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Abstract

The experimental results from two stitched VARTM carbon-epoxy composite panels tested under
uni-axial compression loading are presented. The curved panels are divided by frames and stringers
into five or six bays with a column of three bays along the compressive loading direction. The frames
are supported at the frame ends to resist out-of-plane translation. Back-to-back strain gages are used to
record the strain and displacement transducers were used to record the out-of-plane displacements. In
addition a full-field-displacement measurement technique that utilizes a camera-based-stereo-vision
system was used to record the displacements. The panels were loaded in increments to determine the
first bay to buckle. Loading was discontinued at limit load and the panels were removed from the test
machine for impact testing. After impacting at 20 ft-1bs to 25 ft-lbs of energy with a spherical indenter,
the panels were loaded in compression until failure. Impact testing reduced the axial stiffness by 4 per-
cent and less than 1 percent. Post-buckled axial panel stiffness was 52 percent and 70 percent of the
pre-buckled stiffness.

Introduction

To improve the cost and weight savings of composite helicopter structures it will be necessary to
reduce the conservatism that is used now in the design and analysis process. As part of SARAP (Sur-
vivable, Affordable, Repairable Airframe Program), Boeing — Helicopters is developing a high fidelity
failure analysis methodology to analyze unitized composite structures. This high fidelity failure analy-
sis methodology address the limitations of current strength analysis used in the design process. Poten-
tial failure modes missed by the present strength analysis can be identified with the high fidelity analysis
before full-scale tests are conducted. To assist in the validation, Boeing supplied two panels that were
cut from a RWSTD (Rotary Wing Structures Technology Demonstrator) composite tool proof article
for testing by Vehicle Technology Directorate (VTD). This testing supports SARAP Task 1.2.4 “Struc-
tural Technology” by validating the high fidelity failure analysis and Task 1.2.5 “Durability and Dam-
age Tolerance” effect of barely visible damage on compression failure.

Two panels were cut from a stitched VARTM carbon-epoxy composite fuselage section that
was used to verify a manufacturing tool. Each panel contains two frames and three stringers.  The
frames and stringers divide one panel into six bays which will be identified as Panel C-1 in the remain-
der of the paper. There are two columns of three bays each in the compressive loading direction. The
other panel to be identified as Panel C-2 has a stringer on the centerline of the panel omitted between a
frame and the end of the panel thus producing a panel with 5 bays.

The objective of this report is to present the experimental data from the composite panels
tested by VTD.

Test panels

Details of the stitthed VARTM composite Panel C-1 supplied by Boeing are shown in Figure 1.
The skin is stitched together and the frame and stringer flanges are stitched to the skin. The panel is
15.57-inches wide with a 55.9-inch radius in the width direction. The stringer leg terminates before the
frame flange of each frame while the flanges from the stringer continues under the frame flange. The
panel ends were potted with 1-inch thick filled epoxy and were machined flat and parallel to the 28.4-
inch dimension shown in Figure 1. A 1-inch long section of the frame flange located at FS 145 and 154
was removed from each end. A 1-inch square, 0.062-inch thick, aluminum plate was bonded to each
side of the web for reinforcement for frame to resist the out-of-plane displacement at the frame ends.



Test Panel C-2 is very similar to Panel C-1 with an overall length of 32.1-inches between the pot-
ted ends as shown in Figure 2. The middle stringer does not extend between FS 247.7 and FS 258 thus
producing a panel with five bays. Also note that Frame 269 is much deeper than frame FS 258. The
specimen was prepared for test the same as for Panel C-1.

FS 154
0.072 in.

FS 145
0.05 in.

Radius =559 in.

FS 163.4

Loading Direction

FS 135
Figure 1. - Details of Panel C-1.

FS 280

FS 269
0.032 in.

FS 2568
0.032 in.

Radius = £5.79

0.040 in.

15657 in.

Loading Direction

Figure 2. Panel C-2 details.



Test Plan

The test plan for each panel is as follows:

Panel C-1
¢ Load to 1,000 Ibs for instrumentation checkout.
* Load to 3,950 Ibs with free edges to determine initial buckling.

* Load to 5,515 Ibs with knife edges on free edges between frames to determine the initial buckling
load

* Remove Panel C-1 from test setup and impact with dropped weight impactor at 20 ft-1bs energy.
» Reinstall panel in test setup and load until failure.
Panel C-2
¢ Load to 4,000 Ibs with knife edges on the free edges to determine initial buckling.
* Load to 4,500 Ibs with knife edges on the free edges to determine initial buckling.

* Remove Panel C-2 from test setup and impact with a dropped weight impactor at 20 ft-Ibs of
energy.

» Reinstall panel in test setup and load until failure.

Instrumentation
Three measurement technigques were utilized to determine the response of these panels.

Strain gages — Common off the shelf axial and rosette strain gages were used on the panels. Panel
C-1 contained 42 strain gages — back-to-back rosettes in the center of each bay and back-to-back axial
gages across the center of the specimen as shown in Figure 3. Panel C-2 contained 36 strain gages —
back-to-back rosettes in the center of each bay and back-to-back axial gages across the center of the
specimen as shown in Figure 3.

Displacement transducers — Linear variable displacement transducers (LVDT) were utilized to mea-
sure the displacements at selected locations shown in Figure 3. In addition to the LVDT shown in Figure
3two LVDT’s were used to measure the panel end shortening.

3-D Vision Correlation System (VIC-3D) - This system is a full-field-displacement measurement
technique [1] that utilizes a camera-based stereo-vision system. VIC-3D! is a non-intrusive system that
uses a black spackle pattern on a white background applied to the specimen to establish the specimen
displacement tracking points. Images of the changing pattern on the test specimen surface are recorded
on a computer with the stereo-vision system at user specified time intervals. It is also possible take data

vic-3D system supplied by Correlated Solutions, Inc., W. Columbia, SC
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Figure 3. Strain gage and DCDT locations.

in a local area with a second camera based system while taking data on a global area. This will give
higher resolution to an area of interest.

Results and Discussion

Panel C-1
An analysis and comparison to transducer results for Panel C-1 is presented in Reference [2].

The left hand side of Figure 4 shows Panel C-1 installed in the test machine. The frame to react the
out-of-plane panel frame loads is shown. This frame is attached to the test machine lower platen and
reacts the panel frame out-of-plane loads but not frame rotations. The linkage from the panel allows the
test specimen frames to rotate but not translate.

The speckle pattern used for the VIC 3-D system can be seen in the L/H side of Figure 4. The skin
surface of the test specimen was painted white then the black speckle pattern was applied. Note the dif-
ferent spackle densities can be seen between the local and global area, where the local has smaller
speckles and a higher density. The local area location was selected to encompass the future impact site.
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Pamel C-1 im tesi machime

Pamel C1 prefile

Figure 4. - Panel C-1 in test machine and profile view of panel.

The right hand side of Figure 4 shows the profile of Panel C-1. The specimen profile is determined
from the first image taken by the VIC-3D system before any load application. A best fit flat plane is fit
to the data points in the first image. There are usually 8,000 to 10,000 data points used to determine the
best fit plane. Then the distance from the best fit plane to the panel surface is determined and a new sur-
face is plotted that reflects any defects. The profile of Panel C-1 does not indicate any significant
defects. A small depression in the skin is indicated. These defects produce very small ripples in lines of
constant distance when plotting the contours from the best fit plane. A strain gages and associated wir-
ing can also be seen in the picture.

Figure 5 summarizes some of the data from the first test on Panel C-1 where the load was taken to
Ny = 3,950 Ibs, a point just past the predicted first buckle for a specimen with free edges. The perspec-
tive view in the upper L/H corner of Figure 5 is the out-of-plane displacements at a load of Ny, = 3,899
Ibs. indicating a buckle in the upper R/H bay and the other bays bulging out-of-plane. For the reminder
of this report the bay identifications are located relative to looking at the skin side of the panel and a
positive displacement is defined as displacement toward the viewer. The pictures of the w displacement
(upper R/H in the figure) have been cropped to show only the upper R/H skin bay. The out-of-plane dis-
placements shown for Ny, = 3,340 Ibs indicates the skin panel is starting to bulge out-of-plane (positive
direction) as two bulges prior to going to a single half-wave in the negative direction as shown in the
figure for a load of Ny = 3,575 Ibs.

The results from axial back-to-back strain gages in the center of the upper R/H skin bay are shown
in lower L/H corner of the Figure. The strain results indicate skin bending started at approximately N,
= 2,000 Ibs. and continued until buckling occurred at approximately Ny = 3,500 Ib.
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Figure 5. - Results from load Panel C-1 to 3,950 Ibs.

The panel end shortening as a function of the applied load is shown in the lower R/H corner of Fig-
ure 5. The response appears to be linear after initial loading until the skin buckles. After buckling the
response appears to be linear but at a lower slope than the initial response.

Knife edges were attached to the free skin edges for the second test on Panel C-1 and the maximum
load was increased to N,, = 5,515 Ibs, which is more than the predicted buckling load. A buckle devel-
ops in the upper R/H corner of the specimen as shown in the upper R/H side of Figure 6. As the load
was increased a buckle developed in center bay, L/H side, as shown in the upper L/H side of Figure 6.
The first buckle occurred at a load a few pounds higher than in the first test as can be seen when compar-
ing this result with the result on the previous figure. The second buckle occurred at approximately a 200
Ibs. higher load than the first buckle.

The load as a function of the end-shortening is shown in the center of Figure 6 and is the same as the
curve for the first test with different slopes before and after the skin buckling. The response appears to
be linear after initial loading until the skin buckles. After buckling the response appears to be linear but
at a lower slope than the initial response. The initial (before first buckle) slope of this curve is approxi-
mately 2 percent higher than the slope of the end shortening curve for a panel without knife edges.

The addition of knife edges to the skin free edges did not have a significant effect on the buckling
loads. The specimen was removed from the test machine for impacting.
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Loading to 5,515 1bs.
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Back-to-back strain gages

2000 -

[l 1 1
0 0.01 0.02 0.03 004
E nd shortening, in.

Panel End-Shortening
Figure 6. - Results of loading Panel C-1 to Ny, = 5,515 Ibs.

Panel C-1 was placed under the impact tower shown in Figure 7 and a 5-Ib weight with a 0.5-inch
spherical radius indenter was dropped on the specimen. One-hundred pounds of lead shot was placed
on and around the specimen to damped the vibrations.

Impact location was to be on panel centerline at the end of stringer 9, in the skin and stringer flange
thickness adjacent to FS 154 frame flange. The impactor was dropped 4-ft to give an impact energy of
20 ft-Ibs. Barely visible impact damage occurred on the specimen with the 20 ft-lbs of impact energy. A
photograph of the impact site with the actual impact location is shown in Figure 7. The contact force
profile shown in Figure 7 indicated a loss of stiffness as given by the contact force drop of approxi-
mately 150 Ibs. after reaching the peak force of 908 Ibs. The contact force recovered some but never
greater than the peak value of 908 Ibs.

Panel C-1 was returned to the test machine for testing to failure. The profile of a 4.0-inch by 4.0-
inch area around the impact site, taken using VIC-3D local cameras, indicated the impact dent depth to
be 0.008 to 0.010-inches deep from the surrounding surface. The surface depression in the skin, noted
on Figure 4, is also evident in the profile shown in Figure 7.

For this test Panel C-1 was loaded to failure. A view of the out-of-plane displacement (top — center
of Figure 8) is shown for Ny, = 5,633 Ibs, near the failure load of Ny, = 5,678 Ibs. Strain gage results for
the three panels that buckled during test are shown in Figure 8. The bay on the upper L/H bulged as the
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Figure 7. - Impact test results on Panel C-1.

load increased until approximately Ny, = 5,000 Ib. at which time the skin started to bend. The first indi-
cation of buckling was in the upper R/H bay with the buckle starting at Ny = 3,452 Ib. The load
dropped to Ny, = 3,421 Ibs before increasing. The second buckle appeared in the middle L/H bay at N,
= 3,763 Ibs. The load dropped to N, = 3,709 Ibs before starting to increase. As the load increased to
approximately 5,500 Ibs. the buckles get deeper. Selected events from Ny = 2,000 Ibs. to failure are
shown in the next figure.

The load shortening curve indicates a linear response until initial panel buckling and then linear
response after the second panel buckled until near failure.  The slope of the curve (from 1,500 Ibs to
3,500 Ibs) is 4 percent less than the curve shown in Figure 6, indicating that the impact damage has a
small effect on the panel axial stiffness. The slope of the curve after the buckling (post buckling stiff-
ness) is 70 percent of the initial slope.

Figure 9 presents a series of out-of-plane (w) displacement contour plots as the load is increased.
The top L/H picture for Ny = 2,031 Ibs indicates 5 of the 6 bays with similar w displacements of up to
0.009 inches. The upper R/H bay indicated w displacements of up to 0.004 inches. All bays appears to
have 2 bulges. The dashed lines on the pictures are the approximate locations of the frames and string-
ers. Increasing the load to Ny = 3,214 Ibs. increases the maximum w displacements to 0.017 inches on 3
of the panels while the other 3 panels increase to 0.010 to 0.013 inches. In addition a negative displace-
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Loading to failure
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-0.002 0 0002 End shortening, in.

Strain, in/in.

Figure 8. - Test result summary for selected strain gages on Panel C-1.

ment (-0.002 inch) appears in the upper R/H panel and is shown as Point “A” in the detail in the center
of the top row.

Increasing the load to Ny, = 3,320 Ibs. increases the magnitudes of the displacement by 0.001 inch.
Increasing the load to Ny, = 3,472 Ibs. increases the w displacements to +0.018 to — 0.008-inches. The
next picture (first on the bottom row) is the next frame of data taken (approximately 10 second interval).
The upper R/H bay has buckled in a half wave that has a —0.062-inch of displacement. The maximum
displacement in the red shaded area is +0.025-inches. A half-wave buckle develops in the middle L/H
side bay near Ny = 3,712 Ibs. Increasing the load increases the out-of-plane deformation as shown by
the figure for a load of Ny, = 5,345 Ibs. The deformation range is now +0.047-inches to —0.190-inches.
The image at Ny, = 5,655 Ibs. indicates a mode shape change occurring in the upper L/H bay. The upper
L/H panel changes into a half wave as shown in the next picture. When this happens the skin looses its
load carrying capability and the specimen folds across at the frame. The last picture indicates the speci-
men has lost approximately 600 Ibs in load carrying capability.

VIC-3D analysis software also has the capability to extract local data from the recorded images.
Options exist that allow extraction of displacement and/or strain results at a point in the image or along
a line on the image. The origin of the coordinate system has been selected as the intersection of the cen-
ter stiffener and FS 145 as shown in Figure 10 on the out-of-plane displacement contour plot of Panel
C-1 for a load of Ny, = 5,345 Ibs. Selecting Line A through the impact site as shown in the Fig. 10 will
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give the profile of the panel cross-section and the out-of-plane, w, displacements at 100 points (number
of points selected by user) across the panel. The location of this line is approximated by selecting two
points on the screen. At the present it is not possible to select this line or any point in direct relation to
the specimen reference frame. Selecting the points on the screen is the only method. The profile of the
panel, at Line A, after impact damage is shown in Figure 11. The distances shown in the Figure are the
distance from a theoretical flat plane to the surface of the specimen. The dent from the impact is not
obvious in Figure 11. A small variation in the curve near the top is probably the effect from the dent. A
dent of 0.008-inch to 0.010-inch deep would not show up as a significant deviation in the curve consid-
ering the scale of the y-axis. The out-of-plane displacement results at the location of Line A shown in
Fig. 10 are shown in Fig 12 for selected loads that vary from Ny = 3,009 Ibs. to Ny = 5,655 Ibs, which is
the image near the maximum load. The panel appears to rotate about the side x = -8.0-in. where the out-

0=
) 0.2
Distance from
theoretical plane
in. [
04 p=
0.6 A DR R R

-8 -4 0 4 8
Panel width, in.
Figure 11. Profile of Panel C-1 across the panel at Line A.

of-plane displacement varies less than 0.01-in. for the load less than Ny = 5,345 Ibs. while the side at x =
8.0-in. moves approximately 0.03-in. These curves also indicate how the bays deflect with load. The
upper L/H bay deflects in the positive direction while the upper R/H bay deflects in the negative direc-
tion. Point A (Figure 10) was selected at the impact site. Again this point has be selected from picking a
point on the screen which can lead some error in the location. The load-out-of-plane displacement his-
tory is shown in Figure 13 for loading before and after impacting the panel. Also included in Figure 13
is the results from the test to failure for LVDT 16 which is located below the impact site and on the
flange of the frame. The slope of the load-displacement curves before and after impacting are very sim-
ilar up to 3,000 lbs. From 3,000 Ibs to 3,500 Ibs the after impact curve has larger displacement than the
before impact curve. The displacement at LVDT 16 follows the same trend as the displacement curves
for the impact site.
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Figure 12 History of out-of-plane displacements for Panel C-1 as a function of applied load.
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Figure 13. Out-of-plane displacements before and after impacting of Panel C-1.
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VIC-3D software also has the capability of extracting strain from the images at a point or along a
line. The first strain to be extracted from the images will be along Line B shown Figure 10. This line
crosses at the centers of two bays (lower L/H and lower R/H) at the location of the strain rosettes. The
strain results for Ny, = 5,345 Ibs are shown in Figure 14 as a line of blue circles. The missing sections of

0 p=
-0.0002 p= )
VIC-3D image data
- +* Axial strain gage
-0.0004 =
Axial strain
8 .
Yy
-0.0006 - .
-0.0008 |- .
-0.001 A 1 2 1 2 1 A ]

-8 -4 0 4 8
Panel width, in.
Figure 14. - Strain at Line B in the skin for Ny - 5,345 Ibs.

the curve shown in Figure 14 are the locations of the rosettes. It is necessary to remove areas in the
images where the rosettes are located due to the surface being non-flat from the gages and associated
circuitry. The red diamonds shown in Figure 14 are the strain values recorded by the axial gages of the
rosettes in the center of each bay. A good comparison exists for the two methods of measuring strain.
This analysis software also has the capability of determining the strain at a point as a function of image
number or load. Strain in skin at Point B (Figure 10) is shown in Figure 15 as small filled circles. The
strain result at gage 20 (Figure 3), which is adjacent to Point B, is also shown in Figure 15. Good com-
parisons exist between the two strain measuring methods for a loads less than 1,800 Ibs and greater than
4,200 Ibs.

A photograph of the failed specimen in the test machine is shown on the L/H side of Figure 16 and
is still under some load. It can be seen where the panel folded in the skin adjacent to the flange of the
frame at FS 154. The edge view detail shows the out-of-plane displacement. The impact site is in the
failure line. Close up photographs of the area at the impact site indicate cracks/crazing radiating from
the impact site.
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Figure 15. - Strain at Point B in the skin for Ny = 5,345 Ibs.
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Figure 16. - Failed Panel C-1
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Panel C-2

The first image taken by the VIC-3D system is used to determine the specimen profile. The per-
spective view of Panel C-2 shown on the left side of Figure 17 is the profile of the panel before any load
is applied. The contours shown are the distances from a theoretical flat plane. The only imperfection
that is indicated in the panel is a depression in the skin near FS 269 frame. The imperfection is also
extends to the side of the panel not shown in the view. A better local view shown later indicates the
imperfection is approximately 0.02-inches below the surrounding surface. A set of strain gage leads
also appears in the panel profile.

On the right side of Figure 17 is the out-of-plane displacements on the first loading of Panel C-2 to
determine a buckling load. The image shown was taken at a load of Ny = 3,992 Ibs. No buckling was
observed in the loading to 4,000 1bs. The bottom bay of the specimen bulges as shown by the red area.
The image indicates two peaks, 0.030-in. to 0.033-in. high in the bulge. The strain gage results also
indicate the lower bay loaded in compression with a small bending, but no buckling.

Loaded to 4,000 Ibs.

Panel profile prior to loading Out-of-plane deflections

Load = 3,992 lbs.
i ' .

W(in)
0.033
0.030
0.027
0.024
0.022
0.018
0.018
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0.011
0.008
0.005
0.003
0.000

0.003

-0.005

No buckling observed when
loaded to 4,000 1bs.

0
-0.0008 0.0004 0
Strain, infin.

Figure 17. - First test on Panel C-2

Panel C-2 was reloaded to 4,500 1bs. The dashed lines shown on Figure 18 indicate the locations of
the frames and stringers. The first buckle appeared at 4,150 1bs in the upper R/H bay as shown on the L/
H side of Figure 18. The back-to-back strain gages 1 and 19 located at the upper R/H bay (just below
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the buckle) also indicated a strain reversal at the buckling load. The skin in the lower bay bulges as in
the first loading to 4,000 1bs. The panel was unloaded and removed from the test machine for impacting,
prior to testing to failure.

Skin buckle
20 Load = 4,150 1bs.
i W (in)
15 - 0.032 5000
L 0.024 -
- 4000
10 [ — Load, el
i 2000
-:_c—. 5 1000
- B L
: o L L
B 00008 0 0.0008
0 Strain, in/in.
|
L | Strain gage 1 and 19 resulis
i
C _
10 P e T R PRRTE P |
=10 -5 5 10

0
X(in)

Figure 18. - Loading of Panel C-2 to Ny = 4,500 lbs

Figure 19 shows the local VIC-3D system image of the area surrounding the impact site. The panel
was impacted with 20 ft-lbs. of energy on the centerline of the panel, between the stringer termination
and the frame flange at FS 269. There was no visible damage. The panel was impacted again at the
same location with an energy level of 25 ft-1bs. The visible damage was slight compared to the damage
of Panel C-1. A plot of the contact force verses time for the 25 ft-Ib impact event is shown in Figure 20.
The first peak of the contact force as a function of time curve occurred at 1,150 lbs. and then dropped to
750 Ibs, recovered and reached a peak of 1,244 lbs. This behavior indicates the first contact force drop
may be due to initiation of delamination. There was no perceptible stiffness loss as evidenced by the
second peak.

The image shown Figure 19 was taken after the panel was reinstalled in the test machine. The
image does not indicate any indentation from the two impacts as indicated in a previous figure for Panel
C-1. It appears that there could be some surface fibers broken from the impacts. The skin depressions
which were shown earlier in a profile of the complete panel are shown in more detail. The depressions
are over the FS 269 frame and are approximately 0.020 in. below the surrounding surface.
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Figure 19. - Local area view after impact.

After impact, Panel C-2 was loaded in compression to failure. A perspective of the out-of-plane
deformations at a load of Ny = 7,242 Ibs. is shown in the top center of Figure 21. The sequence of
events leading to the maximum load is as follows. The first buckle (blue area) developed in the upper
R/H bay (see top L/H picture in the figure) at Ny = 4,150 Ibs as noted earlier. A second buckle devel-
oped in the L/H side middle bay (see top R/H picture in the figure) near Ny = 4,578 Ibs. Next the lower
bay which had been bulging changed into an elliptical shaped area that is deflecting in the negative
direction and a crescent shaped area deflecting in the positive direction (see lower L/H view in Figure
21) at Ny = 4,765 1bs. It would be difficult to call these two half-waves in the usual definition. The mid-
dle R/H bay continued to bulge out as the load increased. The upper L/H quadrant also bulged out as
load increased until approximately Ny = 6,000 Ibs. when it snapped into two half-waves. The deflec-
tions continued to increase as the load increased until the maximum load resulting in the deformed
shape as shown in the top center of Figure 21.

Since the u, v, and w displacements are determined over the viewed area by the VIC 3-D system, it
is possible to compute the strain components over the entire viewed surface. The longitudinal strain
(gyy) for aload of Ny = 7,242 Ibs is shown in the center of Figure 22. The snap thorough buckling that
was shown in the previous figure in the three areas (upper R/H, middle L/H, and lower bay) is verified
by the strain reversals for the same areas shown on this figure. The strains in the upper L/H bay start to
diverge at approximately 3,000 lbs. as shown with very little change in the near side gage (22) as the
load increases to Ny = 6,000 Ibs. The jagged appearance of the curve for the far side gage (4) could
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Figure 20. Contact force as a function of time for the 25 ft-1b impact.

indicate some failure is occurring on the far side surface as load increases from 4,000 to 5,000 lbs.
After approximately 5,000 lbs. the compressive strain increases until both gages diverge farther at
6,000 Ibs. The strain reversal in the upper L/H bay at approximately 6,000 Ibs. is a snap thorough buck-
ling as indicated previously. The irregular strain in the R/H middle bay as the load increases could be an
indication of a failure initiation and is on the same side and between the frames that finally fail at the
attaching point to the load reacting frame.

Comparison of the strain gage values from the high gage number in each pair of gages with the con-
tours on the center figure indicates very good correlation between the computed strain from the dis-
placement data and the strain gages.

A summary of some displacement results for Panel C-2 are shown in Figure 23. The out-of-plane
displacements shown on the L/H side of the figure are from a image taken near the failure load. The
out-of-plane displacement pattern shown has the same features as the displacement shown previously at
a load of 6,200 lbs. only with increased displacement values. The displacement result of a LVDT
located in the middle of the lower bay is shown in the upper R/H side of the figure. The displacement
reversal at 4,700 to 4,800 1bs. compares well with the VIC-3D system results. The LVDT is located on
the panel centerline and near the end of the dark blue area shown in the image and there is good compar-
ison between the results.
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Figure 21. - Changes in the out-of-displacement as load increases on Panel C-2.

The load end shortening curve indicates a linear response until the initial buckle at approximately
4,100 1Ibs. then a constantly reducing slope (decreasing post-buckled stiffness) until failure. Panel stiff-
ness loss from the impact was less than one percent. Post buckling stiffness of the panel was approxi-
mately 52 percent of the prebuckled stiffness.

Failure occurred at 7,266 Ibs.

A recent version of VIC-3D software extracts more data from the images. Options exist that allow
extraction of displacement and/or strain results at a point in the image or along a line on the image. The
origin of the coordinate system for Panel C-2 has been selected as the intersection of the center stiffener
and the FS 269 as shown in Figure 24 on the out-of-plane displacement contour plot of for a load of Ny
= 7,242 Ibs. The points to determine the coordinate system are imbedded in the spackle pattern and
require screen selection to determine the coordinate system. Selecting Line A through the impact site as
shown in the Figure 24 will give the profile of the panel cross-section and the out-of-plane, w, displace-
ments at 100 points (number of points selected by user) across the panel for a selected image/load. The
location of this line is approximated by selecting two points on the screen. The profile across the panel
at Line A after impact damage is shown in Figure 25 and indicates a surface irregularity near the center
of the panel. The distances shown in the figure are the distance from a theoretical flat plane to the sur-
face of the specimen. A review of a similar curve from the panel prior to impact testing indicates that
surface irregularity was present prior to impact testing. This irregularity was also present in the VIC-3D
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Comparison of strain gages and strain computed
from data obtained from the VIC 3-D system
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Figure 22. - Strains results at Ny = 7,242 1bs. on Panel C-2.

local profile view of the panel prior to testing. The out-of-plane displacement results at the location of
Line A shown in Figure 24 are shown in Figure 26 for selected loads that vary from Ny = 3,547 Ibs. to
Ny = 7,242 lbs, which is the last image taken before failure. The green line with the triangle symbol
(Ny = 7,242 1bs.) is the displacement from the last frame before maximum load. The line with the blue
diamond symbol is at a load of Ny = 7,136 Ibs. and is an image after maximum load. The curves shown
in Figure 26 indicate the out-of-plane displacements vary across the panels which can only be seen with
the full field capability of VIC-3D. Displacement transducers would only record a single point. The
out-of-plane displacements indicate the panel appears to rotate about the edge at x = 8.0 inches until a
load of approximately 5,000 lbs. The red curve with no symbols (Ny = 5,409 Ibs) indicates the panel
side at x= 8.0-inches displaced approximately 0.03 inches from the previous curve (Ny = 4,759 lbs.)
while the side at x = -8.0-inches displaced approximately 0.007 inches. From this load until failure the
panel again rotated about the side x = 8.0 as shown in Figure 26. Suspected failures at the frame attach
points could be contributing to this panel rotation.

In addition the analysis software for VIC-3D allows the selection of a point on the image surface
and determine the load-displacement history of the point. The load-displacement history for Point B
(Figure 24) at the impact site on Panel C-2 is shown in Figure 27 for loading to Ny = 4,500 Ibs and load-
ing to failure. This point is at or very near the impact site since it’s location is determined by selecting a
point on the screen. The deflection of the point prior to impacting when the panel was loaded to 4,500
Ibs. is shown as the red line on Figure 27. Also shown is the load-displacement history of DCDT 16
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Figure 23. - Panel C-2 out-of-plane displacement and end shortening.

which is located on the frame flange adjacent to the impact site. The three curves have the same trend,
with the as expected lower displacement on a the frame flange which is a stiffer part of the structure.
The curves indicate that the impact event has a slight effect on the panel surface deflection by reducing
the stiffness.

The VIC-3D software also has the capability of extracting the strain at selected locations on the
image. For Panel C-2 the location selected to determine the strain is Line C as shown in Figure 24. Line
C extends across the panel and intersects the strain gage rosette in the center of the bay with the results
shown in Figure 28 for various load levels. The experimental results of the axial strain gage are shown
for three load levels as symbols for the load levels enclosed by a circle. The gap in each group of sym-
bols is the result of area of the image being removed for the rosette strain gage. The correlation between
the strain gage and the VIC-3D curves is reasonable. It appears there is a small rotation in the coordina-
tion system since the strain gage results should be near the center of the gap. The strain gage is on the
surface which has a high gradient which with a small difference in location can contribute to a large
variation in the comparison of the results.

The failed Panel C-2 is shown Figure 29. Close up views of the failure sites are shown and indicate
the failure occurred around the attach points where the load reacting frame attached to the panel. The
failures noted in the frame attach points are on the R/H side as shown in the image views on previous
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Figure 25. - Profile of Panel C-2 across the panel at Line A.

figures. Figure 22 with strain results indicated unusual strain response in the R/H middle bay which
could be the results of the frame starting to fail at approximately 4,100 Ibs.
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Figure 26. - History of out-of-displacement as a function of applied load.

It is impossible to determine if the failure of the frame attach points caused failure or if the bot-
tom bay lost its load carrying ability from buckling allowing the panel to collapse.

Concluding Remarks

Two stitched VARTM multi-frame multi-stringer panels have been tested in uni-axial compression.
The panels contained two frames and three stringers that divided the panels into 5 or 6 bays. The panel
with 5 bays had the center stringer omitted between the frame and the end of the panel. The panels were
15.5-inches wide and 28.4-inches or 32.1-inches long. The stringers extended between the frames but
did not go through the frames. The frame ends were supported to restrict the out-of-plane displacement
only.

Panel response was recorded with strain gages and displacement transducers for determining the
out-of-plane displacements. In addition a full-field-displacement measurement technique that uses a
camera-based stereo-vision system was used to determine the displacements (u, v, w) in the skin. From
these displacements the strains can be calculated.

The panels were loaded in increments to a predetermined load to determine the initial buckling, sec-
ond bay buckling, etc. After reaching the desired load the panels were removed from the test machine
and impacted on the centerline between the stringer termination and frame flange. Impact energy was
20 ft-Ibs or 25 ft-Ibs. With a 20 ft-1b impact one panel (5 bays) had no visible impact damage and the
other panel (6 bays) had a 0.008-inch to 0.010-inch deep impact. The panel with five bays was
impacted at 25 ft-1bs of energy and still did not sustain any visible damage. Panels were then returned to
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Figure 27. - Out-of-plane displacement at or near the impact point.

the test machine for loading to failure. Impact damage on the panel with 6 bays reduced the axial stiff-
ness by 4 percent and the post buckled stiffness was 70 percent of the prebuckled stiffness. The panel
with 6 bays failed by a frame rotating and the skin bending for the panel appear to be “folding” across
the width of the panel. This “fold” in the panel intersected the impact site. Impact damage on the panel
with 5 bays reduced the axial stiffness by less than one percent and the post buckled stiffness was 52
percent of the prebuckled stiffness. The panel with 5 bays failed in the panel frame where the frame
attached to the frame for resisting translation. This panel also folded across the single bay.
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