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Evaluating the Compressive Response of Notched Composite
Panels Using Full-Field Displacements
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An experimental and analytical evaluation of the compressive response of two composite, notched stiffened
panels representative of primary composite wing structure is presented. A three-dimensional full-� eld image
correlation technique is used to measure all three displacement components over global and local areas of the test
panels. Pointwise and full-� eld results obtained using the image correlation technique are presented and compared
to experimental results and analytical results obtained using nonlinear � nite element analysis. Both global and
global– local image correlation results are presented and discussed. Results of a simple calibration test of this image
correlation technique are also presented.

Introduction

O NE of the requirementsfor airframe structuresdevelopment is
the demonstration of structural damage tolerance for a panel

with a two-stringer-bay-widenotch.The responseof notchedpanels
made of composite materials and loaded in compression or tension
is not well understood. Experimentally validated analysis methods
thatpredictthedamageinitiationandgrowthat thenotchlocationare
needed.Such methods can eventuallybe used to predict the residual
strength of composite primary structures. Evaluating the response
of structureswith discontinuitiessuch as cutouts and damage in the
form of notches requires full-� eld information that represents the
experimental in-plane and out-of-plane displacement components
of the structure. Such information is also needed to investigate and
understand the coupling effects in anisotropic plates and geometri-
cally nonlinear deformation effects in thin structures.

The full-� eld measurement techniques that provide accuratedata
are currently limited to conventional interferometricmethods such
as moiré techniquesand laser interferometry.1 The moiré techniques
require positioninga grid with � ne lines very close to the test speci-
men. Therefore, the use of these techniquescan potentiallyinterfere
with the deformed specimen. Furthermore, only one displacement
component can be measured with a given grid and equipment con-
� guration.These disadvantagesmake moiré techniquesimpractical
for simultaneously measuring all of the displacement components
that are large in magnitude.Laser interferometrictechniquesrequire
a controlled environment with an elaborate and cumbersome setup
for measuring all displacement components.

Davidson2 has demonstrated a scanning electron microscope-
based technique that provides accurate in-plane displacements
around stiffness discontinuities. This method, however, can only
monitor small regions of the test article. Another more promising
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method is the three-dimensional image correlation technique de-
scribed in Ref. 3. This � eld-displacement measurement technique
utilizes a camera-based stereo vision system to monitor the three-
dimensional locations of points on the surface of the loaded test
specimen. This system is a nonintrusive system because the only
part of the measurement system that comes into contact with the
test specimen is the speckle pattern that is applied to the surface of
the specimen to establish the displacement trackingpoints. The res-
olution of the measurement data is a function of the speckle pattern
density and the distancebetween the cameras and the specimen.The
accuracy of the displacements measured in the present study range
from §3:5 £ 10¡5 to §1:7 £ 10¡3 in. Another application of this
displacement measurement technique is to monitor displacements
in a global– local manner. In such an application, coarser full-� eld
measurementsare made over a large area of the specimen,and much
� ner measurements are made over a smaller, local area within the
larger area. The local area monitored may be centered about some
structural feature or damage. These types of measurements can be
very important to obtaining a better understandingof the effects of
local details like cutouts or damaged areas on the load distribution
in built-up structures.

The presentpaperdescribesan experimentaland analyticalevalu-
ation of the compressiveresponseof two compositestiffenedpanels
with a central notch. Pointwise and full-� eld results obtained using
the three-dimensional image correlation technique mentioned ear-
lier are presented and compared to experimental results obtained
using conventional displacement measurement devices and analyt-
ical results obtained using nonlinear � nite element analysis. The
three-dimensional image correlation procedure and a simple cali-
bration test are also described.

Image Correlation Procedure and Calibration Test
The theoretical development for stereo imaging is well docu-

mented.3¡9 The main dif� culty in making accurate three-dimen-
sionalmeasurementslies in the applicationof the underlyingtheory.
In fact, three-dimensionalmeasurements in experimental mechan-
ics using computer vision concepts are relatively recent, where Luo
et al.6;7 and Khan-Jetter and Chu8 used an image correlation algo-
rithm that matched square subsets in one image to square subsets in
anotherand thenused thesedata to triangulateandestimatethe three-
dimensional displacement � eld. The lack of perspective correction
in the matching process limits the range of camera orientations that
can be used for accurate image evaluation. The projection/back-
projection method developed recently by Helm et al.,3 known as
video image correlation in three dimensions (VIC3D), overcomes
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Fig. 1 Schematic of the three-dimensionaldisplacement measurement
system.

these limitations and extends the use of the measuring system to a
greater range of problems. Furthermore, because the measurement
procedure uses features on the surface of the object rather than a
projected pattern, the system is capable of true, point-to-point,sur-
face displacement measurements for both curved and � at panels.

The VIC3D system developed for this work has two main parts.
The � rst part is used for thecalibrationof the camera system, and the
second part uses a digital image correlation procedure to determine
the full, three-dimensionalsurface displacement � eld. A schematic
of the measurement system is presented in Fig. 1. Brief descriptions
of both the calibration and measurement components are presented
subsequently.

VIC3D System Calibration

Calibration of the two-camera computer vision system, VIC3D,
determines the relative positions and operating characteristics of
both cameras. The calibration system is based on a series of images
of a grid with a known line spacing.Each camera is calibrated to the
grid individually,but, because the positionof each camera is known
relative to the same grid, their relative position to each other is also
known.

The camera and lens system is modeled as a pinhole device. To
increase the accuracy of the model, it is modi� ed to correct for
Seidel lens distortion (see Ref. 9). The pinhole camera projection
equations that govern the use of these cameras have been described
in previous publications.4;5 The imaging characteristicsof a camera
modeled in this manner can be described by � ve parameters. The
pinholedistanceis the perpendiculardistancefrom thepinholeto the
sensor plane of the camera and can be considered the magni� cation
factor of the lens. The location of the center of the image (Cx ; C y )
is de� ned as the point on the sensor whose normal passes through
the pinhole.These parameters are important because lens distortion
is proportional to the cube of the distance from the center of the
image. The lens distortion factor · is a correction for Seidel lens
distortion. The � nal parameter is the aspect ratio ¸ of the sensors.
The value of ¸ is the ratio of the size of a pixel in the Y direction to
its size in the X direction.

Six parameters X0; Y0; Z0; ®; ¯ , and° are requiredto describethe
relationshipbetween a camera and the coordinatesystem of the cal-
ibration grid.3 The parameters X0; Y0, and Z0 describe the position
in space of the grid relative to the camera, and ®; ¯ , and ° describe
the angularorientationof thegrid relative to the camera.To calibrate
a camera, an image of the grid is taken. The camera is then moved a
known distance perpendicularto its sensor plane, and a second im-
age is taken. Using 1) the known spacing of the grid, 2) the known
movementof thecamera,and3)the locationof thegrid intersections,
as extractedfrom the calibrationimages, nonlinearoptimizationcan
be used to � nd values for the parameters that best describe the posi-
tion and operatingcharacteristicsof the camera. The process is then
repeated for the second camera without moving the grid.

VIC3D Measurements

Once calibration is completed, the VIC3D stereo vision system
can be used to measureobject shape(pro� le measurements) and full-

Fig. 2 Projection method used for pro� le measurements.

� eld, three-dimensional displacements. The VIC3D system uses a
randomspecklepattern that is applied to the test specimensurface to
providea uniqueset of features to map from one camera to the other.

Pro� le Measurements

The projection method used for pro� le measurements is shown
schematically in Fig. 2. The analysis uses a pair of images taken
of the surface of the object by camera 1 and camera 2 at the same
point in time. A small squaresection of the image taken by camera 1
is projected onto the candidate plane in space. Assuming that the
surface of an object can be modeled using a series of small planar
patches, each candidate plane is described relative to camera 1 by
two of the plane’s direction angles µ and ’ and the variable Z p

denoting the location of the intersection of the plane and the optic
axis for camera 1 (Ref. 3).

The initial position of the candidate plane is established through
an interactive� rst-guessgenerator.Because the operatingcharacter-
istics of camera 1 are known, the gray levels contained in the image
of the subset can be projected onto the candidate plane to create a
virtual gray level pattern in space. The virtual gray level pattern is
then projected into camera 2. This process creates a second virtual
gray level pattern at the sensor of camera 2. A cross-correlationer-
ror function between the recorded gray level pattern from camera 2
and the virtual gray level pattern projected onto the sensor of the
second camera is used to obtain optimal estimates for the candidate
plane variables. Once the system has been optimized, the three-
dimensional position of that point on the surface of the object can
be calculated from the camera 1 parameters and the position of the
candidate plane.

Displacement Measurements

The displacementmeasurement system requires that a set of im-
ages be taken before the object is loaded (undeformed images) and
that a second set be taken after the load has been applied to the
specimen (deformed images). The � rst part of the displacement
measurement system is the same as that of the pro� le measure-
ment system. An initial candidateplane is chosen and a virtual gray
level pattern in space is established.As with the pro� le system, the
virtual pattern is projected back into camera 2. At this point, the
virtual gray level pattern in space is allowed to translate and rotate
in a rigid-body manner to a second position, as shown in Fig. 3.
The displaced virtual gray level pattern is then projected back to
the sensor planes in cameras 1 and 2. As with the pro� le system,
a cross-correlationerror function is established between the virtual
gray level patterns at the sensor planes of cameras 1 and 2 and the
recorded gray level patterns from the deformed images recorded by
those cameras. The three error functions are simultaneously opti-
mized, establishingboth the positionand displacementof that point
on the surface of the object. By continuing the analysis of other
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Fig. 3 Projections used for the displacement measurement system.

portions of the undeformed camera 1 image, the pro� le and three-
dimensional displacement of the surface of the object is measured
for the entire � eld of view shared by both cameras.

Calibration Test

A simple tension test of a � at 2024-T3 aluminum specimen with
a centered,machinednotch was used to calibrate the VIC3D system
with more conventional displacement measuring devices currently
being used at the NASA Langley Research Center Structures and
Materials Laboratory. A schematic of the calibration test specimen
is shown in Fig. 4a. The specimen is 12 in. long £ 3.5 in. wide
and 1

16
in. thick. The specimen also has 1

16
-in.-thick tabs bonded to

one side only to induce additional out-of-plane displacements due
to bending. The notch is 1.5 in. long £ 0.1 in. wide. The specimen
was loaded in tension by a hydraulic test machine with a 50-kip
maximum load capacity.

The specklepattern shown in Fig. 4b was applied to the specimen
by spray painting. A thin layer of white epoxy paint was sprayed
onto the surface. Epoxy paint was used to ensure that the speckle
pattern deformed with the surface, as well as to avoid cracking that
may occur with other paints. Shortly after applying the epoxy paint,
the speckleswere appliedwith a blackenamel spraypaint.The black
paint spray can nozzle was altered to create a splattering effect, as
opposed to a � ne mist. The paint was then allowed to dry for 24 h.
This method enabled a high-contrast, random speckle pattern to be
produced, as shown in Fig. 4b. The details of the VIC3D setup used
for this test are given in Ref. 10, and they are not repeated here.
The full-� eld displacement measurements were determined to be
accurate for this test to within §3:5 £ 10¡5 in.

Pointwise out-of-planedisplacementswere measured using a di-
rect current displacement transducer (DCDT) at one notch tip and
a � ber-optic displacement transducer at the other notch tip. Both
of these devices were located on the same surface of the specimen.
The VIC3D displacementmeasurementsystem was used to monitor
full-� eld displacementsover a 4-in.-long£ 3.5-in.-widearea on the
surface of the specimen opposite to these two devices (see Fig. 4a).
The ends of the specimen were supported by hydraulic grips in the
test machine, and the specimen was loaded in tension to a load of
approximately 4500 lb.

Results from the full-� eld measurements indicate that some mis-
alignment of the specimen was present when the specimen was
mounted into the test machine, causing a slight twisting of the
specimen. This twist in the specimen is indicated by the pro� le
of the specimen that was calculated using the VIC3D system. A
three-dimensional view of the initially twisted specimen is shown
in Fig. 5. The ability to measure initial pro� les of test specimens is
an important feature of the VIC3D system.

A comparison of results obtained from the three displacement
measurement techniques is presented in Fig. 6. The results from
the present full-� eld displacement measurement system are com-
pared to the pointwise results by displaying the displacements of

a) Schematic of the notched aluminum test specimen

b) Speckle pattern

Fig. 4 Details of the aluminum calibration specimen (dimensions are
in inches).

Fig. 5 Initial pro� le measurement of the aluminum calibration
specimen.

Fig. 6 Comparison of DCDT, � ber optic, and full-� eld system dis-
placement results for the tension calibration specimen.
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the speckle that is most nearly opposite to the location of each of
the pointwise devices. The pointwise results are plotted in Fig. 6 as
curves, and the full-� eld results are plotted as symbols. As shown in
Fig. 6, the agreementbetweenthe DCDT measurementsand the full-
� eld measurements is very good. The agreement between the � ber
optic measurements and the full-� eld measurements is very good
for applied loads less than approximately2500 lb. The disagreement
between the results for loads greater than 2500 kips is attributed to
the � ber optic device exceeding the calibration range for which it
was set up to measure displacements during loading of the speci-
men. This result is evidenced by the fairly � at displacement pro� le
measured with this device for applied loads greater than 2500 lb.

Test Panels, Apparatus, and Test Conditions
The two composite panels studied are stiffened panels that were

machined from either the upper or lower cover panels of a 12-ft-
long,stitchedgraphite–epoxywingbox manufacturedby the Boeing
Company (formerly McDonnell Douglas) as part of the NASA Ad-
vanced Composites Technologyprogram. Although a complete de-
scription of this wing box is given in Ref. 11, a brief descriptionof
the materials used to fabricate the two test panels is given here. The
cover panels were fabricated from Hercules, Inc., AS4/3501-6 and
IM7/3501-6 graphite–epoxy materials that were stitched together
using E.I. DuPont de Nemours, Inc., Kevlar¨ thread. IM7 graphite
� bers were only used as the 0-deg � bers in the lower cover panel.
The skin and stringers of the panels were fabricated from prekitted
stacks of nine layers of dry graphite material forms. Each prekit-
ted stack of material was approximately 0.055 in. thick and had a
[45/¡45/02/90/02/¡45/45]T laminate stacking sequence. The skin
and stringers of the wing box were fabricated by stitching several
of these prekitted stacks of material together to provide the desired
thickness at different locations in the wing box. The wing box was
fabricatedusing the resin � lm infusionprocess described in Ref. 12.

A schematic of the panels studied in the present paper is given in
Fig. 7. As shown in Fig. 7, these three-stringer panels had a 7-in.-
long £ 3

16 -in.-wide notch machined through the center stringer.The
notch in each panel was oriented at an angle ® to the center stringer.
The value for ® for the upper cover panel was 90 deg, and the value
of ® for the lower cover panel was 60 deg. The heightof the stringer
blades was 2.38 in. for the upper cover panel and 2.0 in. for the
lower cover panel. The loaded ends of both panels were encased
in 1.5 in. of epoxy potting compound to prevent an end-brooming
failure, and those edges were machined � at and parallel to each
other. The unloaded edges of the panels were supportedwith knife-
edge supports to provide a simple supportboundaryconditionalong
those edges.

Fig. 7 Schematic of a stitched, graphite–epoxy panel with a centered,
machined notch through the center stringer (dimensions are in inches).

a) Test setup

b) Speckle pattern used for the three-dimensional, full-� eld displace-
ment measurement system

Fig. 8 Photographs of the notched composite upper cover panel.

Fig. 9 Photograph of the notched composite lower cover panel.

A photograph of the test setup for the upper cover panel is given
in Fig. 8a. Full-� eld displacementswere monitored in a region mea-
suringapproximately6.89 in. wide £ 4.53 in. long that was centered
horizontally at one of the notch tips. The speckle patterns for the
tests of the compositepanelswere producedby printinga computer-
generated pattern on an adhesive-backed ControltacTM Plus vinyl
sheet manufactured by the 3M Company. Details of the use of this
material are given in Ref. 10. The speckle patterns were applied to
the unstiffenedsurface of the panels. A close-upview of the speckle
pattern used for the test of the upper cover panel is shown in Fig. 8b.
This speckle pattern was discontinuousbecause the electrical resis-
tance strain gauges, identi� ed in Fig. 8b, that had been installed to
monitor the strain � eld around the notch tip obstructed the view of
that area.

A photograph of the lower cover panel is shown in Fig. 9. The
global–local three-dimensional image correlation technique was
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used for this test. The global region monitored measured approxi-
mately 15 in. wide £ 27.5 in. long. The local region monitored was
approximately 7.7 in. wide £ 4.6 in. long and was centered on one
of the notch tips. The speckle pattern used for this test is shown in
Fig. 9. The detailsof the VIC3D setupsused for these tests are given
in Ref. 10.

Analytical Models
The analytical results described were obtained from nonlinear

analyses performed using the Structural Analysis of General Shell
Structures (STAGS) � nite element code.13 The � nite elementmodel
used to analyze the lower cover panel (with ® D 60 deg) is shown in
Fig. 10a. A close-up view of this model around the notch is shown
in Fig. 10b. The � nite element mesh is much more re� ned in this
region to allow for an accurate representation of the strain � eld
in the vicinity of the notch tip. A similar model was used to an-
alyze the upper cover panel. In both models, the stringer � anges
were modeled separately from the skin, and eccentricities were
used to account properly for the change in thickness in those re-
gions. The nominal elastic material properties used in the anal-
yses are given in Table 1 for the stitched/RFI AS4/3501-6 and

a) Full model

b) Close-up of mesh at notch tip

Fig. 10 Finite element model of the lower cover panel.

Table 1 Nominal elastic properties
for the stitched/RFI material systems

Property AS4/3501-6 AS4/IM7/3501-6

Ex , Msi 8.17 9.98
Ey , Msi 4.46 4.45
Gx y , Msi 2.35 2.57
ºx y 0.458 0.409

Fig. 11 Comparison of DCDT and full-� eld displacement results for
the notched composite upper cover panel.

AS4/IM7/3501-6 material systems used to fabricate the present
panels.

Results and Discussion
Results from thecompressiontests of thenotchedupper and lower

coverpanelsare describedin this section.Results obtainedusing the
VIC3D image correlationsystem are presentedand compared to the
experimental and analytical results. Both pointwise and full-� eld
results are presented and compared.

Upper Cover Panel Results

As shown in Fig. 8b, full-� eld displacementswere measured in a
local region measuring approximately 6.89 in. wide£ 4.53 in. long
centered horizontally at one of the notch tips. The full-� eld results
were determinedto be accuratefor this test to within§1:4 £ 10¡4 in.
(Ref. 10). A comparison of out-of-plane displacement measure-
ments obtained from a single DCDT located on the stiffener side
of the panel and full-� eld measurements obtained from the skin
side of the panel is shown in Fig. 11. The DCDT was located1.8 in.
above the horizontal centerline of the panel, and it was centered on
the blade of the cut, center stringer.Once again, the full-� eld results
are compared to the pointwise DCDT results by displaying the out-
of-planedisplacementsof the speckle that is most nearly oppositeto
that of the DCDT. The DCDT results are plotted in Fig. 11 as a solid
curve, and the full-� eld results are plotted as symbols. As shown in
Fig. 11, the agreement between the full-� eld results and the DCDT
results is very good. A slight separation between the two sets of
results in Fig. 11 for loads greater than 250 kips occurs because the
full-� eld results are obtained for a � xed point on the front surface
of the panel, whereas the DCDT results are obtained for a � xed
point in space that correspondsto the DCDT location.Therefore, as
the panel shortens under the applied compressive load, the DCDT
measures the displacement of several different points on the back
surface of the panel as they pass in front of the DCDT.

The out-of-plane displacements presented in Fig. 11 occur be-
cause the eccentricitybetween the load paths in the cut stringer and
the uncut skin results in a bending moment that causes the panel to
bow outward.However, as the damageprogressescloserto theuncut
outboard stiffeners, the redistributionof load away from the central
portion of the panel reduces this bending moment, and the panel
then begins to return to a � at con� guration. This reversal in the
direction of the out-of-plane displacement occurs for loads greater
than 225 kips, and it was captured very well in the full-� eld results.
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A plot of the deformed shape of the panel as measured with the
VIC3D system at an applied load of 300 kips (just prior to failure)
is shown in Fig. 12. This plot shows the reversal in the direction
of the out-of-planedisplacement that occurred at loads greater than
225 kips, as indicated in Fig. 11.

Results obtained from a geometrically nonlinear � nite element
analysis of this panel are shown in Figs. 13 and 14. A plot of the
deformed shape of the panel predicted by the nonlinear analysis

Fig. 12 Displacement contours for the deformed composite upper
cover panel for an applied loadof 300kips (contour valuesare in inches).

a) Results obtained from nonlinear � nite element analysis

b) Results obtained using the full-� eld displacement measuring system
(contour values in inches)

Fig. 13 Deformed shape of the composite upper cover panel for an
applied load of 240 kips.

a) Results obtained from nonlinear � nite element analysis

b) Results obtained using the full-� eld displacement measuring system

Fig. 14 Out-of-plane displacement contours for the composite upper
cover panel for an applied loadof240kips (contour valuesare in inches).

at an applied load of 240 kips is shown in Fig. 13a. The deformed
shapeof the panel as measuredwith the VIC3D is shown in Fig. 13b.
Out-of-planedisplacementcontoursobtainedfrom the analysisat an
applied load of 240 kips are shown in Fig. 14a, and the correspond-
ing contours obtained from the full-� eld measurements at this load
are shown in Fig. 14b. A comparison of the location and magnitude
of the displacements suggest an excellent correlation between the
two results.

Lower Cover Panel Results

Global– local full-� eld displacements were measured for the
lower cover panel. The global displacements were measured over
an area that was approximately 15 in. wide £ 27.5 in. long. The
local area was centered on one of the notch tips, and it measured
approximately7.7 in. wide£ 4.6 in. long.The full-� eld resultswere
determined to be accurate for this test to within §5:9 £ 10¡4 in. for
the local resultsand to within§1:7 £ 10¡3 in. for theglobalresults.10

A comparison of measurements obtained from two DCDTs lo-
cated on the stiffener side of the panel and full-� eld measurements
obtained from the skin side of the panel is shown in Fig. 15. The
DCDTs were located 1.83 in. above and below the horizontal cen-
terline of the panel, and they were centered on the blade of the cut,
center stringer. These DCDT locations are referred to in Fig. 15 as
the top and bottom locations, respectively.The full-� eld results are
comparedto the pointwiseDCDT resultsby displayingthe displace-
mentsof the specklethat is most nearlyoppositeto thatof theDCDT.
The DCDT results are plotted in Fig. 15 as curves, and the full-� eld
results are plotted as symbols. As shown in Fig. 15, the agreement
in the trends represented by the full-� eld results and the DCDT re-
sults is very good. The reversal in the direction of the out-of-plane
displacement for loads greater than 280 kips was represented very
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Fig. 15 Comparison of DCDT and full-� eld displacement results for
the composite lower cover panel.

a) Global full-� eld results for an applied load of 240 kips

b) Global full-� eld results for an applied load of 290 kips (just prior to
failure)

Fig. 16 Displacement contours for the deformed composite lower
cover panel for applied loads of 240 and 290 kips (contour values are in
inches).

well. This reversal in displacements occurs for the same reasons as
those given for the upper cover panel. Although the trends in the
data agree very well, there is a difference in the DCDT and full-� eld
results.This differencegrows to a maximum valueof approximately
0.01 in. while the panel is being loaded to approximately 30 kips.
The difference then remains relatively constant for loads less than
approximately 280 kips. This difference is attributed to the differ-
ence in the location of the points being monitored, as discussed
for the upper cover panel. Because the DCDT is actually in contact

a) Results for the complete � eld monitored

b) Detailed view of the local results

Fig. 17 Full-� eld, global– local out-of-plane displacement contours
measured with the VIC3D system for an applied load of 290 kips (con-
tour values are in inches).

with the cut stringer,some localizedinconsistenciesin the measured
displacements are possible as well.

Global full-� eld results obtained using the VIC3D system that
show the deformed shape of the lower cover panel at applied loads
of 240and290kips (justprior to failure) arepresentedin Fig. 16.The
results shown in Fig. 16a suggest that the panel deformed outward
in a symmetric manner. The results shown in Fig. 16b indicate that
the panel deformed inward as it began to fail.These results are in
agreement with the pointwise results presented in Fig. 15.

Out-of-plane displacement contours obtained using the VIC3D
system are presented in Fig. 17 for an applied load of 290 kips (just
prior to failure). The contour plots shown in Fig. 17 contain global
and local full-� eld results that have been merged into one data set.
There are no data shown in a selected area near the notch tip. This
area was in the path of the growing notch, and the resultingoutward
brooming of the surface � bers caused very localized increases in
the measured displacements that were not included in these results.

The results shown in Fig. 17a are for the entire global– local areas
monitored during this test. A detailed view of the local results is
shown in Fig. 17b. One important result is the degree to which the
global and local results can be matched at the boundaries between
the two areas. Although the global results have less � delity than
the local results (evidencedby the contours shown in Fig. 17b), the
two data sets match very well at the interface. Note also the small
region of very largedisplacementgradientsnear the notch tip. These
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large displacementgradientsare due to the presenceof surface � ber
failures that were present in the areas in which data were selected
to be presented.These results indicate that a global– local approach
to monitoring full-� eld displacements can be useful for tracking
the propagation of damage as a function of load as well as adding
insight into the distribution of load in the structure as the damage
propagates. Furthermore, as the value of ® (see Fig. 7) is reduced
from 90 deg, the stress state at the notch tip will change due to the
presence of shear stress components. Therefore, the displacements
near the notch tip (especiallyu and v) will change with notch orien-
tation. Full-� eld monitoring of the displacement � eld at the notch
tip can be very useful to quantify this effect as the value of ® is
varied. However, no attempt to study this effect was made in the
present paper becausse the two panels studied herein were fabri-
cated using different material systems and have different stiffener
geometries.

Conclusions
The present paper describes an experimental and analytical eval-

uation of the compressive response of two graphite–epoxy, notched
stiffened panels representative of primary composite wing struc-
ture. A three-dimensional, full-� eld image correlation technique
(VIC3D) was used to measure all three displacement components
over globaland localareasof the test panels.The accuracyof the dis-
placements measured in the present study range from §3:5 £ 10¡5

to §1:7 £ 10¡3 in.
A simple tension testof a � at aluminumspecimenwith a centered,

machined notch was used to calibrate the three-dimensional dis-
placement measurement system with more conventional displace-
ment measuring devices currently being used at the NASA Langley
Research Center Structures and Materials Laboratory. The results
of this test indicated excellent agreement between pointwise re-
sults obtained using the three-dimensional displacement measure-
ment system and resultsobtainedfrom a direct currentdisplacement
transducer and a � ber-optic displacement transducer.

Compression tests of two graphite–epoxy, notched stiffenedpan-
els were also conducted using the three-dimensional displacement
measurementsystem.Eachof these three-stringerpanelshada notch
machined through the center stringer that was oriented at an angle
to that stringer. Pointwise and full-� eld results obtained using the
image correlation techniquewere compared to the experimental re-
sults and analytical results obtained using nonlinear � nite element
analysis.Results obtainedusing both global and global–local image
correlationtechniqueswere compared.The comparisonof the image
correlation results with the experimental and analytical results in-

dicated excellent agreement of global and global–local results. The
results obtained using the global– local displacement measurement
technique also indicated that these types of measurements can be
very important for obtaining a better understandingof the effect of
local details like cutouts or damaged areas and propagatingdamage
on the load distribution in built-up structures.
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