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Abstract. The response of wide, thin, center-notched, 2024-T3 alumi-
num panels undergoing far-field tensile load is investigated. Three pan-
els with a notch length to panel width of 0.32 and widths of 305, 610, and
1016 mm were subjected to far-fieid tensile loading. As part of the ex-
perimental program, two pairs of cameras were configured into separate
stereovision systems and usaed to simultaneously capture both the global
response of the shest and the local response near a notch tip. Global
areas, ranging in size from 250x 250 mm {o 550x 550 mm, were imaged
for each panel. A second stereovison system recorded images of a small
area, 10X 20 mm, ahead of one notch tip. Postprocessing of the stereo-
vision measurement data from global and local systems using three-
dimensional digital image correlation was used to obtain the complete
displacement fisld at each point in the region of interest. In general,
results demonstrate that the combination of stereovision and three-
dimensional digital image correlation is capable of accurately measuring
true, three-dimensional structural deformations in regions undergoing
both large out-of-plane dispiacements and large displacement gradients.
Furthermore, 3-D measurements on the panel specimen near the grip
location are shown to provide an independent assessment of the true
boundary conditions, with specimen slippage clearly noted in the
1016-mm specimen. Results from the extensive notched, wids panel
experimental program demonstrate that {a} each panel has an initial
shape that deviates up to 3 mm from planarity, with the greatest devia-
tions occuming at the center of the notch, (b) the global load-
displacement response is essentially linear for load levels that are well
beyond the onset of large, out-of-plane displacements in the notch re-
gion, and (c) increasing the size of the notched, thin panel specimen
results in distinctly different surface deformations and deformed shapes,
with three separate maxima/minima in the out-of-plane component of the
largest panel. The region where tensile opening strains are above 2%
extends several millimeters ahead of the hole, while compressive strains
parallel to the notch direction are contained within a fow milimeters of
the hole. The in-plane shear strains are concentrated along circular
lobes at +/— 45 deg from the horizontal direction, a trend which is oen-

erally consistent with plane stress conditions. © 2003 Socisty of Photo-Ogfical
Instrumentation Engineers.
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1 Introduction

In the early 1990s, the United States launched a national
research program directed toward identifying and under-
standing the fundamental issues in the aging of our aero-
space systems. National agencies such as the National
Aeronautics and Space Administration (NASA), the Fed-
eral Aviation Administration (FAA), and the United States
Air Force (USAF) were directed to assist in the overall
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effort. NASA Langley, Wright Patterson Air Force Base
(WPAFB), and the newly formed FAA Research Center
staffed and operated research programs to develop both the
experimental and analytical tools necessary for characteriz-
ing and predicting how aging affects the response of aero-
space structures. ,

Over the past decade, a wide range of experimental
methods have been developed to monitor aerospace struc-
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tures. Examples of the technologies that have been devel-
oped in the past decade include eddy-current probes and
ultrasonic devices to identify small flaws near rivet holes,
thermography systems to identify areas of debonding in lap
joints, and shape measurement systems to identify struc-
tural bulges in regions of extensive corrosion, Though these
areas continue to be important for nondestructive evalua-
tion of structures, none of these methods are capable of
providing quantitative, full-field three-dimensional defor-
mation data for large structural components undergoing
loading; such information is essential to the development
and validation of computational model predictions, espe-
cially when flaws and/or geometric imperfections are
present,

As part of the overall effort, investigators at NASA Lan-
gley focused on the development and validation of compu-
tational methodologies for predicting residual strength in
large aerospace structures. To some extent, this was due to
the work of Forman.! Dr. Forman performed a series of
tests in 1966 on wide, thin, middle-crack tension [M(T)]
specimens. His work clearly showed that tensile loading of
the M(T) panels resulted in significant out-of-plane defor-
mations at the center of the panel, accompanied by a 25%
reduction in residual strength relative to a test where out-
of-plane motion was restrained.

Reliable and useful computational models for use in
full-scale aerospace applications were quickly developed
[e.g., Structural amalysis of general shells (STAGS),?
WARP3D?]. Initial modeling of the response of a group of
constrained panels proved quite promising. Seshadri et al.*
demonstrated the ability of the STAGS finite element code
to predict the measured load-crack extension response of
constrained 1016-mm-wide, center-cracked panels (when
buckling was prevented). However, when the same analysis
was performed for unconstrained panels, the difference be-
tween the finite element predictions and experimental re-
sults nearly doubled.

Because behavior similar to that observed by Foreman
has been shown to be present during the failure of airframe
components,” resulting in complex crack tip conditions for
unconstrained fracture surfaces,*® both experimental mea-
surements {Part I) and computational studies (Part IT) of the
unconstrained response of M(T) panels prior to crack
growth have been performed. In Part I, the emphasis is on
full-field, 3-D deformation measurements in thin, wide,
notched panels. Notches are used so that the experimental
results can be directly compared to computational model
predictions prior to observable crack initiation.

Since initial laboratory studies had been done to demon-
strate the potential of computer vision systems’~? the au-
thors developed a robust, novel 3-D digital image correla-
tion methodology'® capable of acquiring stereovision
images and analyzing the images to determine the three-
dimensional deformations in large panels while automati-
cally including the effects of perspective distortion.'"'? The
technique has been used for the characterization of crack
growth in aluminum panels subjected to tension-torsion
loadings,">'* which have both large out-of-plane displace-
ments and large in-plane strains. To better understand how
far-field loadings affect local behavior, a global-local sys-
tem was employed to simultaneously measure deformations
in large areas and selected small areas near flaws or discon-

1204 Optical Engineering, Vol. 42 No. 5, May 2003

tinuities. The global-local system utilizes two separate ste-
reovision systems, one measuring deformations for a large
portion of the specimen and the second measuring defor-
mations in a small area of interest. The combined system's
capabilities have previously been demonstrated through
successful measurement of the compressive response of
notched composite panels.'®

In the work presented here, we will report on the experi-
mental investigations that have been completed for a series
of tensile tests on wide, M(T), center notched tensile speci-
mens. It is emphasized that notched panels were used to
focus attention on the relationship between measurements
and modeling predictions during large-scale deformations
and displacements, but prior to the added complexities of
stable crack growth. In Sec. 2, the wide panel geometry and
loading process are described. In Sec. 3, the computer vi-
sion setup for acquiring three-dimensional measurements
on both the global and local scale is described. In Sec. 4,
the 3-D measurement process is discussed and the data
transformation required for conversion to a specimen-based
coordinate system is outlined. In Sec. 5, 3-D measurement
results from all three panels are presented for (a) the initial
surface shape, (b) full-field, global 3-D displacements, and
{c) local surface strains. In Secs. 6 and 7, the experimental
results are discussed and concluding remarks provided.

2 Wide Panel M(T) Geometry and Loading
Process

Figure 1 presents a schematic of the middle-flawed tension
specimen [M(T)] geometry used in this work. All of the
wide panel test specimens were machined from 1.6-mm-
thick, unclad 2024-T3 aluminum sheets. Three panel geom-
etries, with 2w =305, 610, and 1016 mm; 2k =610, 1270,
and 1570 mm; and a notch-length-to-specimen-width of
a/w=0.33 for all panels, were nsed in this experimental
program. All specimens were machined in the LT orienta-
tion; the rolling direction of the material is perpendicular to
the direction of the central notch. o eliminate stable crack
growth, the central notch in the panel was terminated in a
pair of 4.76-mm-diam holes; both holes and notch were
machined into the panels by wire EDM.

All experiments were performed at the structural test
facility in Building 1205 at the NASA Langley Research
Center in Hampton, Virginia. Tension loading was applied
to each specimen through large steel grips clamped to the
ends of the specimen. Figure 2 shows the tensile grip de-
tadls. The holes machined in the gripping region of the
specimen were approximately 1.6 mm larger in diameter
than the 27-mm bolts used to fasten the specimen into the
tensile grips. In addition to oversized specimen holes, a thin
piece of flexible plastic sheet, approximately 1 mm thick,
was placed between the specimen surface and the grips to
produce a more uniform clamping condition within the
grips. The grip bolts were tightened in a predetermined al-
ternating sequence, with an impact wrench used to com-
plete the bolt-up process.

All tests were run under displacement control on either a
448-kN (305-mm panel) or a 1.3-MN (610- and 1016-mm
panels) servo-hydraulic test frame. Figure 3 shows the 1.3-
MN, four-post, tension loading frame and a 1016-mm-wide
M(T) specimen. The ramp rate for the applied grip dis-
placement varied from 0.17 per min (305-mm panel) to
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Fig. 1 Spacimen geometry.

0.25 mm per min (610- and 1016-mm parels). At periodic
intervals, the loading was interrupted to allow image data to
be acquired. In addition to image data, load and displace-
ment data from the test stand were monitored and recorded
every five seconds throughout the loading process.

3 Stereovision Measurement Systems

In this section, details will be presented regarding (a) the
arrangement of the global and local 3-D computer vision
systems, (b) the 3-D vision model and calibration proce-
dures, (c) the image correlation process for measuring 3-D
surface deformations, and (d) specific issues that arose with
the global measurements.

3.1 Experimental Arrangement of 3-D Systems

Since each panel required a different computer vision setup,
Table 1 provides a summary of key experimental details for
all panels in the experimental program. The global imaging

specimen

T~ lastic sheets

x Clamping
bolt

grip

Fig. 2 Tensile grip dstail.

Fig. 3 Stareovigion system for global image acquisition {visible on
right side mounted vertically on frame) with 1.3-MN tension loading
frame and 1016-mm panel specimen.

system, shown on the right side of Fig, 3, was stationary
throughout the loading process. The local imaging system,
shown in Fig. 4, was mounted on an additional translation
stage s0 it could be moved (o track the location of the hole
at the end of the notch with images acquired both prior to
loading and then at designated load levels.

As noted in Table 1, the cameras have direct analog-to-
digital conversion within the camera, reducing system noise
and climinating uncertainty in the pixel location that is in-
troduced when an analog camera signal is digitized in the
computer. The local system uses a high-quality, 100-mm-
focal-length Canon lens with 2X extenders to achieve the
magnification required for the experiments.

It is noted that the global imaging setup for the 610- and
1016-mm panel experiments was performed with the cam-
era rotated 90 deg (see Fig. 3) and mounted vertically so
that the maximum imaging resolution comresponded with
the largest object distance to be imaged. Because the sup-
port columns of the 1.3-MN test machine interfered with
the ability to view the surface of the panel with the cameras
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Table 1 Summaty of experimental stereovision measurement system specifications and error

estimates.
\.m
Globa! stereovision system Local stereovision system
305-mm panel 610-mm panel 1016-mm panal  305-mm panel  610-mm panel 1016-mm panel
Randorn patiem Self-adhesive white vinyl with random black pattern peinted on White acrylic paint background with Hght dusting of
appiication method black acryiic paint
Viewing area 330x 380 mm 650> 700 mm 300 400 mm 23%15 mm 21x13 mm 20x12 mm
(morethan of  (more than 4 of {more than } of
specimen area) speciman area) specimen area)
Camera type and Pulnix 9701 direct digital CCD; ratio of vertical to horlzontal pixal dimensions is » =0.8533;
resolution imaging array has 768 pixels honzontal by 484 pixels vertical
Lens typss Canon 28-mm lenses  Schneider 10-mm rectilinear lensas Canon 100-mm macro lenses

Camera separation 1.2 m apart; 0.80 m apart; 0.60 m apart; 0.24 m apart; 0.28 m apart;
and distance to 1.2 m from specimen 1.2 m from 0.80 m from 0.35 m from specimen 034 m from specimen
spacimen spacimen spacimen
Camera pair Horizontal platform;  Vartical platform;  Vertical platform; Horizontal platform;
orlentation Included pan angle  included pan angle included pan angle included pan angle =38 deg
=53 deg =37 dag =37 dag
Standard deviation 10 um 80 um 50 um 1 um
for 3D
measuremants )
Paak-to-peak =50 um +200 um +300 um =10 @m
variations in 3-D :
measurements

system perpendicular to the panel, the entire camera system
was rotated so the panel is viewed from ~ 10 deg off-axis,
as shown in Fig, 3.

For calibration of the global and local measurement 8ys-
tems, each camera was mounted on a translation stage that
provided movement along the optical axis. Each 3-D Sys-
tem had its own computer for controlling the cameras, ac-
quiring and storing the image data, and controlling the
movement of all translation stages.

Fig. 4 Stersovision system for local image acquisition.

1296 Optical Engineering, Vol. 42 No. 5, May 2003

3.2 Imaging Model and Calibration Process

Because the background development for the use of stereo-
vision systems in 3-D measurements has been presented in
previous publications,” '8! only a brief overview of the
imaging model and the camera calibration process will be
presented,

As in previous work, the camera and lens system are
modeled as a pinhole device with a correction term to ac-
count for lens distortion. The required parameters for this
imaging model include five intrinsic parameters [e.g., pin-
hole distance (phd), image center (C, »Cy), aspect ratio, X,
and a distortion coefficient, *~™"'"] and six extrinsic pa-
rameters including the angular location variables (a, B
and the position of the origin (X,,Y,,Z,).

The calibration process determines the eleven param-
eters that describe the position and orientation of the cam-
eras and their operating characteristics. To determine the
eleven parameters noted above, there are several “calibra-
tion procedures™ that have been developed. In this work,
the calibration process is performed independently for each
camera by imaging a series of images for a 10 by 10 cali-
bration grid with known spacing. Following the procedures
outlined by Helm," a grid is placed in the general vicinity
where experimental data will be acquired and an initial im-
age acquired by beth cameras in a 3-D imaging system.
Each camera is then moved perpendicular to its sensor
plane and a second pair of images acquired.

Using the known spacing of the grid, the previously
measured aspect ratio of the camera, the known movement
of the camera, and the location of the grid intersections (as
extracted from the calibration images), a nonlinear optimi-
zation process is used to obtain the ten remaining camera
parameters that provide the best estimate for the known
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grid spacing. Because the position of each camera is mea-
sured with respect to the same grid, the relative positions of
the cameras are known after camera calibration is com-
pleted. It is worth noting that two different grids were used
to calibrate the global and local camera systems, a large one
with a grid spacing of 19.05 mm and a smaller one with a
grid spacing of 0.5 mm, respectively.

4 Three-dimensional Measurement Process

Surface displacements are determined by corelating im-
ages acquired from each camera before and after deforma-
tion. By locating common areas in all images of the object
using image correlation, and knowing the camera param-
eters, the system measures both the initial shape of the
object (profiling} and the true, full-field, three-dimensional
displacements of the object.

To perform the image correlation process for three-
dimensional measurements, the surface is required to have
a characteristic pattern visible to all stereovision system
cameras. A random pattern is typically used for this pur-
pose, as it is usually easy to create. Techniques to apply the
pattern include photolitho, y,!® overspray of spray paint
and/or spattering of paint,” direct xeroxing of pattern,?t%
sprinkling and melting to adhere toner powder onto
surface,” and bonding of printed vinyl!> The technigue
used is mostly dependent on the scale of the area to be
measured. However, other measurement requirements (e.g.,
the specimen material) may affect the choice of pattern
application procedure. This work used the printed vinyl for
the far-field measurements and an overspray of black spray
paint onto a white base coating of enamel spray paint for
the local measurements.

The back-projection method developed by Helm et al.™®
and shown schematically in Fig. 5 is used to locate the
spatial position of a specific image subset. By assuming
that a planar patch can describe a small object region, an
initial 3-D position and orientation for the planar region are
established through an interactive first-guess generator.
Since the operating characteristics of each camera are
known, the gray levels of a subset in camera 0 can be
mathematically projected onto the candidate plane, creating
a virtual gray-level pattern in space. The positions of the
virtual gray-level pattern are then projected into camera 1,
identifying a second gray-level pattern on the sensor plane.
By optimizing the candidate plane parameters to minimize
the nonlinear cross-correlation error function between the
two gray-level patterns, the projection of the center of the
subset onto the candidate plane describes the location in
space of the center of the subset.

Since this process can be performed for the undeformed
object and then repeated to locate the same regions after
deformation, both the initial surface shape of the object and
the 3-D displacements for all object points that are imaged
in both cameras will be measured. The estimates for 3-D
measurement errors given in Table 1 are based on both (a)
the calibration procedure in Sec. 3.2 and (b) the back-
projection process noted above.

Finally, it is noted that the components of the initial 3-D
data obtained using image correlation are given in a coor-
dinate system that is defined in a nonphysical system cen-
tered at the pinhole of camera 0. To compare the experi-
mental results with finite element predictions, the image

Candidate
Plane

Fig. 5 Back-projection procass for determining the 3-D focation of a
subset.

correlation data was transformed to a coordinate system
with (a) the Z axis perpendicular to the plane that best
describes the initial shape of the panel, (b) the X axis
aligned with the horizontal line of data closest to the grip-
panel interface, (c) the ¥ axis aligned with the vertical cen-
terline of the panel, and (d) X=0, Y=0 location at the
center of the panel. Thus, the X axis is in the direction of
the notch, the ¥ axis is along the vertical centerline of the
plate, and the Z axis is in the through-thickness direction
for the panel. Positive X values are to the right side of the
panel as viewed from the front, positive ¥ values are up-
ward, and positive Z values indicate movement toward the
camera system.

It is noted that the line of data near the grip location is
used to define the X-axis since the sheet was rigidly
clamped in this region and provided a well-defined horizon-
tal reference line for future data comparisons.

5 Displacement and Shape Measurements

To obtain three-dimensional surface data, images were ob-
tained with the global and local 3-D systems. All images
were analyzed using software, designated VIC-3D, that in-
corporates the concepts outlined in Secs. 3.2 and 3.3 to

Fig. § 3-D deformation measurerrent areas.
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grip location

{b)
610 mm panel profile

(wmw) 2

]

305 mm panel profile

400

()
1016 mm panel profile

Fig. 7 Initial profites for panals of widths 305, €10, and 1016 mm.

determine (a) the initial shape, (b) the full-field, three-
dimensional surface displacements for large areas of the
panels, and (c) selected lines of displacement data that were
extracted from the global data fields for later comparison
with finite element predictions.

1298 Optical Engineering, Vol 42 No. 5, May 2003

Local 3-D measurements were obtained throughout the
area indicated in Table 1, centered on the termination drill
hole. As shown in Fig. 6, global 3-D measurements were
obtained in slightly smaller areas than indicated in Table 1.
Global surface displacements were measured at approxi-
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mately 5,800 points from each pair of images using a sub-
set size of 33X 33 pixels. Local data was obtained at ap-
proximately 23,000 points also using a subset size of 33
X 33 pixels. Approximate in-plane magnification factors for
each panel with the global measurement system were 0.36
mm/pixel (305-mm panel), 0.71 mm/pixel (610-mm panel),
and 0.91 mm/pixel (1016-mm panel). The approximate in-
plane magnification factor for all panels using the local
measurement system was 0.025 mm/pixel.

Image analysis was performed on the image data for
each panel for P=0, P, /4, Py, /2, 3P0 /4, TP /8, and
P v, Where Ppy, is the load just before catastrophic frac-
ture of a panel.

8.1 [Initial Profile Measurements

Figure 7 shows the measured profiles for all three panels.
The data clearly show that the panels vary by up to
+/—3 mm in shape, with the 1016-mm panel having the
most severe initial imperfections. The initial profile data
indicates that all panels were flattened along the length of
the grip, indicating that the bolt-up process was successful
in this regard. However, the data also show that, near the
grip, the 1016-mm panel exhibited significant gradients
normal to the grip line due to the bolt-up process.

Also, the data show that (a) the 305-mm panel has a
saddle shape, (b) the 610-mm panel has a rounded shape
with the same sign in curvature in both the X and Y direc-
tions, and (c) the 1016-mm panel has a significant local
gradient near the centerline of the notch.

5.2 Panel Experiments and 3-D Displacement
Measurements

Figure 8 presents the load-displacement data for all panel
experiments. For each panel and all loads, the global 3-D
systern was used to determine the panel displacement at
one point that was located on the panel just above the grip
and near the specimen centerline throughout the loading
process for comparison to available grip transducer mea-
surements.

In the next three sections, global 3-D system measure-
ments will be presented for each panel at three load levels
that are representative of the deformation evolution process
within each panel. In each case, the following terminology
is employed to define the displacement components. The [/
displacement component is in the X direction and parallel
to the notch length and/or perpendicular to loading direc-
tion, The V-displacement component is in the ¥ direction,
which is perpendicular to the notch length and/or in the
direction of the applied loading. The W-displacement is in
the Z direction, which is perpendicular to the X and ¥ axes
and along the through-thickness diréction, Here + W is to-
ward the 3-D system (e.g., see Fig. 3).

In the last section, surface strain results around the ter-
munation hole, obtained using the local 3-D displacement
data, will be presented for all three panels at the maximum
loading.

5.2.1 Global 3-D displacement fields

Full-field, three-dimensional measurements for all panels
are presented in this section. In the figures, the gray-scale
levels for each component of displacement are the same for

£ - (a)
! 50 .t 305mm panet

ke

(b)
610mm panel

(c)
1016mm panel

! G&Dhﬁ%amm(lsn)

Fig. 8 Load-displacement data for all panels. Grip and diract panel
data presented when measured.

all three panel sizes, however, the spacing of the contour
lines, while consistent for any individual panel, was ad-
Justed for each panel to best illustrate the underlying global
field.

Global 3-D displacement fields for 305-mm
panel. Full-field, three-dimensional displacement mea-
surements for the 305-mm pane! are presented in Fig. 9 for
loads of 29, 58, and 116 kN, respectively. The I/ and V
fields have contour lines indicating a change of 0.1 mm and
the W-displacement field has 0.25-mm contours.

Globat 3-D displacement fields for 610-mm
panel. Full-field, three-dimensional displacement mea-
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V displacement (mm)
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X {rem}
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-

0.1 mm contours

(@)
29kN

(b)
58KkN

[-]
X {remy

Fig. 9 3-D displacement data for 305-mm panel.

surements for the 610-mm panel are presented in Fig. 10
for loads of 45, 89, and 178 kN, respectively. The U and V
fields have contour lines indicating a change of 0.1 mm and
the W-displacement field has 0.50-mm contours.

Global 3-D displacement fields for 1016-mm
panel. Full-field, three-dimensional displacement mea-
surements for the 1016-mm panel are presented in Fig. 11
for loads of 59, 120, and 236 kN, respectively. The I/ and
V fields bave contour lines indicating a change of 0.1 mm
and the W-displacement field has 0.50-mm contours.

§.2.2 Local surface strain measurements for 305-,
610-, and 1016-mm paneis

To convert the displacement measurements to strain fields,
the following procedure was employed. First, a dense dis-

1300 Optical Engineering, Vol. 42 No. 5, May 2003

placement data clond was measured (approximately 23,000
data points). Second, the data were transformed to a coor-
dinate system aligned with the notch direction and with the
X-Y plane aligned with the initial profile of the area. Third,
points on the surface were selected for the strain measure-
ments. Fourth, data within a 1.6-mm radius of a measure-
ment point were selected. Fifth, a third-order surface was
fitted to the data for each of the displacement fields. Sixth,
differentiation of the surface fit was used to obtain the dis-
placement gradients at the center of the area (the measure-
ment point). Seventh, the strains were then calculated from
the displacement gradients using a Lagrangian large strain
formulation that includes the effects of local rotations. Fi-
nally, the procedure is repeated for the remaining measure-
ment locations to obtain full-field strains in the region of
interest.
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U displacement (mm) V displacement (mm) W displacement (mm)
u 146 4 05 0 M 1 18 ¥ 6-‘54-31‘3-?.5-2-1.0-1:. ] bmy -5“5 |0 1§ F+]
0.1 mm contours 0.1 mm contowrs 0.5 mm contours

(@)
45kN

{b)
89KkN

Fig. 10 3-D displacement data for 610-mm panel.

Figures 12 and 13 show the surface strains «,,, Eyys
and €,, around the termination hole at the maximum load
achieved by each of the three panels.

6 Discussion of Results

Figures 9-11 clearly shows that the global 3-D measure-
ment system is capable of measuring true, three-
dimensional structural deformations, both in regions having
large out-of-plane displacements (—3 mm=< W=19 mm in
1016-mm panel) and also in regions where the in-plane
deformations are dominant. Furthermore, in regions of
rapid change in one or more of the displacement compo-
nents [e.g., see Figs. 9(c), 10(c), and 11(c)], the experimen-
tal data demonstrate that the measurement system is ca-

pable of resolving the large displacement gradients while
simultaneously determining the remaining displacement
component(s).

With regard to the large panel experiments, there are
several points to note. First, as shown in Fig. 7, the 3-D
measurements clearly show that each panel had an initial
shape that deviated up to 3 mm from planarity, with local
gradients occwrring near the notch for the largest panel.
Since such deviations may have a significant effect on ana-
Iytical predictions, the global 3-D measurement of surface
shape provides critical component geometry information
for model development. It is worth noting that the mea-
sured deviations were simply not observable during visual
examination of the as-installed panel, primarily due the fact

Optical Enginesring, Vol. 42 No. 5, May 2003 1301
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W displacement (mm)

U dlsplacemen;_(mm) V displacement (m_r_n_)

v 45 1 05 0 ot 15 o5 0 P
0.1 mm contours
(a)
59kN
(b)
120kN
()
236kN
Fig. 11 3-D displacement data for 1016-mm panel,
that deviations are small compared to in-plane panel dimen- Third, as shown in Fig. 8, available grip transducer re-
sions; 0.004<d,, /w<0.006 for ail the panels, where d,,, sults are in close agreement with the centerline, single-
1s the maximum deviation from a best-fit plane. point 3-D measurement of vertical displacement, indicating

Second, though not shown in detail, al! panels initialfy that the centerlines of both the 610- and 1016-mm panels
flattened as the tensile loading increased. This can be most were moving with the grips without measurable slippage,
clearly seen in the W displacement of the 305-mm panel at However, inspection of the full-field V-displacement data
29 kN. The displacement field at this load is a reflection of in the vicinity of the grip [see Fig. 11(b)] indicates that
the initial saddle shape of the panel. As the load increased there is a clear gradient along the X direction in the V
past ~18kN, all panels experienced a measurable and displacement from the centerline to the edge [see Fig. 10(b)

rapid rise in out-of-plane displacement along the notch, for comparison]. Thus, though the centerline of the
with the centerline notch displacement increasing mono- 1016-mm specimen is not slipping, the outer edge appears
tonically with loading until final fracture occurred; the lat- to have slipped by as much as 0.50 mm during the loading
ter trend is observable in Figs. 9-11. process.
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Fig. 12 Local strain field data at maximum loading for 305- and 610-mm panels.

Fourth, inspection of the W-displacement trends in Figs.
9-11 indicates that increasing the size of the specimen re-
sults in distinctly different surface deformations in the thin
sheet. For example, the 305-mm parel had a maximum
out-of-plane displacement at the specimen centerline, de-
creasing monotonically with distance along the X direction.
In contrast, the 610-mm panel deformed so that it had an
out-of-plane maximum at the centerline and minima at
X/w=2%0.50 before increasing beyond the minima mono-
tonically to the edge of the panel. Also, the 1016-mm panel
deformed so that it had a maximum at the centerline,
minima at X/w=*0.40, and another maximum at X/w==

*0.72 before decreasing slowly to the edge of the panel.
Furthermore, the ¥ location of the first minima changes
with panel geometry, from ¥/L=0.31 for the 610-mm
panel to ¥/L.=0.45 for the 1016-mm panel.

Fifth, the local strain fields shown in Figs. 12 and 13 are
similar in appearance for all panels. The maximum mea-
sured tensile strain ranges from &,,=15% (305-mm panel)
t0 €,,=26% (1016-mm panel). The tensile field has the
appearance expected for plane stress conditions, with
strains in excess of 2% extending horizontally several mil-
limeters ahead of the termination hole. As expected, the
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Fig. 13 Local strains at maximum load for 1016-mm panel.

values of ,, are negative ahead of the notch with a maxi-
mum measured value approaching —2%. The shear strain
is antisymmetric about the X axis, extending along two
lobes at 45 deg, with maximum and minimum values of
+3% and —3% just ahead of the hole diameter, Similar to
£y, , the estimated values for ¢ xy decrease slowly along the
lobes of maximum shear stress. Furthermore, for all speci-
mens the regions of highest shear strain are circular in
shape, a trend that is generally consistent with the expected
plane stress conditions on the free surface.

7 Concluding Remarks

Results presented for both large measurement areas and
small local regions near geometric discontinuities clearly
demonstrate that both local and global deformations can be

1304 Optical Engineering, Vol, 42 No. 5, May 2003

determined simultaneously using independent optical ar-
rangements that are designed for appropriate spatial and
deformation resolution requirements.

The global load-displacement response shown in Fig. 7
is nearly linear for loadings up to approximately 90, 120,
and 150 kN for the 305-, 610-, and 1016-mm panels, re-
spectively. In each case, significant out-of-plane deforma-
tions and complex nonlinear behavior occurred well before
any appreciable nonlinearity is observed in the global re-
sponse. Since the highly localized, large deformations that
occur near the notch will strongly influence the behavior of
flaws in structural applications, the 3-D experimental mea-
surements in these regions provide essential validation data
for analytical tools.

Since 3-D stereovision measurement systems quantita-
tively determine the positions in space of small subregions,
without regard for the complexity of the overall deforma-
tion field, these systems are ideally suited for complicated,
highly nonlinear, structural response conditions.

Though the focus in this effort is on the acquisition of
full-field measurements prior to crack extension to simplify
the comparison to field-effect predictions, the 3-D digital
image correlation (DIC) method is equally capable of mak-
ing full-field measurements throughout the stable tearing
process.'>* Furthermore, provided that simultaneous ste-
reo image pairs can be acquired, the 3-D DIC method is
fully capable of measuring full-field, transient three-
dimensional deformations during impact loading and dy-
namic fracture of nonplanar components.
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