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Overview

Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS)

* Objective: Assess damage containment

o Demonstrate compliance with FAR part 25:

O Strength, Deformation, Damage Tolerance @EEEI”E
* Approach: Full-scale testing of a curved
PRSEUS panel on the FASTER fixture *
using three test phases: Damage 10 1 |
o Pristine Panel Initiation
o Impact Damage \\\ J
o Two-bay notch B V N Erame
SawC /'// ’/
aw Cut
2-Bay R J'\

\ g

Stringer

Willa curved PRSEUS panel arrest damage”? 3
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PRSEUS Structural Concept

Frame Stacks

Foam Core
Stitching / Stitching

Runs ) Runs
_ L Stringer Tear Strap
Slot for Stringer e o
Pass-thru -

Stitching
Runs
Precured
Rods
Stringer y

Stacks Frame Tear

Straps

- Stitching P

Stringer Runs
CL

Exploded View of Preform Assembly



—_— FAA-DREXEL FELLOWSHIP PROGRAM —_—

Outline

Objective and Overview

Experimental Procedure

o Test Panel Configuration

o Inspection and Monitoring Methods

o Load History

Results

o Phase l: Pristine

o Phase |l: Barely Visible Impact Damage (BVID)
o Phase lll: Two-Bay Notch

Summary



—_— FAA-DREXEL FELLOWSHIP PROGRAM —

Test Panel Configuration

Panel Interior Photo Frame

/v\ Cross section (A-A)

,\?:( A\\S

Test
Section

F-3

Stringer
)q\e Cross section (B-B)

Pultruded

~n
1 AN 1
Li 3.30in. 4’|

e Skinthickness: 0.052 inch
e 7 Stringers, 5 Frames  Combination of 0°, 45°, and 90° plies
* Two-bay test section  Test section skin layup: [+45/-45/0,/90/0,/-45/+45]
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FASTER Fixture Modification

Existing Fixture New Fixture
« 100Kkip axialload capacity « 840Kkip axialload capacity
« Axiallyfixed frame loaders « Axiallyfree frame loaders
 Accommodates 74 in. radius panel « Accommodates 90in. radius panel

Before Modification After Modification
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FASTER Fixture Modification
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Visual Monitoring

Exterior visual monitoring setup _ o _
High definition video

High speed video

INTERNAL PRESSURE
—

INTERNAL PRESSURE

Test Section
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Strain & Displacement Monitoring

80 Strain gages (axial, hoop, and 45°) o )
Exterior 11 LVDTs (axial, radial) ARAMIS Digital Image Correlation (DIC)

Full-field deformation and strain

Legend: @ Axial Strain Gage Hoop
© Hoop Strain Gage Global 0 T ] [~ - - -] - - - - - - - - -
© LVDT - Axial £0.5" ) Axial j t =
@ LVDT - Axial +1.0" - - - - -0 - - - - - v B '[/‘ ‘H’::” \1' 1‘ 1-'!::’ i ‘]' 1
@ LVDT - Radial t0.5" [ i B il I
./ [ = H ]

H I=‘ J

: Cfm——— S + e S H Field of view:
I%;\ & = 1777 = - ml-ﬂ il il  — H

= M}H T ; S-6 I:\ i i T tWO_bay reglon
+— 0|+ Q@+ ss J i iy i i

=

— ! o | =0
1 ' D
— 5P o—f—4=o.
FWD Tl - . . - |MJ| ][J| T - . - |- AFT
F5 F-4 F-3 F-2 Stochastic
Interior pattern

F-1
Hoop
Legend: @ Axial Strain Gage
@ Hoop Strain Gage i
@ 45° Strain Gage —

=1 ==
u . S-1
i I
S 1 a— §-2
! 8 :m]] - 53
] } m]] S-4 Two 4-MP
R B m_ . cameras
o ] ]I[I] =
= -
FWD U Ere—— AFT
F-5

10



Flash Thermography

Heat source and camera

)

Stitch
— Flange

"l”-‘!ﬂ

3.!:
|
o
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Damage Detection

Ultrasound (C-Scan)

Data Acquisition
e g ... =

3 ..:IT; =

Acoustic Emission

T o T o - D |

Wideband &
resonant
Sensors

Sample
result

High amplitude
event at notch tip 11
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Load History

Relative Applied

Absolute Applied Loads**

Load Loads*
Condition _ Axial Hoop Frame | Pressur
Axial Pressure [Ibf] [Ibf] [Ibf] e [psi]
Axial 100%DLL - 32,473 0 0 0
Phase | Combined | 100%DLL 1P 36,436 | 11,423 | 2,390 9.2
Pressure - 1.33P 5270 | 15,192 | 3,178 12.2
Axial 100%DLL - 32,473 0 0 0
Pressure - 1.33P 5,270 | 15,192 | 3,178 12.2
Combined | 100%DLL 1P 36,436 | 11,423 | 2,390 9.2
Phasell
Pressure - 2P 7,925 | 22,844 | 4,780 18.4
Axial 150%DLL - 48,710 0 0 0
Combined | 150%DLL 1.5P 54,654 | 17,134 | 3,584 13.8
Phaselll Final N/A N/A 67,000 | 13,136 | 2,748 | 10.6

12
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Phase |: Repeatability

Load:0.5P + 50% DLL

Panel Interior Detail View Ad—
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Results show linear and symmetric response 14
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Phase |: Comparison with FEM

Load: 1P + 100% DLL

Panel Interior

Axial Disp. Distribution

0.20 r O Experimental
£.015 B FEM
% ] _
A 0.10
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: |
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2 3 4 5
LVDT
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« Displacements showed consistent trend
« Slightnon-linearity in experimental strains

S-4

S-5
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Phase I: Uniform Strain Distribution

Panel Exterior =g Load: 1P + 100%DLL
il I Phase | digital image correlation (DIC) results:
L //;f i I jii Good correlation with strain gage results
T R A \ Uniform strain distribution in the test section
Axial strain along section A-A
0.5 8
Notch 0.4
Location 4
>
03 5 &
wn c
0.2 2 :g °
T2 3
§ o
-4
Hoop 01
‘ _ N = 0.0 8 )
Axial ;'f 00 01 02 03 04 05
Skin Axial Strain [%)]

----- Stitch row
_____ Flange edge —ARAMIS ® Strain Gage 16
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Outline
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Results
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o Phase |l: Barely Visible Impact Damage (BVID)
o Phase lll: Two-Bay Notch

Summary
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Phase ll: BVID

Impact Location, Panel Exterior

F-5 F-4 F-3 F-2 F-1 Impact Setup Photo
[ sls oiv 6-9. 6fe. " Jo o .o vio ole o-u sfo o T + + v =+ v ¢
a1 1% | | V— gy [ Impactor
: S-7 . .
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s —— o =56
K T : :| tup
E i ’ i 1k TULHHD = : | 5-5
——g———@ e e o4 Impactor Paddle
| , | HIP guide
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Impact Detail Schematic

Hemispherical
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40 ft-Ib i

—_—rT

e < o

g g
- 5 & meact
Stitching LL location
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Phase ll: Impact Video

Phase 2 09.13.11

Impact Event

Interior Surface Exterior Surface
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Phase Il: Visual Inspection

After First Impact

¥\
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PSS ot >
s I :
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@
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Flange Edge
*
e) I5
2 =
L ~
= —
= e/
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()
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Clear Fiber Break Indicated BVID
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Phase Il: NDI of Impacted Region

Before impact After impact

Panel Exterior

Stringer
Flange
Edges

AﬂL + b+ 4t
p=i T

Impact
Location

Hoop

‘I———)>Axkﬂ

Flash Thermography

Strain

Strain Gage Strain
Wire Gages Gages

21

Flange Delaminated from Skin Due to BVID
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Phase | & Il Comparison
Load: Combined Limit (1P + 100% DLL)

Panel Interior Detail View  ae— Section A-A
FS5 __F3 F3 F2 Bl T e |
S-1 %f“l i }j - [' I j - >3
8 i T T — 1 i 1
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Consistent Response Indicates No Load Redistribution
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Phase Il: Local Strain Distribution

Panel Exterior -~ T Load: Axial Ultimate (150% DLL)
T =
—+—+—f4—~|+—  Phaselldigitalimage correlation (DIC) results:
1~ t—k—f  Good correlation with strain gage results

Hoop T A 71 TN NI Clear strain concentration at BVID location

T TN
Axial / \

Axial strain along section A-A

ARAMIS axial strain

_8 —
A

4
z E.
D S0
2, D
0 g
= 4
>

8

_ 0.0 0.2 0.4 0.6 0.8
F.3 Axial Strain [%)]

BVID ' —ARAMIS = Strain Gage

Local Strain Concentration below Material Failure Strains 23




Exterior
Photo

Interior
Photo

Flash
Thermography
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Phase ll: No Growth of BVID

Before Loading After Loading

24



Outline

O
O

O
Results
O

®
o Phase lll: Two-Bay Notch

Summary
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Panel Exterior h se I” TWO‘Bay NOtCh

Breakout during

F-5 F-4 F-3 F-2 F-1 -
e S e s 1 e Interior machining
83 ..
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§ — 53
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Notch detail schematic

/ /
sa Q- —T==1F==)- 7.8in.
' 5
o BVID Damage
0.31 in.— — ) )

Notch Severed Central Stringer and Adjacent Skin



Phase lll: Load History

FAA-DREXEL FELLOWSHIP PROGRAM

Load Target

Observations

1.15P

1P + DLL

DLL 1P+ DLL

1 Axial

Failed Strain Gages

. ;

Damage Containment

Damage Propagation

—.

Damage Events:

200%

Load [%]

50%

0%

1) Pressure (1.33P) j

150%

100% r

® ®

/"’\_._ Ve

__/

[ 1 1

i
© OB
)4
/-

\.

1 2 3 4
Load Steps

2) Combined (1P + 100%DLL)

3) Axial (100%DLL)

5

Key Damage Events

(A) Visual Damage Formation
(B) Cont’d Damage Propagation
(C) Cont’d Damage Propagation

(D) Damage Propagation
beyond two-bay region

(E) Catastrophic Failure

— Axial
Pressure

\ 5) Inc. Axial to Failure

(1P + 184%DLL)

4) Combined (1P + 100%DLL)

Panel Never Completely Unloaded to Prevent Damage Due to Unloading

27
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Load Step 2: Combined Limit Load

Pre-Failure Strain Distribution
Strain History at SG7

— ARAMIS, @SG7
— Strain Gage 7

Observations

Exterior Damage
Formation o
(1P + 70% DLL)

05 ¢

g 04 -

c 03 r

©

& 0.2 r

T 0.1 -

Z 0.0 -
01 L |1

Load Step

Load: 70%DLL + 1P

Notch Tip

Axial Strain A

5 Material

[%] urens exy

¥ 005

failure Notch Strain Gradient
strain CI'_
10 [ S |

Excellent Correlation between
ARAMIS and strain gage results

No ARAMIS results after damage
formation due to water leakage

08
506 |
D o4 |
<02 t !

0.0 : :
0 1 2 3 4

Distance from Notch Tip [in]

= = = Flange
= =[=— = = = Stitch

—ARAMIS, 7 m Strain Gage 7

roached Material Failure Strain at Visual

Damage Initiation
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Normal Strain [%]
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Load Step 2: Combined Limit Load
Notch Tip Strain Gradients

Axial strain at 1P + 70% DLL [%]
1 0.70
o £
90 050 o
— wn
o+
030 o
>
010 X
. -0.05
0° 45°
0° Section 45° Section 90° Section
08 | r_'-l : 0.8 ; 5 0.8 g
0.6 | ] 06 | 06 r
0.4 ¥ 04 | 04 |
02 F &g 0.2 1 02T
0.0 === ! ] 0.0 : : = 0.0
02 t 02t 0.2 -
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0 0.0 2.0 4.0 6.0 8.0
Position Along Section [in] Position Along Section [in] Position Along Section [in]
- 1P + 0% DLL — 1P + 20% DLL - 1P + 40% DLL - 1P + 60% DLL
- 1P + 10% DLL - 1P + 30% DLL - 1P + 50% DLL - 1P + 70% DLL

Dominate Notch Tip Strains were Axial Strains 29
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Load Step 2: Combined Limit Load
Interior Visual Damage Propagation

Panel Interior 1P + 1P + 1P +
T 54% DLL 67% DLL 100% DLL
1 P 11— Po—| ) m—
i N N i :
i A NK
nnnnnn 1 - - - - - - - - - <] -\ - - \\l

=0
Hoop E. =
4 58
=W
> Axial @
N
e
o
Notch  * strain Gage
. Tip B
Observations

* Damageinitiation: 1P + 54% DLL (interior first)
* Damage propagation slow and stable at 45° (surface ply dir.)
* Failure by matrix splitting 30
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Load Step 2: Combined Limit Load
Exterior Visual Damage Propagation

Location of photographs

|2
=

i

@
&

F-3 F-2

Hoop

Flange Edge
Stitch row

X

Damage Event A

Damage on Exterior Skin was 45° Splitting Propagating Slowly & Stably 31
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Damage State — Load Step 2

1P+ 1P +
1.15P i 1P +DLL i DLL i DLL _! Inc.Axial_!

200%
¥ 150% / )
= /-’ — Axial
g 100% | /'”\k ok Pressure
|

50% F 7

0% =1 |

0 1 2 3 4I|- I5'
Load Step
Exterior Interior

S-5

\ \

i | 1 [l I [l

>4 | f' L | " i

\ \
S-3

F-3 ) F-3 Mirrored
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Load Step 3: Axial Limit Load
Interior Visual Damage Propagatlon

Phase 3 09.21.1

Tight View

INTERNAL PRESSURE 13 ’04 ’ 59 ’04 AXIAL LOAD

Axial Only Limit-L oad Case was the Most Severe Load Condition



S-5

S-4

S-3
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Damage State — Load Step 3

1P+ 1P +
1.15P i 1P +DLL i DLL i DLL _! Inc.Axial_!
200%
¥ 150% / )
= /-’ — Axial
g 100% | /——\k ok Pressure
|
50% F 7
0% [ | _ 1
0 1 2 3 4
Load Step
Exterior Interior
\ AN
1 [l [l
({111 Nl l (1]
AN AN
£.3 ) F-3 Mirrored

F-2
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Load Step 5: Catastrophic Failure (1P + Inc. Axial)

Test Section (Interior)

1P +100% DLL 1P +138% DLL 1P + 140% DLL _
S-3 5 = =
/ 7 \ 7 1
S-4 — ; = \‘\ Il =
/ W /‘Cj ™ | : l/f ]
> = & ~_ 1 a
- N\
F-3 F-2 F-3 F-2 F-3 \}/ F-2
N . Delaminations
Hoop between skin &
Slow, stable Unstable stringer flange
Axial damage damage
accumulation propagation

Visible damage was more widespread on the interior surface 35
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Load Step 5: Catastrophic Failure (1P + Inc. Axial)
Visual Damage Propagation

Test Section (Exterior)

S.3 1P + 105% DLL
Y it ”
S-4 Slow stable
damage
S5 progression
Flange edge

Flange edge

Inner stitch row

Center stitch rows

Outer stitch row
SG7

Damage was arrested by the stitches before propagating beyond the
two-bay region

Axial

36
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Damage State — Before Damage Event D

1P+ 1P+

1.15P ! 1P +DLL ! DLL i DLL i Inc.Axial !

200%
150% r i /

/J — Axial
100% | /——L b Pressure
50% r 7
0% /—"I \

Load [%)]

T S S
Load Step
Exterior Interior

S-5 <

| 1 ] | 11
>4 | if I | i.' i

. N
S-3 —

F-3 F-2 F-3 Mirrored F-2
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Damage Event D: Exterior Video

Phase 3 09.21.11

Side by side view
interior surface extenor surface

INTERNAL PRESSURE AXIAL LOAD
a3 14:29.01 L
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Damage Event D: Exterior High-Speed Video
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Damage Event D: High Speed Video Frames

Sequential frames captured with an Olympus-i3
High Speed Video Camera at 5000 FPS

Notch Tip Schematic

S5 T=--277-~ Flange
~~~~ - ~ Outer Stitch
~-—o. "~ Center Stitch

~~ .
-~

" Flange

— Notch Tip

Hoop

T———)»Axial

Damage Temporarily Arrested as it
Progressed Beyond the Adjacent Stringer 20




Panel Interior
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Load Step 5: Catastrophic Failure (1P + Inc. Axial)

Detail View Ad— Section A-A
Ry [T 'y
|| ll [ 1 i 8-3 I “ }‘K
i
— |
- | iim"y S-4 e wore7
LVDT 7 |] LVDT 6 i
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7 i iy B 1 }ir 1’%\ i
e
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Hoop S-6= #C? s s e = == —> | VDT 4
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— Y
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o © 0
2 9 140%
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0O 02 04 06 0.8
Axial Displacement [in]

A Significant Displacement Discontinuity Occurred at Damage Event D

0

0.1
Axial Displacement [in]

02 03 04

Radial Disp.

Axial Load [%DLL]

0 025 05 0.75
Radial Displacement [in]
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Load Step 5: Catastrophic Failure (1P + Inc. Axial) Interior Skin Strain

. 200%
Panel Interior _ — SG 37
e F2 g 175% — SG 38
o1 S SG 39
52 ‘ () Rt --— SG 40
S-S—‘ LVDTl H a 150%
S-4 ‘ - o
L/ -
S5 —7 -
S6= i 8 125%
S-7= b . X
= Section A-A <
A 100% ! /o ! |
Detail View T H = 00 0.2 04 0.6 0.8 1.0
i 1 i 53| . .
Hoop ] 53 1 92 \‘,‘ nﬁlo Axial Strain [%)]
| 4
| | . .
‘ Avial | 40 b 'si\r* Stringer Strain
] SYE l|[ I } i 8'3 | h _ 200% _
| —
39 —l
i h = 175% |
i e [ S-4 < -
T i ot LR L LRIt ACEEE SG 41
Notch — 38| | 1 g 150% | — SG43
434 l[ II 4G5 - — SG51
| : i 8125% | — SG53
| 37 ] <
i T iy I S-6 100% o o
i 00 0.2 04 0.6 0.8 1.0
F-3 A F-2 Axial Strain [%]
After Damage Event D, The Stringers Held Load, Bridging the Failed Skin *
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Damage Event E: Catastrophic Failure

Phase 3 09.21.11

side by side view
interior surface exterior surface

INTERNAL PRESSURE ) ‘ . AXIAL LOAD
I TTE— 19 3105 2%, 1 mCIT




Hoop

Axial
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Post Failure Inspection

Exterior Interior Flash Thermography

§
0]

AN

F-3 F-2 F-3 Image Mirrored F-2

Damage Widespread and Path Altered at Stitch Rows
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Summary

** Phase |
» Good repeatability demonstrated at 50% load levels
» Linear strains and displacements observed
+** Phase |
» Panel impacted with 40 ft-1b impactor
» No damage growth observed after ultimate loads were applied
** Phase I
» Inserted 7.8 in. through thickness notch, severed central stringer
» Damage formation observed at 1P + 70% DLL
» Damage contained with 2-bay region to 1P + 160% DLL
» Catastrophic failureat 1P + 184% DLL
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Conclusions

***Successful test
**Fixture performed as designed
***Panel failure load well above expected failure

**Damage containment demonstrated on
curved PRSEUS panel
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Future Work

 Post test Non-Destructive and Destructive
Evaluation

o Obijective: Identify failure mechanisms for use in
evaluating future progressive failure analyses

o Approach: Notch tip region evaluations using ultrasonic,
thermography, and microscopy techniques

 FEM based progressive failure analyses
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