Fire and Cabin Safety Research Conference > M. Waimer et al. « Development of a Tension Energy Absorber

Estimation of the concept capability
Crash simulation at the fuselage section level

i Tensile failure mechanisms:

—Development of the overall crash concept A
— Energy absorption (EA) management Mﬁ

— EAin the individual structural regions

— Derivation of required absorber characteristics

4 Hybrid macro-FE modeling
; ') - failure representation by macro models
& - linear-elastically modelled structure

— Failure initiation (trigger) loads [N; Nm]

— Mean load level of progressive failure for EA [N; Nm]

— Max. stroke/ bending rotation [mm; degrees]

—Finite element analysis (FEA)
— Hybrid macro-FE modeling approach
— Fuselage section vertical drop

— Abaqus/Explicit

# More details in: P. Schatrow, M. Waimer; Crash conceptfor ¢
DLR  CEAS Aeronaut J (2016) 7:471-482 g
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Estimation of the concept capability
Crash simulation at the fuselage section level

—Simulation results
— Energy absorption by tension loads in the cabin floor:
—10% - 20% (max. 30%) of total energy dissipation
by damage & failure of the total structure
— depending on structural design & crash load case
— Exemplary crash load case: >

— Vertical drop: vi= 30 ft/s

—100% pax, 0% cargo loading

— Significant potential to absorb energy by tensile

loads in the passenger cross beam!

# More details in: P. Schatrow, M. Waimer; Crash concept
DLR CEAS Aeronaut J (2016) 7:471-482 *

Energy [k]]

Energy dissipation [k]]

I [ I I I I I
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- - : - m—am Kinetic energy (Ey) -
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Tension energy absorber
Design concept for the cabin floor tension crash absorber

—Integration of atension absorber in the passenger cross beam
passenger cross beam attachment

— By use of the bolted cross beam attachment using bolted joints:

— Energy absorption by progressive bearing failure of the bolted joints ( passenger

cross beam

— Specific design to strictly control the failure process!

— Control the direction of bearing failure under various loading conditions
N

— Limit the progressive bearing failure to a certain displacement

frame

— Prevent blockage effects caused by a constrained flow of the debris

out of the local crush zone

=>» Structural integrity of the cabin floor is a main survivability factor in case of a crash event!
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Tension energy absorber
Design concept for the cabin floor tension crash absorber D hoe

— Specific design to strictly control the failure process!

—Bolt (A) 3

- - " ) ) o

Bolted joint set under regular conditions (pre-stressed) \Oad bearing failure A
—Washer (B) and Washer notch (C) w
. B/ C
— Prevent bolt pull-through failure AB D C |
— Provide guidance in direction of progressive failure L .
g prog F A , B D /.C .
— Limit progressive failure to a certain distance <—| . |
I v i D-)

— Debris notch (D)

— Provide space for flow of the debris out of

the local crush zone * ) ,
progressive failure

. >
Displacement
. —3.-.-?_ b “‘*
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Concept development
Experiments on coupon level Washer types  Notch designs

- - - -
I

—Objectives &>
standard
. . . . Wash h (t1
— Identify optimal design solutions for: -n weneroen @
. .. - L l ]
— Force-displacement characteristics - /
- designed — Washer (t1) & debris notch
— Off-axis robustness for the notch -- ’—T——‘
— Limitation of failure process (stop mechanism) - -
/ Washer (t2) & debris notch
— Un-constrained debris outflow qioditied fprevent a-
ebris blockage effects

. t1=3mm; 2= 1mm
—Experimental test program

Single-bolt specimen (on-axis, off-axis 10° and 30°)

— Single-bolt specimens (coupon level)
— Several notch & washer design parameters
— Loading conditions (v = 5 mm/min, 2 m/s; off-axis: 0°, 10°, 30°)

— In total, 120 quasi-static and dynamic tests
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Concept development

Experiments on coupon level
Reference design Absorber design

—Main results

— Significant influence of debris blockage effects

L < 4
. e . . standal modified to prevent
— Requires a specific design (debris notch & washer) e s bockge s
— Realization of desired absorber characteristics $ m =
— Favorable crush force efficiency Fm[i:}o s
—D-14 —D-15 —D-16
— Almost constant steady state load level 250 _ i
Reference desrgn (‘A ) if(_r‘;aa/ characteristics
. . | . |
— Load increase to stop the failure process 200 SRR TEEBaAmS | f
reduced bearing strength 15.0 Sorer eSIQ'ln ( ) /) T stop P
_ N o ‘ ; /4
Successful validation I ite e eS| " nechanism
. 10.0
— Off-axis loads up to 30° I
. . 54 4 - S S
— Experiments on coupon level show the potential EA on constant load level ]
0.0 1
to use bolted joints as tension energy absorber! ‘ % “ e % o 0

Displacement [mm]
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Concept improvement & validation
Experiments on element level

—Objectives
—I. Concept improvements
— Crash performance vs. normal operational

performance (bolted joint)

— Exp. investigations based on 2-bolt specimens

—Il. Validation of concept

— Simplified structural joint under complex loading

conditions

— Exp. investigations based on 4-bolt specimens

i DLR

Development of a Tension Energy Absorber

Challenges for normal operation:
(static sizing for normal ground & flight operation)

washer/ washer notch

. small contact surface
debris notch \ == risk of self-loosening

D

<« nolaminate pre-stress
| == reduced bearing strength

I cross head |

PLATTE OY%
Seeciwen K = 01
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Concept improvement & validation
Element level - Study I: Concept improvements

—Objectives

— Optimal design: Crash performance vs. normal operational performance (bolted joint)

—Challenges & potential design solutions

Contact surface

U:{> small contact surface Eﬁ;ﬁﬁ;ﬁ‘;‘gf}s‘g": (washer/ laminate)
==> risk of self-loosening
Reference design F_bo ' (O ) ] E

(6T )

Modified debris notch #1:
| I F_bor (Specimen type M)
| ] S increasing
U CZ ' ) (ﬁ connection
H J rf
|—|:{> no laminate pre-stress jperiormance
=> reduced bearing strength B .
Modified debris notch #2:

pre-stress due to (Specimen type N)
bolt clamping torque
I no pre-stress due to [[ O ' ] \
i it debris notch =
DLR g/ : PG

«
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Concept improvement & validation

Element level - Study I: Concept improvements

—Test program
— 2-bolt specimens
— Three different notch designs
— Two loading rates

—-v=2m/s

— Expected loading rate at the cabin cross

beam attachment for typical crash events

-v=0.1m/s

— Analysis of debris outflow effects for minimum

expected speeds (less distinct fragmentation)

— Three repeat tests per variant

i DLR
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Contact surface

Reference design: (washer/ laminate)
(Specimen type L)

Modified debris notch #1:
(Specimen type M)
increasing

connection
- () @B |

Modified debris notch #2:
(Specimen type N)

specimen

specimen & washer
2

specimen & washer

%

specimen, washer & bolt

Reference design:
(Specimen type L)

Modified debris notch #1:
(Specimen type M)

()

Modified debris notch #2:
(Specimen type N)

LeC D )

specimen specimen, washer & bolt

specimen
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Concept improvement & validation
Element level - Study I: Concept improvements

—Specimen design
— 2-bolt specimens
— Three different notch designs
— Material:
— HiTape AS7 12k / RTM6
— Lay-up:
— quasi-isotropic
—t=8.1 mm (65 plies)
— Bolt:
— ANSI B18.3 (d = 6.4 mm)

%= Y/

300

110
A
Detail B
as;  jo- }
e
90”;_.'=a> ‘ v
135° i‘ Y
| s5
o O%T i
@
e | o
< |~
8 . 0 ' ®’L°"
A 6 <27
o ,-e*’/;;/
o BEAL
©w ol o
h ow| o o
36 | 19
™

Reference design
(Specimen type L)
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bolts/ notches

load introduction
reinforcement

I

Mod. debris notch #1 Mod. debris notch #2
(Specimen type N)

(Specimen type M)
) 16 16 0.1

16 0.1 - - - L
I d 12 12
12 | —t—

Washer

] e dimensions in [mm]
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Concept improvement & validation

Specimen assembly:

Element level - Study I: Concept improvements

—Test setup

— High-speed testing machine
— Instron VHS PLS100/20M

— Loading rates: 0.1 m/s; 2 m/s

— High-speed cameras
— FASTCAM SA-Z -
— FASTCAM-APX RS 250K
— Transient recorder (KRENZ PSO 8200)
— f _sampling (0.1 m/s) = 50 kHz
— f _sampling (2 m/s) = 1 MHz
— Measured variables

— Force (piezo-electric load cell)

# — Displacement (piston, digital image corr.)

DLR ack adanie

g?- -
{1l 2 e

0

reusable join part
(metallic)

specimen

13— load introduction

reinforcement
(metallic)

| ¥
'Ili

LF|

|

il
]

Test setup (schematic):

load cell

upper
coupling bolt

specimen

piezo-electric load cell

lights

upper adapter

upper coupling, connecting bolt
specimen

label (test identifier)

lower coupling, connecting bolt
(here: bolt not connected)

acceleration device
(slack adapter)

piston
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Concept improvement & validation
Element level - Study I: Concept improvements

Reference design: : : .
— TESt resu |tS (Specimen type L) g (Msg‘g::ggg g;b{il)s notch #2:

— Exemplary test sequences

&
\
=]
-
s |
v
.
v
<
n
3
&
n
o
(=]
=
o
Q
[=]
| o
[= R
s
=
Q
2

&
Q
=
o
v
=
7
)
N
El
=
N
o
o
=
]
o
o
“
)
=4
Zz

| &
| &

i DLR




DLR.de « Chart17 > 8™" Triennial International Aircraft Fire and Cabin Safety Research Conference > M. Waimer et al. « Development of a Tension Energy Absorber

Concept improvement & validation
Element level - Study I: Concept improvements

—Test results _
Specimen Type L vs. M vs. N
— Influence of notch designs 60 (0.1 mss) s
] . . . Specimen type N (force, energy) —N-11 —’wz —N-13 .
- Slgnlflcant Inﬂuence on fallure ——— Specimen type M (force, energy) :&34 :t/-‘(-)%s :'31-036
50 - . 1.25
initiation load level Spedimen e L (oree, eneray) -
2
— Selection of concept depending on the = il 1 8
Z 7o 8
design philosophy g 075 9
& Z v s
— Crash performance vs. 7 A o
- 0.5 c
normal operational performance -
0.25
— Selection of concept ‘M’ for further 0
0 15 30 45 60
testing activities Displacement (piston, CFC60) [mm]
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Concept improvement & validation
Element level - Study I: Concept improvements

—Test results Specimen Type M

0.1 m/svs. 2 m/s
-v=0.1m/svs.v=2m/s 60 1

—M-07 —M-02. —M-03—F—T1— _ |
50 4 —M-04 —M-05 —M-06

— Here exemplarily: Concept ‘M’

— Similar force-displacement characteristics

40

— Progressive failure at a reduced loading

rate (0.1 m/s): No tendency to blockage

s
.,
=,

Force [kN]
w
o

effects which might be caused by less

|

20 -y

i

0 15 30 45 60
high compaction of the debris) Displacement (piston, CFC60/ CFC600) [mm]

distinct fragmentation

(Blockage effect: A constrained flow of the debris out of the local

v.=2m/s

crush zone in front of the bolt that can lead to bolt failure due to

DLR
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Concept improvement & validation
Element level - Study Il: Concept validation

Element level - Study II:

—Objectives

passenger
cross beam

— Concept validation

— Simplified structural joint (4-bolt specimen)
-
— Complex loading conditions

—Test program

TLATTE OY

Specimen K — 01 Modified debris notch #1:
* (Specimen type M)

(v ) )

— 4-bolt specimens

— Off-axis loading: 0°, 10°, 20°, 30°

— Dyn. loading rate: v =2 m/s

— One design (concept ‘M’)
— Several off-axis loading conditions

— Three repeat tests per variant

i DLR
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Concept improvement & validation
Element level - Study Il: Concept validation

—Specimen design
— 4-bolt specimens
— Debris notch: Design concept ‘M’
— Material:
— HiTape AS7 12k / RTM6

PLATTE OY
Specimen K = 01

PLATTE OY
Specimen K = 01

e
90°

bolts/ notches

load introduction
reinforcement

Detail B (Design concept .M')

16 0.1

— Layup:

~
@

55

~
-

— quasi-isotropic :
—1t=28.1 mm (65 plies) %g
— Bolt: : |7 ]
— ANSI B18.3 (d = 6.4 mm) 3 ) &

2>

P |

<

@25

®0
/9‘{

Washer wit1
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Concept improvement & validation
Element level - StUdy ” Concept Va“dation Specimen assembly: Test setup (schematic):

—Test setup &

— High-speed testing machine
— Instron VHS PLS100/20M

reusable join part
(metallic) =

) upper TF
specimen a\ coupling bolt S
g o/ ]
i [specimen oo
30,__,.1'.;-‘

load cell

il

(e )

=

G &=

— Loading rate: 2 m/s \ =5
M. lower AR P
- High-speed cameras % ’ ““nuu r~load introduction coupling bol | i
\ reinforc;ement
— FASTCAM SA-Z (metallic)
— FASTCAM-APX RS 250K — ' ’ —
— Transient recorder (KRENZ PSO 8200) :
— f _sampling (2 m/s) = 1 MHz [ !
— Measured variables {
1
— Force (piezo-electric load cell) .+

— Displacement (digital image correlation) -

; i g o—— : ; =
; 1 ' _iE T I
BLR on-axis: 0° off-axis: 30° overview test setup

-
_1_; v -
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Concept improvement & validation
Element level - Study Il: Concept validation

—Test results (0° on-axis)

— Test sequence & post-test pictures e

ATTEOY
PECi el K-02

DR, SLS 0° 2m/s_4bolt ed-0 modif_2 (K

(lateral view)

(lateral view)

(lateral view)

(frontal view)

i DLR
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Concept improvement & validation
Element level - Study Il: Concept validation

—Test results (0° on-axis)

Specimen Type K - 0° (2 m/s)

— No blockage effects K02 —K-03 —K-10

90 ; —- 2.25
— Non-constraining flow of the debris % | ﬁgg_"gga,}'ggn_get ,
out of the local crush zone Nl =—"=""""" S I 15
. e i ina re%z@sﬂgxem f . 5-
— Good force-displacement characteristics 60 = Bilre iniiation 15 g
, Z % 5
— Almost constant load level during = 50 - y 125§
. . 2 ol ] 1 e
progressive failure - __progressive failure | . ! 3
: : o 30 o | 075 2
— But increased failure initiation load, Ml
20 T - v T 0.5
resp. reduced crush force efficiency " V Bt ,stop* mechanism .
(notch design concept ‘M’) 0 / ' 0
o ‘ , 0 15 30 45 60
— Sufficient ‘stop’ force level Displacement (piston, CFC600) [mm]
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Concept improvement & validation
Element level - Study Il: Concept validation

—Test results (20° off-axis)

— Test sequence & post-test pictures

— Off-axis robustness!

i A

JLK_SL>_ZU-

(frontal view) notch 1 (lateral view)

7|

~
%
~
=
~

4 i al view) notch 4 o ral v
DLR '
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Concept improvement & validation
Element level - Study II: Concept validation

—Test results (30° off-axis)

— Test sequence
— Limited robustness for off-axis > 30°
— Damage of lateral notch edges
caused by the off-axis load
— Bolt still guided along the desired

failure direction!

F_oft-axisk™"~ ¥ F_total F‘Ow F_total

=) (T &=

washer/ washer notch  4opric notch
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Concept improvement & validation
Element level - Study Il: Concept validation

—Test results (0° vs. 30° off-axis) 3 SR—
: s gt \ @ Off-axis loading 0°, 30°
— Good force-displacement characteristics v
° . ° . =0 * i continuation ¢f test -
of 30° off-axis compared to 0° on-axis: - 0° on-axis (K-10, K-02, K-03)  Luptoboltfailjre /M|
L. ) Lo — 30° off-axis (K-07, K-08, K-09) . — e ;“_
— Similar failure initiation load level 70 == o
failure initigtion Lo —wﬁ
— Increased steady-state load level 60 ——~ i o —
z ‘ | |
— Similar load level of ‘stop’ mechanism = 50 1= : ——
g | «—Progressive failure
£ a0 Jih
30 4 ﬁ
20 4l i |
3 : J.!Q, it
10 & 0° on-axis f'[ LN, M m
. - ' ' ,stop* chhan|sm ﬁ | +f ll =
0 15 30 45 60
Displacement (piston, CFC600) [mm]

!‘?ﬁ a
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Summary & Outlook

—Scope of research

«» tensile displ.
o

passenger
cross beam

— Novel crash design based on tension energy absorption by

tension loads -

progressive bearing failure of the bolted passenger cross beam

+v7impact frame

attachment

—Estimation of the concept capability

~ @
o o
T

— Favorable results based on FEA at the fuselage section level

[C-)
o o

100%

— Energy absorption by tension loads in the cabin floor:

Energy dissipation [k.J]
w E
o o
T

—10% - 20% (max. 30%) of total structural energy dissipation

]
<]

-
o o

— depending on structural design & crash load case

. : Sl 1 IR 1 j
0 25 50 75 100 125 150 175 200
Time [ms]
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Summary & Outlook

- Concept deve|0pment Fome[i:'lo —ADI A0 —A03
—D-14 —D-15 D-16
. 25.0 : f e
— Coupon level (1-bolt specimens) Reference design (4) el hafaconto
20.0 i [ —/,
. . o Absorber design (D) ji%
— Objectives: General feasibility, crash performance, etc. 150 soperder OB ep| -
, . ‘ mechanism
— Outcomes: Design for favorable absorber characteristics " f =
5.0 y \ !
EA 0? constan:t load Iev%l ] [l
. o0 0 20 40 60 80 ) 100 | 120
— Element level (2-bolt specimens) Disiacement
— Objectives: Optimal design as a compromise between crash N o | = 1 RS I
= Specimen type L (force, energy) -

performance and normal operational performance

idea

30 1

— Qutcomes:

Force [kN]

o
~
wv
Energy absorption [kJ]

20 4

— Concepts for different design philosophies (N, M, L)

— Concept validation for diff. loading rates (0.1 m/s, 2 m/s) , . . |
0 15 30 45 60
Displacement (piston, CFC60) [mm]
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Summary & Outlook

Specimen Type K - 0° (2 m/s)

— Concept validation K02 K03 K10 e
— Element level (4-bolt specimens) ﬁﬁ ’
— 1.75
— Objectives: Validation under complex loading conditions ——ideal 7 15 2
Vi 1252
— Outcomes: / .
— Successful validation of concept 3
— ldentification of max. off-axis robustness M 025
T 0
— Presented design: Robustness limited to < 30° off-axis ’ isplacement (iston, CFC500) [mm] »
— Outlook
passenger . N
— Research work is planned to be continued cross beam
_ _ F1
— On the next level of complexity (detail level) Msc
— Taking into account specific designs of frame and cross beam F2 frame

DLR / \ : p- n g
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Thank you for your attention!
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