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Collapse of Rectangular Aluminum Plates with Axial Cracks
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Results of an experimental and numerical study of the residual strength of compression-loaded rectangular
aluminum plates with longitudinal cracks are presented. The paper concentrates � rst on the experimental results
and the numerical simulations of the experiments. The results of a parametric study to determine the effects of
varying selected parameters on plate response are also presented. The results indicate that the response of the
plates is characterized by a limit load instability that induces collapse. Experimental results show that the collapse
loads of the plates depend on the location of the crack and that these loads are lower when the crack is located near
a longitudinal edge. The numerical results agree with the experimental results. The results of the parametric study
indicate that the dependence of the collapse load on crack length is most signi� cant when the cracks are near a
longitudinaledge. The collapse load of plates that are simply supported or clamped on all four edges show the same
trends as the crack length increases, although the values are, as expected, different. Plates with edges constrained
to remain straight in their planes had higher collapse loads than those with edges free to deform in plane. The
degree of geometric imperfection sensitivity of the collapse load is not signi� cantly affected by the presence of
cracks for the cases considered.

Introduction

T HE designs of some major structural components in transport
aircraft are based on the fail-safe design philosophy. Fail-safe

or damage-tolerantdesign implies that a structure containing some
degree of damage can be operatedsafely.The achievementof safety
goals requires damage tolerant design to include assessments of the
maximum amount of damage that a structure can safely sustain
(damage limit) and the rate of damage propagation. An inspection
programmust be developedto ensure that the extentof damagedoes
not reach an unsafe level for limit load conditions.1 Issues concern-
ing the residual strength of rectangular � at plates with longitudinal
cracks and their relationship to the estimation of the damage limit
of structures are presented in the present paper.

Airframes are complex structures that include many structural
components such as skin panels, bulkheads, stiffeners, frames, tear
straps, etc. Accurate calculations of the effect of damage for entire
fuselage or wing structures require complex models with suf� cient
structural detail, which include geometric and material nonlinear-
ities. To investigate speci� c issues related to small-scale damage
conditions such as skin cracks more easily, it is often convenient to
consider the response of subassembliessuch as fuselage sectionsor
stiffened panels.2;3 Further studies at an even more basic level have
included the study of crackedcylindricalshells subjected to internal
pressure and axial loads.4

The present paper investigates the response and collapse of
elastic-plasticrectangularaluminumplateswith longitudinalcracks
subjected to uniaxial compressive loads and relates this response to
the residual strength of the plates. The objective of this study is to
determine the response of the plates and to investigate the effect of
crack length and position on the collapse loads of the plates. The
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in� uence of aspect ratio, boundaryconditions,and initial geometric
imperfections are also addressed. The approach involves a limited
experimental study and comparisons between experimental results
and numerical predictions. A numerical parametric study is pre-
sented, where the effects of various factors that affect the response
and collapse of the plates are assessed.

Test Specimens and Analysis Code
The geometry, loading, and boundary conditions of a typical test

plate specimen are shown in Fig. 1. The plate has length L , width
b, and thickness t . It contains a crack of length 2a aligned paral-
lel to the long sides. The center of the crack is located half way
along the length of the plate, but can be offset a distance e from the
axial centerline as shown in Fig. 1. The plate is loaded in uniaxial
compression. The boundary conditions are varied in the numerical
study and are speci� ed subsequently as necessary. In all calcula-
tions, however, the in-plane displacements of the edges of length
b are constrained so that the edges remain straight and horizontal.
The axial displacement v at the lower edge is equal to zero, and a
uniform uniaxial end shortening ± is applied to the top edge.

The plate material is 2024-T3 bare aluminum alloy. Represent-
ing the elastic-plastic response of the material is essential because
this problem involves collapse. The material stress-strain curve
was obtained from material coupons cut from nominally 2.29-mm
(0.090-in.)-thick plate along the rolling direction and is shown in
Fig. 2.

The numerical results were generated using the � nite element
code STAGS (Structural Analysis of General Shells).5 The formu-
lation of the STAGS 410 element used in this study contains the
necessary kinematic nonlinearities to study buckling and the non-
linear response of shells.6 The elastic-plastic response of the ma-
terial is calculated using the White–Besseling or mechanical sub-
layer model.7;8 The uniaxial stress-strain curve of the material was
discretized by straight segments (see Fig. 2).

Plate Response
Examples of the numerically calculated response of plates with

cracks are presented to facilitate discussionof the experimentaland
numerical results generated in this study.

The net axial load P as a function of the axial shortening ± re-
sponse of three plates with L=b D 4 and b=t D 66:7 is shown in
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Fig. 1 Plate geometry and loading conditions.

Fig. 2 Uniaxial stress-strain curve and � t.

Fig. 3. The plates are clamped on all edges, which prevents out-of-
plane displacements. The in-plane boundary conditions allow the
plate to expand in plane so that the total transverse load is equal to
zero, and the sides of length L remain straight and vertical. The ac-
tual dimensions of the plates in the model are L D 610 mm (24 in.),
b D 152 mm (6 in.), and t D 2.29 mm (0.090 in.). The load is normal-
ized by the yield load of the plates. [Po D ¾obt, where ¾o D 372 MPa
(54 ksi) is the 0.2% offset yield stress of the material.] The axial
shortening is normalized by L . The numerical calculationsare per-
formed using a two-step process: 1) the � rst four bifurcation buck-
ling loads and modes of the plate are calculated,and 2) the nonlinear
response of the plate is calculated. In this step a linear combination
of the four buckling modes is introducedas an initial geometric im-
perfection. The amplitude of each mode is 0.0375% of the width;
therefore, wo=b D 0.15% if all four modes had their maximum de-
� ection at the same location. Nonetheless,wo=b provides a reason-
able approximation of the imperfection amplitude. The nonlinear
analysis of the plate under compression is then performed until a
maximum axial load is identi� ed. The presence of the initial ge-
ometric imperfections ensures that the calculated response follows
the stablepostbucklingbranchonce thebifurcationload is exceeded.
The optimum size of the � nite elements used was determined to be
12.7 £ 12.7 mm2 (0.5 £ 0.5 in.2 ) from a mesh-convergence study.
For example,usingelementsof size6.4 £ 6.4mm2 (0.25 £ 0.25 in.2)

a) Plate with no crack

b) Plate with a crack at the center

c) Plate with a crack at the edge

Fig. 3 Load-displacement response of three clamped plates.

results in a reduction of the calculated maximum load on the order
of 0.5%.

The responseof a plate with no crack is shown in Fig. 3a. The lin-
early elastic plate response is represented by the dashed line while
the elastic-plasticplate response is the solid line. The two cases are
identicaluntil the load, in conjunctionwith the lateral de� ections of
the plate, induces yielding of the material at the point on the curve
indicated by Y. The bifurcation load of the plate occurs in the elas-
tic range at P=Po D 0.281. The “knee” of the curve at P=Po ¼ 0.28
therefore represents the decrease in stiffness of the plate caused by
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the growth of lateral de� ections. It is well known9 that the post-
buckling response of linearly elastic plates has a load-displacement
response with a positive slope. Mode “jumping” instabilities10 are
possible in plates but do not occur in the load range up to P=Po D 1
in this case. The elastic-plastic response, however, softens after
yielding occurs and is characterized by a maximum in the load-
displacement response at P=Po D 0:51. This limit load instability
de� nes the collapse load of such plates.

The response of a similar plate containing a crack with 2a=b D 1
centered in the plate (2e=b D 0) is shown in Fig. 3b. Although nor-
malizing the crack length by L might seem more natural, the para-
metric study results showed better correlation of the collapse loads
for different values of L=b when 2a was normalized by b. The
elastic and elastic-plastic responses are very similar to those in the
precedingcase.The bifurcationload occursat P=Po D 0.239,which
is somewhat lower than for the plate without a crack, but the limit
load P=Po D 0.495 is nearly the same. The presence of the crack
does not signi� cantly affect the collapse load of the plate in this
case.

The response of a similar plate to that shown in Fig. 3b is shown
in Fig. 3c, with the crack located at the edge of the plate (2e=b D 1).
In this case the bifurcation load occurs at a much lower value,
P=Po D 0.127,and the postbucklingresponsehas less stiffness.This
crack con� guration results in yielding and collapse occurring at a
much lower load than for the precedingtwo cases.The collapseload
of this plate is P=Po D 0.302, which is 40% lower than that of the
plate with no crack. These results indicate that cracks located near
the longitudinaledges of the plates can make the structural response
more collapse critical.

Comparison of Experimental and Numerical Results
The experimentsconsistedof loadingthreeplatesto collapse.The

specimens were machined from a sheet of 2024-T3 bare aluminum
alloy with a thickness of 2.2 mm (0.088 in.). The specimens had a
length L D 527 mm (20.75 in.) and a width b D 152 mm (6 in.). The
dimension L of the specimens coincided with the rolling direction
of the parent sheet. Two specimens contained saw-cut “cracks” of
length 1:73b .L=2/. One specimen had no crack. The cracks had
blunt tips, which delay possible crack extension. Indeed, no crack
extension occurred in the plates tested. Numerical studies11 consid-
ering the possibilityof crack growth indicated that crack growth for
the loading conditionsconsidered is unlikely, even with sharp crack
tips. The specimen used to measure the stress-straincurve in Fig. 2
was machined from the same parent sheet.

The specimens were installed in the load introduction � xture
shown schematically in Fig. 4, which appropriately enforces the
required boundary conditions.12 The plate edges of length b were

Fig. 4 Schematic of the load introduction � xture.

� tted into 9.5 mm ( 3
8 in.) deep slots at both ends of the � xture,which

approximatesclamped boundary conditions as shown in view B-B.
The knife-edge side supports approximate simple support bound-
ary conditions 6.4 mm ( 1

4
in.) inboard of the long edges, as shown

in view A-A. The length of the side supports is 25.4 mm (1 in.)
shorter than the plate specimen. The length of the side supports in
combination with the 9.5 mm ( 3

8 in.) slots at the ends of the � xture
allowed for a specimen end shortening of up to 6.4 mm ( 1

4 in.).
The � xture and specimen were then placed between the platens of a
1300-kN (300-kip) uniaxial hydraulic testing machine. The � xture
was carefully aligned in the testing machine to ensure as uniform a
loading condition as possible. A shadow moiré interferometry sys-
tem was used to monitor qualitatively the global pattern of out-of-
planedisplacements.Quantitativemeasurementsof the out-of-plane
displacements at discrete points were provided by an array of lin-
early variable differential transformerspositioned behind the plate.
A computer-baseddata-acquisitionsystem recorded the axial load,
the test machine cross-head displacement, and the output from all
instrumentation.The uncertaintyestimates in the reported load and
displacement values are 1 and 0.5%, respectively.

The experiments were simulated using STAGS. The � nite ele-
ment models included all out-of-plane displacement and rotational
constraints imposed by the � xture. A small geometric imperfection
made up of the � rst four buckling modes and with an amplitude of
wo=b D 0.15 was introducedin the analysis.The possibilityof crack
extension was not considered in the numerical analysis.

The � rst experiment was conducted with a specimen without a
crack.The out-of-planedisplacementpattern indicatedby the moiré
method at the highest load recorded is shown in Fig. 5a. The cal-
culated out-of-planedisplacement contours at the limit load shown
in Fig. 5b compare very well qualitatively with the experimental

a) Experiment b) Analysis

Fig. 5 Qualitative comparison of out-of-plane de� ections for a plate
with no crack.
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Fig. 6 Quantitative comparison between experiment and analysis of
out-of-plane de� ections at two points for a plate with no crack.

measurements. Both responses have a pattern with one half-wave
across the width and four half-waves along the length. A quantita-
tive comparison of the out-of-planede� ection measured at the two
points indicated in the insert and the calculated results is presented
in Fig. 6. The calculations compare favorably to the experimen-
tal measurements. The calculated bifurcation load for the plates is
Pb=Po D 0.202, which is the approximate load for which the lateral
de� ections start developing signi� cantly in both the experimental
and numerical results. The numerical results predict loads that are
somewhat lower in value than the experimental results and yield a
value for the limit load of PL =Po D 0.492. This plate was loaded in
load control during the experiment, and so the limit load was not
identi� ed (although the curves suggest the limit load is not much
higher than the maximum load recorded). The capabilityof the sim-
ulations to calculate the limit load will be assessed in the next two
cases.

The second specimen tested contained a longitudinal crack with
length 2a=b D 1.73 centered in the plate. Loading for this experi-
ment was accomplishedby axial displacementcontrol.A qualitative
comparisonof the measured and calculatedout-of-planede� ections
of this plate is shown in Fig. 7. (The experimentalfringepatterncor-
responds to a load of P=Po D 0.384 because the fringes at the limit
load were too closely spaced to be reproduced clearly. The contour
plot obtained from the analysis corresponds to the limit load.) The
mode of deformation is different from that of the plate without a
crack, and the numerical results represent the difference. As in the
preceding case, the out-of-planedisplacements are nearly symmet-
ric about thecenterof the plate.The displacementpatternsaboveand
below the crack differ somewhat between the experimental results
and the numerical prediction. Most likely this difference is caused
by unavoidabledifferencesin boundary conditionsbetween experi-
ment and analysis.Quantitativecomparisonsbetween the measured
and calculated load vs out-of-planedisplacement curves are shown
in Fig. 8 for the points indicated in the insert. The bifurcationbuck-
ling load occurs at Pb=Po D 0:110. The out-of-planedisplacements
develop more gradually for the experimental results, but the overall
agreementbetween experimentaland numerical results is good.The
numerically calculated limit load is PL =Po D 0:466. The measured
and calculated limit loads are within 2% of each other in this case.
The calculated limit load is just 5% less than the value computed
for the plate without a crack, although the bifurcation load is only
54% of that for the uncracked plate.

The third specimen containeda crack with the same length as the
preceding case, but the crack was located toward the edge of the
plate so that 2e=b D 0:67. A comparison of the experimental and
analytical out-of-plane displacements at the limit load is shown in
Fig. 9. The out-of-plane displacements of the interior of the plate
are much larger than the part of the plate near the boundary.Again,
qualitatively, the measured and calculated out-of-plane displace-
ment patterns are in good agreement.

Quantitative comparisons of the measured and calculated out-
of-plane displacements are shown in Fig. 10 at the three points

Experiment Analysis

Fig. 7 Qualitative comparison of out-of-plane de� ections for a plate
with a centered crack.

Fig. 8 Quantitative comparison between experimental and analytical
out-of-planede� ections at three points for a plate with a centered crack.

indicated in the insert. These results compare reasonably well. The
calculated bifurcation buckling load is Pb=Po D 0:064. Indeed, the
measured and calculatedout-of-planedisplacementsat point 1 start
developing at that load level. The comparison between calculated
and measured responses remains good. The analysis predicts the
limit load to be PL =Po D 0:403, which is approximately 9% larger
than the measured value.

The experimental and numerical results indicate that moving the
crackcloserto theedgeof the plate causesa reductionin the collapse
load. Several factors contribute to this effect. First, the bifurcation
buckling load is signi� cantly lower for plates with cracks near the
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Experiment Analysis

Fig. 9 Qualitative comparison of out-of-plane de� ections for a plate
with a side crack.

Fig. 10 Quantitativecomparison between experimental and analytical
out-of-plane de� ections at three points for a plate with a side crack.

edge. As a result, out-of-planedisplacements begin increasing at a
lower load, and the postbuckling response is axially less stiff. (For
example, compare the postbuckling responses in Figs. 3b and 3c.)
These effects cause yielding to occur at a lower value of load. In
addition, the difference in the transversedisplacements of the plate
to the left and right of the crack become more pronounced, which
increasesthe stress at the crack tip and precipitatesyielding.Finally,
the crack is closer to the edge of the plate, where edge effects also
tend to increase the stress levels. These combinedeffects contribute
to more severe plastic deformation, which reduces the value of the
collapse load.

The equivalent stress contour plots at collapse reveal that the
maximum equivalent stresses in all three cases are on the order
of 380 MPa (55 ksi). From Fig. 2 the largest equivalent strains at
collapse are on the order of 2%.

Parametric Study
The comparisonof the experimentaland numerical results shows

good agreement. Therefore, a numerical parametric study of the
problem using STAGS should yield results that are indicativeof the
response of rectangular plates containing longitudinal cracks with
similar orientation as those considered in the experiments.

The model for the parametric study is that shown in Fig. 1. Even
for such a relatively simple problem, the number of parameters
that can be varied is large. These include geometric parameters
L=b and b=t ; crack parameters such as 2a=b, 2e=b, and the ax-
ial location of the center of the crack; in-plane and out-of-plane
boundaryconditionsat each of the four edges; initial geometric im-
perfection shape and amplitude; and the shape of the stress-strain
curve. The parameters � xed and varied in this study are described
next.

The ratio b=t was � xed at a value of 66.7. Variation of this pa-
rameter can alter the behavior of the plates in two ways. For larger
b=t values mode jumping instabilities can become an issue. These
instabilitiescan be determinedwith STAGS as shown in Ref. 13 and
demonstrated for the current problem by the results in Ref. 14. The
computationaleffort, however, becomes very large because the dy-
namic, transient response of the plates during the mode jumps must
be calculated.The results in Ref. 14 indicate that the dependenceof
the collapse load on crack length and position for plates with larger
b=t is likely to be similar to that presented in this study. For lower
valuesof b=t , it is possiblefor the bifurcationbuckling load to occur
in the plastic range. For the material consideredin this study, a short
calculation indicates that, for a fully clamped plate without a crack,
the value of b=t should remain greater than 36 for buckling to occur
in the elastic range if L=b D 4, which is the aspect ratio considered
for most of this study.

The stress-strain curve used is shown in Fig. 2. The slope of
the elastic region (Young’s modulus) in� uences the value of the
bifurcation buckling load of the plate, whereas the collapse loads
are further in� uencedby the yield stress and the postyieldhardening
characteristics. Yielding will also be considered to be isotropic in
all cases. Finally, exploratory calculations indicate that the axial
position of the crack does not signi� cantly in� uence the results.
The parameters varied in the study include the aspect ratio L=b, the
crack length 2a=b, the lateral crack position 2e=b, the in-plane and
out-of-plane boundary conditions, and the amplitude of the initial
geometric imperfections of the plates. The out-of-plane boundary
conditions are always the same on all four sides for this study. The
in-plane boundary conditions are only varied along the sides of
length L .

The parametric study was conductedwith STAGS using the same
two-step process and plate dimensions already presented in the
discussion of Fig. 3.

Effect of Crack Length and In-Plane Boundary Conditions
Typical axial load-de� ection responses of clamped plates with

crack length 2a=b D 1 are shown in Fig. 3b for plates with centered
cracks (2e=b D 0) and in Fig. 3c for plates with cracks at the edge
(2e=b D 1). In those examples the long edges of the plate remain
straightandverticalat all times.The results indicatethat the collapse
load of the plate is not affected signi� cantly by the crack if the crack
is located at the center of the plate, but it decreases considerably if
the crack is located at the edge of the plate. A summary of the effect
of crack length on the bifurcation and collapse loads for these two
crack locationsis shown in Fig. 11. It has beenshown15 that although
the in-plane boundary conditions do not affect the bifurcation load
they can affect the elastic postbuckling response. As a result, these
boundary conditions can also affect the yield and collapse loads
of the plates. Therefore, Fig. 11 shows results for two types of in-
plane boundary conditions: one with the edges of length L straight
(to simulate a plate bounded by heavy stiffeners) and one with the
same edges free to de� ect (as in the experiments). In both cases the
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Fig. 11 Bifurcation and collapse loads for clamped plates with cracks
at the center (2e/b = 0) or edge (2e/b = 1) as a function of crack length.

resultant lateral load in the plates is equal to zero, but in the � rst
case the lateral stress resultant Nx might be nonzero at these edges,
whereas for the latter case Nx is equal to zero.

The bifurcationload decreasesas the crack length 2a=b increases
for both crack locations as shown in Fig. 11. (The calculatedpoints
havebeenjoinedby straightlines in the � gureas a meansof grouping
the results. The actual plots of results between points can exhibit
discontinuities in slope. Therefore, the lines in the � gure do not
imply interpolationof the results.) The decrease in bifurcation load
is much more severe when the crack is located near the edge of the
plate. Most of the decrease in load occurs in the range 2a=b < 1.5,
and the bifurcation load becomes virtually independent of crack
length for longer cracks.

The collapse loads are somewhat dependent on the in-plane
boundaryconditions.The results for plates with 2e=b D 0 and edges
that remain straight (open symbols) indicate that the collapse load
is relatively insensitive to crack length. The corresponding results
for edges free to deform (� lled symbols) display somewhat lower
collapse loads and a slow decrease in collapse load for longer crack
lengths. If the crack is located at the edge of the plate, however,
the results for both types of boundary conditions show a sharp de-
crease in collapse load for progressively longer cracks in the range
2a=b < 1, followed by a relative insensitivity to longer cracks. The
reduction in collapse load is more precipitous than the reduction in
the � rst bifurcation load, and the plate with edges free to deform
has somewhat lower collapse loads. The presence of cracks with
2e=b D 1 and 2a=b > 1 reduces the collapse load of the plates to the
level of the bifurcation load of the plate with no crack.

Effect of Aspect Ratio
The effect of aspect ratio L=b on the collapse load as a function

of crack length for plateswith edges that remain straight is shown in
Fig. 12. The results for L=b D 4 from Fig. 11 are shown as continu-
ous lines, results for plates with L=b D 2 are shown by triangles, and
those for L=b D 1 by diamonds.The results for plates with L=b D 2
and 4 are virtually the same. Plates with L=b D 1 exhibit somewhat
higher collapse loads. These results imply that the results of the rest
of the parametric study, conductedfor plates with L=b D 4, are valid
for long plates with L=b ¸ 2 if the crack length is normalizedby the
width of the plate b. The results also indicate that, for cracks with
2e=b D 1, the decrease in collapse load with increasingcrack length
occurs in the range 2a=b < 1.

Effect of Crack Lateral Position
The axial load-de�ection responseof plates that have equal crack

lengths of 2a=b D 1 but with the cracks at different lateral positions
2e=b is shown in Fig. 13. All four edges of the plates are restrained
against out-of-plane displacements. The in-plane boundary condi-
tions require the edges to remain straight. The plots for all cases
are virtually identical and linear at low values of loads. Once the

Fig. 12 Bifurcation and collapse loads for clamped plates with straight
edges and cracks at the center (2e/b = 0) or edge (2e/b = 1) as function of
crack length for three values of L/b.

Fig. 13 Effect of crack lateral position on the axial load-de� ection
response of clamped plates with straight edges.

load in each case reaches the bifurcationload, the responsesbecome
nonlinear, and each follows a different path. The bifurcation load
decreases as 2e=b increases. Similarly, the limit loads decrease as
the crack locations move to the side of the plate. The decrease in
collapseload is relativelyminor for the caseswhere 2e=b < 0.5. The
decrease accelerates as the crack is located closer to the edge of the
plate.

Effect of Initial Geometric Imperfections
It has been shown that the collapse of the plates considered in the

presentstudy is a result of the interactionof geometricnonlinearities
with the elastic-plastic response of the material. The development
of the geometric nonlinearitiesis in� uenced by the initial geometric
imperfections of the plates, and as a result some in� uence can be
expectedon thecollapseload.The resultsof a parametricstudyof the
effect of initial imperfection amplitude on the axial load-de� ection
response of the plates are presented in Fig. 14. The shape of the
imperfectionsused to generatethe resultsshownin Figs. 14aand14b
remain as explained earlier. This imperfection produces somewhat
random results for the cases shown in Fig. 14c. The results have
a more de� nite trend if the shape of the imperfection is restricted
to that of the � rst buckling mode only. The � rst mode shape was
used as an imperfection in this case. The plates are clamped for all
cases presented, and the in-plane boundary conditions require that
the edges of the plates remain straight.
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a) 2a/b = 0

b) 2a/b = 1 and 2e/b = 0

c) 2a/b = 1 and 2e/b = 1

Fig. 14 Effect of initial geometric imperfection amplitude on the axial
load-de� ection response of clamped plates with straight edges.

The results for a plate without a crack are shown in Fig. 14a.
The smallest imperfection amplitude has been used for all results
presented earlier. An increasing imperfection amplitude results in
a decrease in the load for the initial responses, whose slopes tend
toward the postbuckling slope of the case with the smallest imper-
fection amplitude.The collapse load also decreaseswith increasing
imperfection amplitude. The decrease, however, is relatively mod-
erate considering that the range of imperfectionamplitudescovered
1.5 orders of magnitude. Results for plates with cracks with length
2a=b D 1 and2e=b D 0 and 1, respectively,arepresentedin Figs. 14b
and 14c. As in the case with a plate with no crack, the imperfection
sensitivity is moderate for the parameters considered.

Effect of Out-of-Plane Boundary Conditions
A comparisonof the bifurcationand collapse loads of plates with

clamped and simply supportedout-of-planeboundary conditions is
shownin Fig.15as a functionofcracklength.The in-planeboundary
conditionsrequire that the edges of the plates remain straight in both
cases. The bifurcation and collapse load trends are, for the most
part, similar for both boundary conditions. The magnitudes of the
bifurcation and collapse loads, however, are in general smaller if
the edges are simply supported rather than clamped. The results for
simply supported boundary conditions show some irregularity in
the collapse loads for plates with very short cracks becauseof mode

Fig. 15 Comparison of bifurcation and collapse loads for clamped and
simplysupportedplateswith straightedges as a functionof crack length.

jump instabilities that occur for these plates. The results for the
two cases with shortest cracks involved calculating the dynamic,
transient response during the mode jumps. Note that the residual
strength of simply supported plates with 2e=b D 1 and 2a=b > 1 is
substantially greater than the bifurcation buckling load of the plate
without a crack, unlike the clamped plates.

Conclusions
A limited experimental study combined with numerical simula-

tions was conducted to determine the response and stability char-
acteristics of elastic-plastic rectangular aluminum plates with lon-
gitudinal cracks and subjected to uniaxial compression loads. A
parametric study of the problem was also performed to determine
the sensitivityof the results to changes in the plate parameters. The
responseof such plates is characterizedby bifurcationand limit load
instabilities.The limit load induces collapse and is the result of the
interaction between geometric nonlinearitiesand the elastic-plastic
response of the material.

For the cases considered in the experiments, introduction of a
crack with 2a=b D 1:73 and 2e=b D 0 resulted in little decrease in
the collapse load in comparison to the plate without a crack. Here
2a is the crack length, b is the width of the plate, and e is the dis-
tance between the crack and the longitudinalcenterlineof the plate.
This result is likely caused by the well-known fact that plates in the
postbuckling regime redistribute their internal load to regions near
the longitudinaledges.Hence the presenceof a crackat the centerof
the plate does not seriously degrade the collapse load. The collapse
load decreases, however, when the crack location is near an edge
(for example, 2e=b D 1). The reasons for the decrease in collapse
load include a lower bifurcation load, a more � exible postbuckling
response, and a more severe state of stress near the crack tips that
promotes plastic deformation. The numerical simulation of the ex-
periments yielded results that are quantitatively in good agreement
with the experimental results. The numerical results re� ected the
decrease in collapse load when the crack is near the edge.

The parametric study provided further information regarding the
dependence of the bifurcation and collapse loads of the plates on
crack length and position, aspect ratio, boundary conditions, and
initial geometric imperfection amplitude. The results of the para-
metric study support the observation made during the experiments
that cracks located at the center of the plate have little effect on the
collapseload regardlessofwhether theplateswere simplysupported
or clamped on all four edges. This observation is particularlytrue if
the in-plane boundary conditions require the edges of the plates to
remain straight.A moderate decreasein collapseload was identi� ed
if the edges of the plate were free to deform. The collapse load of
the plates, however, becomes sensitive to crack length if the crack
is located at the edges of the plate. In this case the presence of the
crack can reduce the collapse load by as much as 40% of that of a
plate without a crack. The reduction in collapse load takes place in
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the crack length range 2a=b < 1; longer cracks do not signi� cantly
reduce the collapse load further. The collapse load was found to be
moderately imperfectionsensitive.The presenceand locationof the
crack did not appear to change the imperfection sensitivity of the
collapse load signi� cantly for the cases considered.
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