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TWO-DIMENSIONAL SEQUENTIAL AND CONCURRENT FINITE ELEMENT
ANALYSIS OF UNSTIFFENED AND STIFFENED ALUMINUM AND
COMPOSITE PANELS WITH HOLE
By
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ABSTRACT

The results of a detailed investigation of the distribution of stresses in aluminum and
combosite panels subjected to uniform end shortening are presented. The focus problem is a
rectangular panel with two longitudinal stiffeners, and an inner stiffener discontinuous at a
central hole in the panel. The influence of the stiffeners on the stresses is evaluated
through a two-dimensional global finite element analysis in the absence or presence of the
hole. Contrary to the physical feel, it is found that the maximum stresses from the global
analysis' for both stiffened aluminum and composite panels are greater than the corresponding
stresses for the unstiffened panels. The inner discontinuous stiffener causes a greater
increase in stresses than the reductioﬁ provided by the two outer stiffeners. A detailed
layer-by-layer study of stresses around the hole is also presented for both unstiffened and
stiffened composite panels. A parallel equation solver is used for the global system of
equations since the computational time is far less than that using a sequential scheme. A
parallel Choleski method with up to 16 processors is used on Flex/32 Multicomputer at NASA
Langley Research Center. The parallel computing results are summarized and include the
computational times, speedups, bandwidths, and their inter-relationships for the panel
problems. It is found that the computational time for Choleski method decreases with a

decrease in bandwidth, and better speedups result as the bandwidth increases. ,
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I. INTRODUCTION

There is an ever increasing need for accurate and high speed numerical computations to
evaluate the stress distributions in aerospace structures. Furthermore, the constant demand
to reduce the weight/stiffness ratios for such structures has made the use of composite
materials an attractive option in comparison to aluminum alloys. The prbcess of routine
stress analysis as well 'as that of reducing the structural weight is considerably improved
through a detailed global and/or local stress analysis of structural components in the
presence or absence of discontinuities. This report presents the outcome of a two-
dimensional sequential and concurrent finite element stress analysis of unstiffened and
stiffened rectangular panels with and without a central hole. Both aluminum and composite
panels are investigated. Such panels have wide applications in wing and fuselage structures
of aircraft. Holes are drilled into panels used in aerospace vehicles to facilitate bolting and
riveting to primary structure, or to provide access to the interior of wings.

The buckling and failure mechanisms for rectangular panels with and without stiffeners
and a céntral hole are studied by some researchers. Examples include the experiments by
Starnes and Williams (reference 1), and Knauss and Henneke (reference 2) on composite
panels. A limited number of three-dimensional finite element analyses of unstiffened
rectangular panels with hole are available. References 3 through 7 are representative}
examples published in over a decade, and contain results for composite panels subjected to
uniform compressive or tensile boundary stresses. Hirai, Waxig, and Pilkey (reference 8)
presented a finite element zooming technique employing static condensation and structural
reanalysis. They have reported stress concentration factors with various types of local
meshes for a rectangular steel panel with hole and subjected to a uniaxial tensile boundary

stress. A review of the existing literature indicates that no detailed pre-buckling numerical



stress distributions are published in the past for rectangular panels with stiffeners and a
central hole.

The objective of this report is to study and compare the distributig_n of stresses and
maximum stresses near the hole in unstiffened and stiffened, aluminum and composite panels,
without and with a hole, when subjected to uniform end shortening. The maximum stress
values based on global analysis for both stiffened aluminum and composite panels are found
to be greater than the corresponding values for unstiffened ones. This phenomenon is
contrary to the common belief that the stiffeners reduce such stresses. Hence, a further
investigation became necessary, and was accomplished through the identification of the
individual effects of the inner and outer stiffeners on the maximum stresses. Also, only a
limited amount of work has been carried out in the past on finite element stress analysis
proﬁlems through the use of computationally efficient parallel solvers for simultaneous
equations. The performance of a paralliel equation solver based on Choleski method

(references 9 and 10) is also evaluated for the panel problems considered herein.



II. DESCRIPTION OF PROBLEMS

Figure 1.shows six types of panels analyzed in this paper. Figures 1(a) and 1(b) show
rectangular panels without, and with stiffeners, respectively, in the absence of a hole. The
panels shown in Figures 1(c) through 1(f) have a central hole. The panel in Figure 1(c) is
unstiffened, while those in Figures 1(d) through 1(f) are provided with one, two, and three
stiffeners, respectively, as shown. The problems shown were solved using the NASA Langley
Computational Structural Mechanics testbed software system (reference 11).

The finite element discretizations for the panel skin and stiffeners are shown in Figure
2.  The overall panel dimensions L| and Lj; the distance between panel edge and outer
stiffener, Bg, and the distance between the inner and outer stiffeners, Bg, are shown in
Figure 2(a). Each stiffener has a height‘of Hg as indicated in Figure 2(b). In these figures,
the global axes are indicated as X, X3, and X3. The discretization in the region around the
hole used in the global analysis is shown in Figure 2(c). The global model in the region
around the hole, and the local model around the hole are shown in Figure 2(d). The
discretization for the stiffened panel with a hole is shown in Figure 2(e). Quadrilateral
elements are used for the panels considered, except for the panels without a hole in which
case additional triangular elements are used to fill in the region of the hole. Each node has
two translational degrees-of-freedom along the X) and Xj axes, for the unstiffened panels.
However, for the stiffened panels, each node has six degrees-of-freedom, namely, three
translations and three rotations relative to the X}, X3, and X3 axes.

The following dimensions are adopted for the panel skin and stiffeners: Lj = 30.0 in.; L
=11.5in; R = 1.0 in; Bg = 4.5 in,; Bg = 1.25 in,; Hg = 1.4 in., and A = 4.0 in. The thickness
of the aluminum panel is taken as 0.1 in. for both the panel skin and each stiffener. The

thickness of the composite panel skin is 0.1375 in. for a total of 25 plies, and that of each



composite stiffener is 0.132 in. for a total of 24 plies. The Young’s modulus, and Poisson’s
ratio for aluminum are taken as 10,000 ksi, and 0.30, respectively. The material of the
composite panels is graphite-epoxy (T300/5208) wiih the following mechanical properties: E| =
- 19,000 ksi; Ey = 1,890 ksi; Biy = 0.38, and G2 = 930 ksi, as adopted in reference 2.

Each panel is subjected to a uniform edge shortening of 0.1 in. in the longitudinal (X)
direction, imposed at the face OS as shown in Figure 2(a). The boundary conditions adopted

for the unstiffened, and stiffened panels are summarized in Tables 1, and 2, respectively.



ITII. STRESS DISTRIBUTIONS

In this section, the results are given for the various types of panels shown in Figure 1.
Dimensionless contour plots for the principal compressive stresses are presented for a quarter
of these panels, based on the global analysis. Contours are also drawn for the region around
the hole for the unstiffened panel, based on the local analysis. For the stiffened panel, the
maximum midsurface shear stress distribution at the location of the stiffeners is also given.
Both aluminum and composite panels are considered. Furthermore, the influence of inner and

“outer stiffeners on the stresses is identified.

3.1 Stress Distributions in Aluminum Panels
3.1.1 Unstiffened and Stiffened Aluminum Panels without Hole

The total degrees-of-freedom (DOF) for unstiffened, and stiffened panels without hole
are 554, and 2346, respectively. Table 3 presents the dimensionless principal stresses, 37,
given by the ratio of the principal compressive stress, 0y, and the far field (boundary)
stress, o4, for the panels shown in Figures 1(a) and I(b). The values are summarized in the
table for various locations identified by the coordinates X, X5 indicated in Figure 2. The

corresponding stresses in the stiffeners are summarized in Table 4.

3.1.2 Unstiffened and Stiffened Aluminum Panels with Hole

The 59 contours for the unstiffened panel with hole based on a 552 DOF global model
are presented in Figure 3(a). The contours based on the local analysis for the region. around
the hole are shown in Figure 3(b). The local analysis procedure is based on imposing an
interpolated displacement field for the region around the hole . The stress concentration

factors (SCF) for the global and local analysis are 2.74, and 3.00, respectively. Figure 4(a)

shows the stress contours for the stiffened pane! skin analyzed globally in which the outer



and inner stiffener locations are also indicated. Figures 4(b) and 4(c) show the contours for
these stiffeners. The resulting SCF for the stiffened aluminum panel is 2.89.

It is interesting to note that the SCF for the stiffened panel is greater than that of
the unstiffened one. The reason for this phenomenon is explained later in this report. The
outer stiffeners develop' higher stresses than those in the inner one. Also, a substantial
part of the inner stiffener is stress-free. The midsurface maximum shear stress (rmax)
distribution for the panel at the location of both inner and outer stiffeners is shown in
Figure 5 as a function of the distance X}, from the center of the hole. The rmax exhibits a
greater variation along the panel length at the inner stiffener Iocation in comparison to that
observed for the outer stiffener location. The reason may be attributable to a more
dramatic variation in normal stresses for the inner stiffener in the panel longitudinal
direction as compared to that for the outer stiffeners, as may be seen readily from the

nature of the contours in Figures 4(b) and 4(c).

3.2 Stress Distributions in Composite Panels

The results for various types of composite panels shown in Figure | are presented in
this section. Dimensionless contours for the principal compressive stress resultants based on
global analysis are presented for a quarter of each panel shown in Figures 1(c) and I(f).
Contours are also drawn for the region around the hole for the unstiffened -panel based on
the local analysis. Tables showing the variation of principal stresses and maximum shear
stresses around the hole and through the 25 layers are presented for both stiffened and
unstiffened panels. Also included are the plots showing the \;ariation of principal stresses
and maximum shear stresses around the hole in the layer with highest value of stresses. In
addition, plots are presented for the variation of these‘stresses through the layers and at the

node with maximum stresses.



3.2.1 Unstiffened and Stiffened Panels without Hole
Table 5 presents the dimensionless principal stress resultant, ;srz’ given by the ratio of
the principal compressive stress resultant, 92’ and the far field (boundary) stress resultant,

9o’ for the panels shown in Figures 1(a) and 1(b). The stress resultant, I is defined by:
o = At Efi
sr

in which At is the thickness of one ply, fj is the stress in the i-th ply, and the summation
is over N plies. The dimensionless stress resultants are summarized in the table for various
locations identified by the coordinates X; and X indicated in Figure 2. The corresponding
stress resultants in the stiffeners are summarized in Table 6. It is seen that in the
unstiffened panel 5sr2 ranges from 1.00 to 1.13, while in the stiffened panel, it ranges from

0.96 to 1.05. The correspdnding values for the stiffener are in‘ the range from 1.09 to 1.39.

3.2.2 Unstiffened Panel with Hole

Figure 6(a) shows the dimensionless stress resultant & contours for the 552 DOF

sr2
global model. The contours based on the local analysis for the region around the hole are

shown in Figure 6(b). The maximum & . value for the global and local analysis are 1.74 and

sr2
1.90, respectively. Table 7 presents the variation of maximum principal stress, o], around the
hole for all the 25 layers of the panel skin. It is seen that the oy value is maximum at D
'fo'r a -45° ply-oripntation. Figures 9 and 10 show the variation of o) around the hole, and
through the layers at D", respectively. The maximum value of oy exists at D", while the
minimum values are at C and C. It is also seen that the same values of o] exist for a
given orientation through the layers at each node. Table 8 presents the variation of

minimum principal stress, ¢, around the hole for all the 25 layers of the panel skin. The

maximum value is seen at C for 0° ply-orientation. Figure 11 and 12 show the variation of



oy around the hole, and through the layers at C, respectively. It is seen that the maximum
values of oo are at C and C", and the same values of 09 exist for a given orientation
through the layers at each node. Table 9 shows the variation of maximum shear stress,
7 nax’ around the hole for all the 25 layers of the panel skin. Here too, the maximum value
is at C’ for 0° ply-orientation. Figures 13 and 14 show the variation of Tmax around the
hole, and through the layers, respectively. The maximum values are at C and C" and the
same values of T nax exist for a particular ply-orientation through the layers at each node.
¢

3.2.3 Stiffened Panel with Hole

The dimensionless stress resultant 5sr2 contours for the panel skin of the 2328 DOF
global model are presented in Figure 7(a). The stress resultant contours for the stiffeners
are shown in Figures 7(b) and 7(c). The maximum ssrz for the global analysis is found to be
1.8. The distribution of the maximum‘shear stress resultants s max’ for the inner and
outer stiffeners is shown in Figure 8. A rapid variation is found at the inner stifféner
location except for the region close to the panelvedge, that is, as Xy}, approaches 15 in. Its
variation at the outer stiffener location is relatively small. Table 10 shows the variation of
maximum principal stress, oy, around the hole for all the 25 layers of the panel skin. The
maximum value of o} is seen at D on the bottom-most 4layer (25th) with a plvy-orientation of
45°. Figure 15 shows the variation of o] around the hole for the 25th layer, and Figure 16,
the variation through all the layers at D". The highest value of oy is at D", .while the
lowest value is at C. Table 11 presents the variation of minimum principal stress, o7,
around the hole for all the 25 layers of the panel skin. The maximum value of o5 is seen at
C on the third layer, with a ply-orientation of 0°. Figure 17 shows the oo variation around
the hole for the 3rd layer, and Figure 18, the variation through all the layers at C. The

maximum value of o9 is at C, while the minimum is at D'. Table 12 shows the variation of

maximum shear stress, " max around the hole for all the 25 layers of the panel skin. The



maximum value of " nax is found at D' on the 25th layer with a 45° ply-orientation. Figure
19 shows the T max variation a;round the hole for the 25th layer, and Figure 20 the variation
through all the layers at D. The maximum value of " max is at D", while the minimum is at

a location haif -way between C" and D.

3.2.4 Nature of Stresses in Composite Panels

The unstiffened panel without a hole exhibits a fairly uniform stress resuitant
throughout, except at the center of the panel where it is nearly 13% more than the
surrdunding stress resultants. In the stiffened composite panel, a nearly uniform stress
resuitant distribution in the range from 0.95 to 1.05 of the boundary stress resultant is seen.
The stiffeners exhibit larger values of upto 1.39. In the unstiffened panel high stress
gradients exist in the vicinity of the hole and are more prominent aloﬁg C’C as seen in the
Figure 7. The stiffened panel with a hole has higher stress resultants at C’ than that in the
unstiffened one. The outer stiffeners develop higher stress resultants than the vinner
stiffeners. Furthermo;e, as observed in the case of aluminum stiffener, the composite
stiffener also possesses a region with little or no stress resultant. The T max variation is
more in the inner stiffener location than at the outer stiffener location due to considerable
variation of normal stress resultants in the panel longitudinal direction.

The maximum values of principal stresses ¢; and o3 occur on different layers for both
unstiffened and stiffened composite panels with a hole. The unstiffened panel! has the
highest values of ¢ and maximum shear stress, "max® °0 the same layer, while the stiffened
panel has the maximum values of o] and *nax 00 the same layer. The stresses are the same
for a particular ply-orientation for the unstiffened panel whereas they are different for each
layer for the stiffened one.

For both the unstiffened and stiffened panels, the o) value is maximum at the location

D", but it exists on the -45° ply-orientation for the former and 45° for the latter. The o9



distribution around the hole for the unstiffened panel shows a symmetry about D'D'. The
maximum value of o9 is at C’ and C" while its minimum value is at D for both the cases.
For the stiffened panel, the o5 distribution through the layers has its maximum values on the
third layer, with a 0° ply-orientation. The same is true for the unstiffened panel except
that it is repeated for each ply with 0° orientation. The * max distribution around the hole
-is symmetrical about DD for only the unstiffened panel with its maximum value at ' and
C" on the third layer, and repeated for each layer with the same orientation. The stiffened

panel develops the maximum value in the 25th layer at D"

3.3 Influence of Inner and Outer Stiffeners on Stresses

As mentioned previously in this report, the SCF and (c'rs values for stiffened

rz)max
aluminum and composite panels, respectively, were found to be greater than the
corresponding values for the unstiffened ones. To understand the cause of this phenomenon

global analyses of the panels shown in Figures 1(d), and 1(f) were conducted while utilizing

1,920 DOF and 2,070 DOF model, respectively. The resulting SCF and (5

values for
sr2)max

aluminum and composite panels, respectively, together with those obtained previously for the
panels shown in Figures i(a) and 1(f), are summarized in Tables 13 and 14. ‘

The results in Table 13 reveal that when an aluminum panel is "stiffened” by the inner
stiffener only (Case 2), the SCF is 2.93, that is about 7% greater than that of the
unstiffened panel (Case 1). The inner stiffener appears to be acting as a nearly direct, load-
transfer unit between the loaded boundaries and the hole thereby causipg a further increase
in the maximum compressive stresses. The SCF value for the aluminum with all three
stiffeners (Case 4) is found to be 2.89 which is also greater than that for the unstiffened
one. However, a comparison of the SCF values for Cases 1,2 and 4 leads to the conclusion
that the outer two stiffeners must be introducing a beneficial effect on the maximum

stresses. This conclusion was confirmed through the analysis of the panel with only the

10



outer stiffeners (Case 3) which provided an SCF of 2.69, that is, lower than that for the

unstiffened panel.
The results in the Table 14 reveal that for the panel with only the middle stiffener (case

2), the maximum dimensionless stress resultant, (asrz) is 1.84 or 6% greater than that

max’

for the unstiffened panel. This increase is attributed to the middle stiffener acting as a
-direct load-transfer unit between the loaded boundaries and the hole causing a further
increase in the maximum compressive stress resultants. The beneficial effect of introducing

two outer stiffeners (Case 3) is evident from (b‘s value of 1.66, which is 5% less than

r2)max

that for the unstiffened one. The adverse effect of the middle stiffener is also seen for the
panel with all the three stiffeners (Case 4). Here, the (‘a‘srz)max value is 1.80, which is 4%

greater than that for the unstiffened one.

11



IV. Concurrent Processing

All of the global analysis computations for the aluminum and composite panels
investigated in this study were carried out on a parallel computer (I;'lex/32 Multicomputer,
reference 2.) installed at NASA Langley Research Center. For each problem, the global
system of equations for finding the nodal displacements was solved on up to 16 parallel
processors using the Choleski method (reference 1). Table 15 gives the computational times
and speedups for the unstiffened and stiffened aluminum panels with hole. Table 16 gives
similar results for the aluminum panel with hole and inner or outer stiffeners. The
computational time and speedup results for the unstiffened and stiffened panels without hole
was found to be quite similar to that given in Table 15 for the panels with hole. Similarly,
the results for the composite panels were found to be practically the same as that for the
aluminum panels. As illustrations, Figures 21 and 22 present the relationships between the
computgtional time (T¢) versus the number of parallel processors corresponding to the results
given in Table 15. The associated speedup curves are plotted in Figure 23 %md compared to
the ideal relationghip. The advantage of concurrent processing for solving finite element
analysis problems of the type considered herein is quite obvious from these figures.

The bandwidths for the global stiffness matrix for the panels shown in Figures 1(c)
through 1(f) are found to be 70, 195, 218, and 240, respectively. Figure 24 shows the
varia;ion of the computational time T, given in Tables 15 and 16, with matrix bandwidth Bms
and the number of processors N. The curves in this figure indicate that the steepness of the
To-Bpy relationship decreases with an increase in N. This may be attributed to increased

inter-processor communication time losses.
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V. CONCLUSIONS

The study of the distribution of stresses for unstiffened and stiffened, aluminum and

composite panels has led to the following useful and interesting conclusions:

1.

The maximum compressive stresses for composite panels are substantially smaller than
those for aluminum panels.

Local analysis of panels provides a detailed and accurate distribution of stresses
concentrated around the hole,

The outer stiffeners in the aluminum panel develop higher compressive stresses than
does the inner one. This dif ferencé is even greater in the composite panel.

In both aluminum and composite panels, the maximum shear stress exhibits a greater
variation along the panel length at the inner stiffener location in comparison' to that
observed for the outer stiffener location.

The maximum compressive stresses from the global analysis for both stiffened aluminum
and composite panels are greater than the corresponding stressés for the unstiffened
ones. The panels with only the inner stiffener develop greater stresses than those for
the unstiffened panels. However, the <I)uter two stiffeners cause a reduction in ghe stress
values, although this reduction does not completely off-set the detrimental influence of
the inner stiffener. )

The layer-by-layer stress analysis shows that the maximum value of the principal
compressive stress exists on the 0 ply-orientation. for both stiffened and unstiffened
composite panels. The maximum principal tensile stress exists on the -45° ply-orientation
for the unstiffened panel, and on the bottom-most 45° ply-orientation for the stiffened
panel. The largest value of the maximum shear stress occurs on the 0° ply-orientation
for the unstiffened composite panel, and on the bottom most 45° ply-orientaion for the
stiffened composite panel.

The computational time required by the Choleski method decreases as the number of

processors is increased and decreases with the bandwidth.

13
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Table 1. Boundary Conditions for Unstiffened Panels
(u=unconstrained; c=constrained)

Edges Corners
Deflection _
Op PQ QS SO O P Q S
AX) u c u u u ¢ ¢ u
aXs u u u u u u ¢ ¢
——L———_i

Table 2. Boundary Conditions for Stiffened Panels
(u=unconstrained; c=constrained)

Panel Skin Stiffeners
Deflection Edges Corners Edges
OP PQ QS SO O P Q‘ S KO I
AX) u ¢ u u u ¢ ¢ u u c
AX)y u u u u u u c¢c ¢ c ¢
AX3 u ¢ u ¢ c ¢ ¢ ¢ c c
X} u c u c c c c c c c
Oxz u c u ¢ c c c c c c
0X3 u ¢ u c c c c c c c

15



Table 3. Dimensionless Principal Stresses, 55, for Aluminum
Panels without Hole.

Location Dimensionless Principal Stress, 79
(inches)
- Unstiffened Stiffened
Xy X2 .
(33333.2) (33918.8)
000 - 0.00 1.00 1.00
0.00 5.75 1.00 0.99
0.00 11.50 1.00 1.02
15.00 0.00 1.00 0.98
15.00 5.75 1.00 0.98
15.00 11.50 1.00 0.98
—— e — ——
* o9, DSi
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Table 4. Dimensionless Principal Stresses, 59, for Stiffeners
in Aluminum Panels without Hole

Location Dimensionless Principal
(inches) : Stress, 79
X X5 X3 (33918.80)"

0.00 1.25 0.00 0.99
0.00 1.25 1.40 0.99
15.00 1.25 0.00 : 0.99
15.00 1.25 1.40 ' 0.99
0.00 | 5.75 0.00 0.99
0.00 5.75 1.40 0.99
15.00 5.75 0.00 0.98
1500  5.75 1.40 0.99
000 10.50 0.00 099
0.00 10.50 1.40 0.98
15.00 10.50 0.00 0.98
15.00 10.50 1.40 0.99

. .
00, pSl
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Table 5. Dimensionless Principal Stress Resultants, ;er’ for
Composite Panels without Hole.
—
Location Dimensionless Principal Stress
(inches) Resultant, ..
sr2
Unstiffened Stiffened
X1 X ‘
2 (5135.87)°  (5344.77)
0.00 0.00 1.00 1.00
0.00 5.75 1.00 0.96
0.00 11.50 1.00 1.0
15.00 0.00 1.04 1.00
15.00 5.75 1.13 1.0s
15.00 11.50 1.04 1.01
- .
%ro® PP
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Table 6. Dimensionless Principal Stress Resultants, &

Stiffeners in Composite Panels without Hole

sr2’

for

Location Dimensionless Principal
(inches) Stress Resuitant
X X2 X3 (5344.77)"
0.00 1.25 0.00 1.10
0.00 1.25 1.40 1.39
15.00 1.25 0.00 1.10
15.00 1.25 1.40 1.33
0.00 5.75 -0.00 1.10
0.00 5.75 1.40 1.38
15.00 5.75 0.00 1.12
15.00 5.75 1.40 1.20
0.00 10.50 0.00 1.09
0.00 10.50 1.40 1.33
15.00 10.50 0.00 1.17
15.00 10.50 1.40 1.37
%sro’ PP
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Table 7. Maximum principal stresses around hole for various 8 %
layers of unstiffened composite panel (psi) O 4
2E
3)

‘ ) I 2 3 . 5 6 7 8 9 10 I 12 13 14 5 16 S /5 %

8"5 -

45 | 50552.37 32970.15 17456.16 11925.35 -1621.11 -1323.72  333.71 19960.84 S58137.94 34027.39 20594.74 10217.73 -1613.16  -392.66 1423.59 38265.45 | a5 < A
-45 | 50853.37 38267.97 1423.72 -392.66 -1613.02 10219.38 20594.35 34026.01 58139.24 19963.06  338.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -45
0 §11115.97 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77 _ 914.76  196.63 1815.86 8027.86 0
0 | 1111597 B8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
a5 | 5055337 38267.97 182372 -392.66 -1613.02 10219.38 20594.35 34026.01 58139.28 19963.06  33B.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -4
45 | 50552.37 32970.15 17456.16 11925.35 -1621.11 -1323.72  333.71 19960.84 58137.94 34027.39 20594.74 10217.73 -1613.16  -392.66 142).59 38265.45 | 45
0 J11115.97 8028.16 1816.08  196.70  914.68 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77 91:4.76 196.63 1815.86 8027.86 0
0 {11115.97 8028.16 1816.08 196.70 914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 .268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
0 |11115.97 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 - 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
a5 | 50552.37 32970.15 17456.16 11925.35 -1621.11 -1323.72  333.70 19960.84 58137.94 3402749 20594.78 10217.73 -1613.16  -392.66 1423.59 138265.45 | 45
-45 | 50553.37 38267.97 1423.72 -392.66 -1613.02 10219.38 20594.35 34026.01 58139.28 19963.06  338.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -45
0 | 1111597 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
o | 1115.97 A028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
0 | 11115.97 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0

-45 | 50553.37 38267.97 1423.72 -392.66 -1613.02 10219.38 20594.35 34026.01 56139.24 19963.06  338.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -45.
a5 | 50552.37 32970.15 17456.16 11925.35 -1621.11 -1323.72  333.71 19960.84 58137.94 34027.39 20594.78 10217.73 -1613.16  -392.66 1423.59 38265.45 | 45
0 | 1111597 A028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
o | i1115.97 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
0 | 11115.97 #028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
os | 50552.37 37970.15 17456.16 11925.35 -1621.11 -1323.72 33371 19960.84 5813798 34027.39 20594.74 10217.73 -1613.16  -392.66 16423.59 38265.45 | 45
-45 | 50563.37 3A267.97 1423.72 -192.66 -1613.02 10219.38 20594.35 34026.01 58139.24 19963.06  318.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -as
0 [ 11115.97 AR028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 8027.86 0
o }J 115,97 8028.16 1816.08  196.70  914.88 -1116.95 -269.23 6407.55 12488.00 6407.87 -268.88 -1116.77  914.76  196.63 1815.86 B8027.86 0
.45 | 50553.37 38267.97 1423.72  -392.66 -1613.02 10219.38 20594.35 34026.01 5B139.24 19963.06  338.88 -1323.75 -1621.19 11926.19 17457.15 32969.35 | -4s
a5 | 50552.37 37970.15 17856.16 11925.35 -1621.11 -1323.72 33371 19960.84 5R137.94 34027.39 20594.74 10217.73 -I613.16  -392.66 1423.59 38265.45 | 45
I 2 3 a 5 6 7 8 9 "0 1 12 13 14 15 16
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v 3
S 2
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Table 8. Minimum principal stresses around hole for various O ,:
layers of unstiffened composite panel (psi) g g
5
1 2 3 4 5 6 ? 8 9 . 10 1 12 13 ulFQLW 15 16 1.7
r 0
T 5364.10  3736.57 - 1761.31 - 6094.23 -29115.46 -73510.96 -52004.36  2582.18  6345.70  2280.81 - 4613.85 - 8091.88 -28478.57 -53938.37 -19656.38  3556.98 | 4
-45 5364.05  3557.17 -19652.84 -53936.12 -28476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506,98 -29113.79 - 6094.35 - 1761.57  3736.30 | -a5
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.8]1 -66398.24 -30253.42 -18966.63 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39J0L.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
-45 5364.10  3557.17 -19652.84 -53936.12 -28476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506.98 -29113.79 - 6094.35 - 1761.5/  3736.30 | -4
45 5364.10  3736.57 - 1761.31 - 6094.23 -29115.46 -73510.96 -52004.36  2582.18  6345.70  2280.81 - 4613.85 - 8091.88 -28478.57 -53938.37 -19656.38  3556.98 | 45
0 |-22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.6} 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 v
45 5364.10  3736.57 - 1761.31 - 6094.23 -29115.46 -73510.96 -52004.36  2582.18  6345.70  2280.81 - 4613.85 - B09L.88 -28478.57 -53938.37 -19656.38  3556.9u | 45
-45 5364.10  3557.17 -19652.84 -51936.12 -28476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506.98 -29113.79 - 6094.35 - 1761.57  3736.30 | -45
0 | -22127.42 -18966.05 -30253.38 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
o | -22127.a2 -18966.05 -30253.3¢ -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
-45 5364.10  3557.17 -19652.84 -53936.12 -28476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506.98 -29113.79 - 6094.35 - 1761.57  3736.30 | -45
a5 ] 5364.10  3736.57 - 1761.31 - 6094.23 -29115.46 -73510.96 -52004.36  2582.18  6345.70  2280.81 - 4613.85 - 8091.88 -28478.57 -53938.37 -19656.38 355.98 | as
0 ] -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.1) -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -l8966.63> 0
45 5164.10  3736.67 - 1761.31 - 6094.23 -29115.46 -73510.96 -52004.36 256218  6345.70  2280.81 - 4613.85 - 809188 -28478.57 -53938.37 -19656.38  3556.98 | as
-45 5364.10  3557.17 -19652.84 -53936.12 -28476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506.98 -29113.79 - 6094.35 - 1761.5)  3736.30 | -a%
0 | -22127.42 -18966.05 -30253.34 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.81 -66398.24 -30253.42 -18966.63 0
o | -22127.42 -18966.05 -30253.38 -66397.49 -96564.11 -77686.97 -39101.51 -20050.32 -20352.12 -20049.75 -39102.79 -77686.88 -96562.8] -66398.24 -30253.42 -18966.6) u
-a5 5364.10  3557.17 -19652.84 -53936.12 -20476.72 - 8092.01 - 4614.09  2280.54  6345.65  2582.49 -52001.54 -73506.98 -29113.79 - 6094.35 - 1761.57  3136.30 | -av
45 5364.10  3736.57 - 1761.31 - 6099.23 -29115.46 -735)0.96 -52008.36  2582.18 634570  2280.81 - 4613.85 - 8091.88 -28478.57 -53938.37 -19656.38  3I546.98 | 4,
2 . 2 3 a 5 6 7 8 9 10 1 12 1) 14 19 16 P ¥
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Table 9. Maximum shear stresses around hole for various layers

unstiffened composite panel (psi)

J 1 2 3 a 5 6 7 8 9 10 1 12 13 14 15 16 J

v r
a5 | 22504.13 14616.79 9608.73 9009.79 13747.17 36093.62 26169.03 8689.33 25896.12 15873.29 12604.30 9154.80 13432.71 26772.85 10539.98 17354.24 | 45
-5 | 22594.66 17355.40 10538.28 26771.73 13431.85 9155.70 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
0 | 16621.70 13497.10 16034.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 0
0 | 16621.70 13497.10 16036.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13226.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 | 0
-45 | 22594.70 17355.40 10538.28 26771.73 13431.85 9155.70 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
as | 22594.10 14616.79 9608.73 9009.79 13747.17 36093.62 26169.03 8689.33 25896.12 15873.29 12604.30 9154.80 1343271 26772.85 10539.98 17354.24 | 45
o | 16621.70 13497.10 16038.71 33297.09 48739.50 38285.01 19416.1a 13228.93 16420.06 13228.81 19416.96 3828505 48738.79 33297.44 16034.64 13497.25 0
o | 16621.70 13497.10 16030.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 4873879 33297.44 16034.64 13497.25 | 0
o | 16621.70 13497.10 1603a.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 | 0
as | 22594.10 14616.79 9608.73 9009.79 13747.17 36093.62 26169.03 8689.3) 25896.12 15873.29 12604.30 9150.80 1343271 26772.85 10539.98 17354.24 | 45
a5 | 22594.70 17355.40 10538.28 26771.73 13431.85 9155.70 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
0 | 16621.70 1349710 16036.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 | 0
0 | 16621.70 13497.10 16034.71 33297.09 48739.50 36285.01 19416.14 13228.93 16420.06 13228.81 19416.95 38285.05 4873879 33297.84 16034.64 13497.25 | 0
o | 16621.70 13497.10 16034.71 33297.09 48739.50 38285.01 19416.14 13226.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 | 0
.45 | 22594.70 17355.40 . 10538.28 26771.73 13431.85 9155.70 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
a5 | 22594.10 14616.79 9608.73 9009.79 13747.17 3609362 26169.03 8689.33 25896.12 15873.29 12604.30 S154.80 13432.71 26772.85 10539.98 17354.24 | a5
o | 16621.70 13497.10 16034.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 0
o | 16621.70 13497.10 16034.71 33297.09 48739.50 38285.01 19416.1a 13228.93 16420.06 13226.81 19416.96 38285.05 4873879 33297.44 16034.64 13497.25 | 0
o | 16621.70 13497.10 16034.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13226.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 0
as | 22594.10 14616.79 9608.73 9009.79 13747.17 36093.62 26169.03 B8689.33 25896.12 15873.29 12604.30 9154.80 1343271 26772.85 10539.98 17354.24 | 45
-a5 | 2259470 17355.40 10538.28 2677173 13431.85 9155.70 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
o | 16621.70 13497.10 -16038.71 33297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13228.81 19416.96 38285.05 48738.79 33297.44 16034.64 13497.25 | ©
o | 16621.70 13097.10 16034.71 133297.09 48739.50 38285.01 19416.14 13228.93 16420.06 13226.81 19416.96 38285.05 4B738.79 33297.44 16034.64 13497.25 | 0
a5 | 22594.70 17355.40 10538.28 26771.73 13431.85 916570 12604.22 15872.73 25896.80 8690.28 26167.71 36091.61 13746.30  9010.27 9609.36 14616.52 | -45
is | 22594.10 14616.79 9608.73 9009.79 13747.17 36091.62 26169.03 8689.33 25896.12 15873.29 12604.30 9154.80 1343271 26772.85 10539.98 17354.24 | as

L ¢

1 2 3 . 5 6 7 8 9 “ 10 1" 12 13 14 15 16
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Table 10. Maximum principal stresses around hole for various

layers of stiffened composite panel ( psi)

1 2 3 a 5 6 7 8 9 10 1 12 13 14 15 16 J
r F
45 16570569 7923.13  7796.95 10285.85 -3005.99 -2414.02  50.59 4169.61 39395.81 37964.52 2A539.46 19601.04 47.07  669.81 8)66.82 12517.09 | 45
-45 | 62608.31 13541.08 - 790.46 -1468.61 -2805.72 2900.13 23227.09 32101.38 123783.05 59026.46 1210.99 -758.91 - 674.03 1522110 32549.57 69968.01 | -45
0 [13275.34  3659.16 -1507.36 -1452.51  193.08 -1637.08 - 317.60 5023.76 16998.22 9993.14  283.39 -1180.60  1746.00  1547.57 5230.91 15093.48 0
0 |13275.78 4230.42 -1177.84 -1301.32  271.95 -1612.37 - 293.04 5259.44 16865.83 9726.20  243.67 -1165.93  1669.51  1398.73 4889.74 14521.06 0
-a5 163198.10 21406.30 - 225.22 -1218.41 -2558.62 4863.96 23919.J8 32838.47 112306.75 49711.32 1056.22 - 971.97 - 972.01 14554.28 29216.45 61664.45 | -45
45 | 65090.01 21045.87 12989.78 11322.07 -2489.63 -2049.80  298.76 8305.34 56624.92 36410.06 27386.09 15805.08 - 850.05  143.69 4011.86 59957.61 [ 45
0 |13277.17 s9aa.27 - 181.08 - 847.00 508.87 -1537.25 - 217.73 5969.63 16539.43 8938.14  [33.78 -1240.33  1440.38 952,89 3868.54 12803.84 0
0 [13277.67 6515.58  153.55 - 695.31  587.93 -1511.88 - 192.00 6207.53 16455.14 8679.08  99.60 -1264.64  1368.05  804.50 3529.00 12231.45 0
0 |13278.17 1086.90  489.22 - 543.49  667.06 -1486.32 - 165.92 6446.06 16383.51 B421.60  66.41 -1288.70 1286.80  656.22 3189.93 11659.08 0 Sg ga
45 | 64597.65 31605.23 17185.73 12157.26 -2076.36 -1756.75  498.46 17058.62 70960.85 35492.20 26474.27 12823.47 -1409.47 - 242.18 2370.11 49910.06 [ 45 my
-a5 | 63978.02 371a7.45 1028.52 - 697.79 -1986.25 9140.98 25324.96 34314.69 §9422.58 31278.36  749.82 -1395.66 -1567.80 13226.69 22559.22 45061.81 | -45 é%? é?
. :
0 |[13279.76 8800.89 1501.87 - 87.27  904.70 -1408.53 - 85.12 7166.05 16245.96 7657.31 - 28.32 -1359.55  1059.35  212.09 2175.83 9942.06 0 =
o |13280.30 9372.24 1881.08  65.05 984.02 -1382.20 - 57.19 7407.69. 16226.19 7404.93 - S5B8.54 -1382.73  983.30 64.27  1838.96 9369.16 0 é% sg
0 |137280.87 9943.59 2181.03. 217.49 1063.38 -1355.67 - 28.70 7650.25 16219.48 7153.58 - 88.21 -1405.73  907.29 - 83.43 1502.73 8797.48 0 E; ég'
-45 | 64298.23 47643.87 2066.46 - 330.74 -1522.84 12518.94 26275.68 35303.39 74258.13 19453.31  S47.41 -1676.29 -1964.85 12346.39 18131.55 34000.22 | -45 ;:g 5
a5 | 63859.48 47461.61 23514.58 13419.74 -1456.19 -1314.50  800.42 33931.77 92773.43 34124.64 25125.62 8495.06 -2078.21 - 781.46  798.03 34838.92 | 45
o |13282.64 1165768 3200.86  675.62 1301.79 -1274.75  60.96 ©8384.24 16276.99 6405.09 - 174.37 -1473.55  679.58 - 525.86  498.41  7080.84 0
o |13283.26 12228.99 3547.33  B28.58 1381.37 -1247.31  92.51 863129 16321.56 6157.23 - 202.27 -1495.79  603.72 - 673.12  165.28 6508.71 0
o | 13283.88 12800.35 3890.34  981.68 1461.00 -1219.62  125.09 8879.73 16378.51 5910.10 - 229.84 -1517.87  527.93 - 820.26 - 166.94 5936.63 0
a5 | 63367.60 58036.75 27747.44 14267.49 -1042.58 -1017.89 1003.71 45668.78 107409.94 33218.93 24239.86 5759.28 -2446.59 -1121.97 - 42.14 2479175 | as
.45 |65278.90 63389.70 4933.25  264.27 - 633.38 16832.33 27721.45 36793.37 51861.91 6529.38  245.95 -2094.43 -2560.22 11033.68 11520.49 17444.27 | a5
0 |13285.80 1451044 a899.18 144173 1700.20 -1135.01  230.36 9634.61 16620.80 5172.60 - 310.69 -1583.12  300.85 -1261.01 -1157.33 4220.86 0
o |13286.52 15085.80 5196.88 1595.33 1780.05 -1106.25  268.63 9889.94 16724.34 4927.93 -337.13 -1604.56  225.24 -1407.71 -1485.06 3649.15 0
.45 | 65669.39 71262.90 7297.63  590.29 - 58.99 19713.01 28452.71 37541.56 41082.48 4393.91  96.01 -2302.21 -2857.80 10381.04 8241.16 9246.20 | -as
a5 | 62/53.03 71257.80 33768.91 15333.60 - 525.38 - 645.20 1260.68 60486.85 125760.12 32093.30 23148.46 2612.87 -2847.71 -1532.09 - 996.45 12233.99 | 45
v 1 2 3 a 5 6 7 8 9 10 1 12 13 14 15 16 5 J
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Table 11. Minimum principal stresses around hole for various

layers of stiffened composite panel (psi)

¢ J 1 2 3 a S 6 7 A 9 10 n 12 13 14 15 16 j//i:
a5 1218.7  612.1 - 4J80.0 - B302.1 - 31355.4 -80575.4 -694n7.8 -13698.0 10/44.1  5972.2 - 3659.9 - 7969.4 - 20678.2 -42615.5 - 2170.0  7540.7 | 45
-45 7350.1  912.6 -48863.0 -77257.2 - 41975.5 -10585.5 - 6375.9 - 6312 7479.2  4806.5 -47431.2 -B1316.9 - 31285.0 - 5418.8  185.0  7252.0 | -45
0 |-13679.0. -14104.1 -28440.3 -74368.5 -108314.8 -93203.2 -57670.8 -38323.9 -6021.8 -15947.6 -27875.4 -74945.8 -101276.3 -70600.3 -36981.8 -34408.5 0
0 |-13676.8 -15119,7 -28854.8 -74175.4 -107959.7 -92267.0 -56182.1 -37210.7 -5932.6 -17066.0 -29361.5 -75852.8 -101622.1 -70782.3 -36544.7 -33393.3 o
-45 7334.8  1775.6 -42067.8 -72601.4 - 39003.1 - 9937.7 - 6006.4  219.2 8099.1  4325.3 -50361.9 -81213.6 - 31300.0 - 5780.4 - 430.2  6408.5 | -a5
45 7250.2  2135.2 - 3621.2 - 7651.8 - 31352.5 -80732.2 -64725.8 - 2222.9 10734.1  4522.9 - 4229.9 - 8268.5 - 24922.9 -49917.7 -10197.9  6090.7 | 45
0 ]-13670.2 -18166.5 -30106.3 -73596.7 -106894.9 -89539.2 -51717.9 -33874.1 -5735.8 -20433.9 -33829.0 -78575.4 -102659.9 -71328.9 -35235.6 -30347.6 0
0 |-13668.0 -19182.1 -30525.9 -73404.0 -106540.1 -88623.7 -50230.4 -32763.1 -5694.7 -21560.2 -35320.6 -79483.4 -103006.0 -71511.3 -34800.1 -29332.4 0
0 |.13665.9 -20197.7 -30946.5 -73211.5 -106185.3 -87708.3 -48743.3 -31652.7 -5666.3 -22688.0 -36813.2 -80391.7 -103352.0 -71693.8 -34365.0 -28317.2 0
as 7215.2 32920 - 2735.8 - 7137.8 - 31350.4 -80859.2 -60981.4  1512.5 10173.4  3357.7 - 4696.8 - 8599.0 - 28476.9 -55794.5 -17982.4  4930.7 | 45
-45 7303.8 34908 -28600.8 -63310.2 - 33136.6 - 9099.5 - 5287.1  1917.9 9270.5  3165.5 -56226.5 -81009.3 - 31330.1 - 6509.7 - 1669.5 4717.0 | -45
0 |.13659.5 -23244.7 -32213.9 -72634.7 -105121.2 -84963.2 -44284.6 -28325.9 -5658.4 -26079.7 -41295.8 -83117.8 -104390.6 -72242.1 -33063.0 -25271.7 0
0 |.13657.4 -24260.3 -32638.0 -72442.7 -104766.6 -B404B.6 -42799.3 -27218.6 -5681.8 -27212.7 -42791.4 -84026.9 -104736.8 -72425.1 -32630.2 -24256.6 0
0 |-13655.3 -25276.0 -33062.9 -72250.8 -104412.0 -83134.2 -41314.6 -26112.2 -5718.3 -28346.7 -44287.5 -84936.3 -105083.1 -72608.2 -32198.0 -23241.5 0
-45 7262.9  4632.0 -19824.9 -57136.1 - 29307.5 - B683.3 - 4821.5  3045.8 9959.7  1928.7 -60138.1 -80875.0 - 31350.3 - 7000.6 - 2506.2  3582.5 | -45
a5 7312.4  5009.9 - 1442.6 - 6376.5 - 31347.5 -81052.6 -55367.3  3372.3 9023.7  1600.8 - S416.2 - 9208.7 - 33978.5 -64649.2 -30549.8  3190.5 | a5
0 | -13649.1 -28323.0 -34381.5 -71676.0 -103348.7 -80392.2 -36864.7 -22799.4 -5905.4 -31754.2 -48778.7 -87665.4 -106122.3 -73158.2 -30905.8 -20196.4 0
0 | .13647.0 -29338.7 -34768.9 -71484.6 -102994.4 -79478.7 -35383.1 -21697.6 -5993.2 -32891.7 -50276.6 -88575.5 -106468.8 -73341.7 -30476.6 -19181.4 0
0 |.13685.0 -30354.4 -35196.8 -71293.3 -102640.1 -78565.5 -33902.5 -20597.1 -6093.4 -34029.8 -51774.8 -89485.8 -106815.4 -73525.4 -30048.5 -18166.5 0
as 7336.9 - 6151.0 - 594.1 - 5875.0 - 31345.8 -81183.2 -51626.5  4123.9 8162.4  423.5 - 5909.2 - 9765.0 - 37723.6 -70571.4 -39135.9  2030.0 | as
-4s 7251.2  6342.6 - 6584.0 -47919.3 - 23758.1 - 8205.5 - 4142.8  4730.7 10643.1 - 4740.2 -66007.5 -80676.4 - 31380.9 - 7744.7 - 1791.7  1844.3 | -45
0 | -13638.9 -33401.4 -39208.8 -70720.4 -101577.5 -75827.2 -29468.2 -17305.2 -6465.3 -37448.3 -56271.3 -92217.5 -107855.3 -74077.1 -28770.1 -15122.3 0
0 | .13637.0 -34417.1 -34464.8 -70529.7 -101223.5 -74915.0 -27993.3 -16211.6 -6612.0 -38589.0 -57770.6 -93128.4 -108202.0 -74261.2 -28346.5 -14107.7 0
-45 7235.2  7197.6 - 3163.9 -43339.4 - 21113.1 - 8010.6 - 3BIL.B  5570.0 10566.1 -12401.1 -68943.1 -80578.3 - 31396.3 - 8120.5 - 4460.7  895.3 | -45
as 7367.3  7575.2  S25.7 - 5254.6 - 31343.8 -A1348.5 -46953.3  4916.6 7031.2 - 1058.7 - 6581.2 -10733.7 - 42464.3 -77989.6 -49954.4  S7B.3 | 45
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Table 12. Maximum shear stresses around hole for various layers
. stiffened composite panel (psi)
1 2 3 4 5 6 ? 8 9 10 1 12 13 13 15 16 J
A v
a5 | 29243.5 3655.2 6288.5 9294.0 14174.7 39080.7 34729.2 8933.8 14325.8 15796.2 16099.7 13785.2 10362.6 21642.6 5568.4 3z488.2 | 45
-45 | 27729.1 6314.2 24036.3 37894.3 19584.8 6742.8 14801.5 16368.3 S5B151.9 27110.0 24321.1 40279.0 15305.5 10319.9 16142.3 313580 | -45
0 |13a77.2 8881.6 13466.5 36458.0 54253.9 45783.1 28676.6 21673.8 11510.0 12970.4 14079.4 36902.6 51511.2 36074.0 21106.4 24751.0 )
0 |13476.3 9675.0 13838.5 36437.0 S4115.8 45337.3 27944.5 21235.1 11399.2 13396.1 14802,6 3734).4 51645.8 36090.5 20717.2 2395/.2 0
-5 | 27931.6 9815.4 20921.3 35691.5 18222.2 7418.8 14963.1 16309.) 52103.8 22693.0 25709.1 40120.8 15164.0 10167.3 14823.3 2/628.0 | -45
45 | 28919.9 9455.4 8305.5 9486.9 14431.5 39341.2 32512.3 5264.1 22945.4 15943.6 15808.0 12046.8 12036.4 25030.7 7104.9 26933.5 | 45
0 [ 13473.7 12055.4 14962.6 36374.8 53701.9 44001.0 25750.1 19921.9 11137.6 [4686.0 16981.4 38667.5 52050.1 36140.9 19552.1 21575./ 0
0 |13472.9 12848.8 15339.7 36354.4 53564.0 43555.9 25019.2 19485.3 11074.9 15119.6 17710.1 39109.4 52185.0 36157.9 19164.5 20/81.9| O
0 |13472.0 13642.3 15717.8 36334.0 53426.2 43111.0 24288.7 19049.4 11024.9 15554.8 18439.8 395515 52320.0 36175.0 18777.5 19984.1 v
a5 | 2866).2 14156.6 9960.7 9647.5 14637.0 39551.3 30739.9 7773.1 30393.7 16062.2 15585.5 10711.2 135337 27//6.2 10176.3 22a89.7 | 45
.45 | 28337.1 16828.3 14814.7 31306.2 15575.2 9120.3 15306.0 16198.4 40076.0 14056.5 28488.2 39806.8 14881.2 9868.2 12114.4 20172.4 | -45
0 |13469.6 16022.8 16857.9 36273.7 53012.9 41777.3 22099.7 17746.0 10952.2 16868.5 20633.7 40879.1 52725.0 36227.1 17619.4 17606.9 | O
0 | 13468.8 16816.3 17239.6 36253.9 52875.3 41333.2 21371.1 16313.1 10954.0 16738.8 21366.4 41322.1 52860.1 36244.7 17234.6 16813.2 0
0 |13468.1 17609.8 17622.0 36234.2 52737.7 40889.2 20643.0 16881.2 10968.9 17750.1 22099.6 41765.3 52995.2 36262.4 16850.4 16019.5 0
-45 | 28607.7 21505.9 10945.7 28402.7 13892.3 10421.1 15548.6 16128.8 32149.2 B8762.3 30342.7 39599.4 14692.7 9673.5 10318.9 15208.9 | -45
45 | 28273.6 21225.8 12478.6 9898.1 14945.7 39869.0 28083.8 15279.8 41874.9 16261.9 15270.9 8851.9 15950.1- 31933.9 15673.9 15824.2 | 45
0 |13465.9 19990.3 18773.2 36175.8 52325.2 39558.7 18462.9 15591.8 11091.2 19079.6 24302.2 43095.9 53400.9 36316.2 15702.1 13638.6 0
0 |13465.1 20783.8 19158.1 36156.6 52187.9 39115.7 17737.8 15164.4 11157.4 19524.4 25037.2 435399 53536.3 36334.3 15320.0 12845.1 0
0 |13464.4 21577.4 19543.6 36137.5 52050.5 38672.9 1J013.8 14738.4 11235.9 19970.0 25772.5 43983.9 53671.7 36352.6 14940.8 120516 | 0
45 | 28015.3 25942.9 14170.8 10071.3 15151.6 40082.7 26315.1 20772.4 49623.8 16397.7 150/4.5 7762.2 17638.5 34724.7 19546.9 11380.9 | 45
.45 |29013.9 28523.6 5758.6 24091.8 11562.4 12518.9 15932.1 16031.3 20609.4 5634.8 33126.8 39291.0 14410.4 9389.2 7656.1 76800.0 | -45
0 |13462.4 23957.9 19552.0 36081.1 51638.9 37346.1 14849.3 13469.9 11543.0 21310.5 27980.3 4$317.2 54078.1 36408.0 13806.4 9671.6 | 0©
0 |13461.7 24751.4 19830.8 36062.5 51501.8 36904.4 14131.0 13050.8 11668.2 21758.5 28716.8 45761.9 54213.6 36426.7 13430./ .8878.5 | 0
.45 | 20217.1 32032.7 5230.8 219%4.9 10527.1 13611.8 16132.2 15985.8 15258.2 8397.5 34519.6 39138.1 14269.2 9250.4 6350.9 4175.5 | -45
a5 |27692.9 31841.3 16611.7 10294.1 15409.2 40351.6 24107.0 27785.1 59364.4 16574.0 14844.8 6673.3 19808.3 3N228.8 24484.0 5827.8 | 45
¢ 1 2 3 q 5 6 7 ) 9 10 1" 12 13 14 15 16 ¢
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Table 13. Effect of Stiffeners on Stress Concentration Factor for
' Aluminum Panels with hole based on Global Analysis

Case Panel Type Far Field Stress Stress Concentration
(psi) Factor
1 ° 32443.20 2.74
2 32187.60 2.93
3 o 32763.90 269
4 - 32994.29 2.839

M

Table 14. Effect of Stiffeners on Dimensionless Maximum Stress Resultants
for Composite Panels with hole based on Global Analysis

Case PanelType Far Field Stress Dimensionless Maximum
Resultant (ppi) Stress Resultant
1 © 4906.32 1.74
2 o 4891.76 1.84
3 | ° 5143.22 1.66
4 R 5127.40 1.80
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Table 15. Computational Times and Speedups for Unstiffened and Stiffened

Aluminum Panels with Hole

Number Computational Time
of (seconds) Speedup *
Processors
Unstiffened Stiffened | Unstiffened Stiffened
1 22.2 684.0 - -
2 11.4 346.0 1.9 2.0
4 6.2 . 179.0 3.6 3.8
8 4.3 923 5.1 7.4
16 4.1 50.5 5.4 13.5

Table 16. Computational Times and speedups for Aluminum Panel with Hole
and Inner Stiffener (1.S.) or Quter Stiffener(0.S.)

Number Computational Time Speedup
of (seconds)
Processors
with LS. with O.S. with LS. with O.S.
! 408.0 486.0 - -
2 206.0 245.0 2.0 2.0
4 106.0 127.0 3.8 3.8
8 55.7 65.7 7.3 7.4
16 316 36.6 1296 - 133
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(a) Rectangular Panei (d) Paanel with Inner Stiffener

Sﬁffeners/

Ve ®

\

(b) Panel with Stiffeners (e) Panel with Outer Stiffener

(¢) Unstiffened Panel with Hole (f) Stiffened Panel with Hole

Figure 1. Types of panéls
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Figure 3. Contours for dimensionless compressive principal stress for unstiffened
aluminum panel with hole ( 0y = 32443.20 psi)
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Figure 4. Contours for dimensionless compressive principal stress for stiffened aluminum panel
by global analysis (0y - 32994.29 psi)
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Figure 5. Midsurface maximum shear stress distribution for aluminum panel at location of
stiffeners
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Figure 6. Contours for dimensionless compressive principal stress resultants for unstiffened
composite panel with hole (Jo = 4906.32 ppi)

33



: 1.05
\_\.0/
/1.03—'/ -/STIFFENER
/ \“7-
\9
1.0
g N >
1. ? STIFFENER
\ N yd
~X=) oo
ow ~u 0.99
(a) Panel skin
1.47 1.35
. —
__,‘M 1.3
: / 1.2 - ‘
1.21 1.1
(b) Outer stiffener
0.1
0.0/-/ 6.2
—ir 0.3
0.0 /7 0.
“ \-0.5
1.0 0.7
(¢) Inner stiffener
0.9
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composite panel by global analysis (To = 5127.40 ppi)
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Figure 8. Distribution of maximum shear stress resultants for composite panel at location of

stiffeners
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Figure 9. Maximum principal stresses around hole for -45° ply-orientation for unstiffencd
composite panel
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Figure 10. Maximum principal stresses for various layers of unstiffened composite panel
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Figure 11. Minimum principal stresses around hole for 0° ply-orientation for unstiffened
composite panel
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Figure 12. Minimum principal stresses for various layers of unstiffened composite panel
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Figure 13. Maximum shear stresses around hole for 0° ply-orientation for unstiffened
composite panel
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Figure 14. Maximum shear stresses for various layers of unstiffened composite panel
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Figure 15. Maximum principal stresses around hole on 25th layer for stiffened composite pancl
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Figure 16. Maximum principal stresses for various layers of stiffened composite panel
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Figure 17. Minimum principal stresses around hole on 3rd layer for stiffened composite pancl
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Figure 18. Minimum principal stresses for various layers of

stiffened composite panel
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Figure 19. Maximum shear stresses around hole on 25th layer for stiffened composite pancl
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Figure 20. Maximum shear stresses for various layers of stiffened composite panel
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" Figure 21. Computational time curve for unstiffened aluminum
panel with hole
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Figure 22. Computational time curve for stiffened aluminum
panel with hole

49




SPEEDUP

| A N O O W T O U |

NUMBER OF PROCESSORS

Figure 23. Speedup curves for unstiffened and stiffened aluminum

panels with hole
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Figure 24. Variation of computational time with bandwidth and
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