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FOREWORD
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Division (AFWAL/FIBRA).

The technical work was performed during the period October 1978
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SECTION

INTRODUCT ION

The principal purpose of this investigation is to provide a basis for
assessing the capability of the computer program CLAPP [1] to predict
buckling loads for fiber-reinforced, circular cylindrical panels under

prescribed uniform axia! end-displacements. 1

Two testing programs were undertaken to accomplish this objective.

They are designated as Program A and Program B in this report.

Program A. Experimental buckling loads were determined for 20 specimens
having identical fiber patterns of [0/90]2$ and 20 specimens having iden-
tical fiber patterns of [O/tQS/SO]S. The specimens of a particular fiber
pattern were characterized geometrically by five different aspect ratios
and by two different sets of boundary conditions. The aspect ratios were
a/b = 1/2, 3/4, 1, 4/3, and 2, where a and b are the dimensions of the
projection of a panel into its base plane as shown in Figure 1. Boundary
conditions along the straight edges of a specimen corresponded to either
an unsupported edge or a simply-supported edge. For the simply-supported
edge a distinction between unconstrained and constrained circumferential
displacements is also made. Boundary conditions along the curved edges

corresponded to a clamped edge for all specimens.

Program B. Experimental buckling loads were determined for 6 specimens

with the same fiber pattern ([0/90]25), the same aspect ratio (a/b = 1.247,

a=16 in. and b = 12.83 in.), and the same boundary conditions (unsupported
straight edges and clamped curved edges). Similarly, experimental buckling

loads were obtained for 5 specimens with the fiber pattern [O/th5/90]s,

T SR PIC [ rra— i awillinii.
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aspect ratio a/b = 4/3 (a = 16 in. and b = 12 in.), and boundary conditions
consisting of simply-supported straight edges and clamped curved edges.

A second purpose of this investigation is to modify the computer pro-
gram CLAPP so as to minimize the effort required to input necessary data.
This phase of this investigation is contained as a USER'S MANUAL in
Appendix D.

Finally, a third purpose is to modify CLAPP so that it can be used to
predict the buckling behavior of fiber-reinforced, circular cylindrical
panels and flat plates that are augmented by longitudinal stiffeners. This

is accomplished for isotropic stiffeners with a variety of cross sections

and for a quasi-isotropic stiffener with a hat shaped cross section.
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SECTION 11

TESTING PROCEDURE

(11-1). TEST SPECIMENS. Each of the circular cylindrical specimens of
Program A and Program B was laminated from graphite-epoxy, and each speci-
men was cured in a mold for which the external radius was 12 inches.(])
The external radius of a specimen tended to be slightly less than 12 inches
upon removal from the mold. The thickness of a test specimen was taken as
an average of the thicknesses at 32 locations along a perimeter located
uniformly 1-1/2 inches from the exterior perimeter of the specimen. The
average thickness for each specimen of Program A is shown in column 2 of

Table 1. The average thickness for each specimen of Program B is shown

in column 2 of Table 2. Figure 1

indicates pertinent geometrical
parameters of a typical specimen.

The radius, R = 12.0 in., is the

a
radius of a perfectly circular
panel installed in the testing
fixture, and the thickness shown b

f— ‘___.4
is the average thickness of a 0.038 in.
typical panel.

R=12.0 in

Laminate stiffness properties
were calculated by lamination . \¥
Figure 1. GEOMETRY OF CURVED
theory [2] using the following PANEL SPECIMEN

Jamina properties:

(1) A1l specimens were fabricated and cut by the Air Force Flight Dynamics
Laboratory, Air Force Wright Aeronautical Laboratories, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio.

3




E|| = 20,524 ksi, E22 G'2 = 752 ksi, ‘19 = 0.335, and Y9y =

0.022. Ell and E22 are Young's moduli of elasticity parallel and perpen-

dicular to the fiber direction, G

= 1,333 ksi,

12 is th. shearing modulus associated

with these two directions, and 12 and x2] are Poisson ratios.

Program A, The specimens of Program A were distinguished by aspect ratio
(a/b), laminate fiber pattern, and boundary conditions.

Specimens having five different aspect ratios (a/b = 1/2, 3/4, 1, 4/3,
and 2) were tested. It is convenient to perceive of specimens that are
associated with a specific aspect ratio to form a group. Thus, five
separate groups of specimens are identifiable.

Each group of specimens consisted of two sub-groups: one sub-group
being associated with simply-supported straight edges, and one sub-group
being associated with unsupported straight edges. Boundary conditions
along the curved edges were clamped for all specimens in each group.

Two taminate fiber-patterns ([0/90]25 and [0/t45/90]s) were considered
for each sub-group. Moreover, each member of each group was duplicated to
provide a means to assess repeatibility of experimental results,

From the foregoing discussion it will be observed that each group con-
tained eight specimens: four with simply-supported straight edges and
four with unsupported straight edges. Of the four specimens in a sub-
group (either simply-supported or unsupported straight edges) two were
characterized by a fiber-pattern of [0/90]2$ and two were characterized
by a fiber-pattern of [O/th/SO]S. The complete experimental effort
amounted to forty specimens. Table 1 has been organized to ref'ect the

foregoing classification of specimens.

PRRRY




The physical dimensions of the base-planes (projected area of a specimen)
of the specimens associated with the five aspect ratios were 8 x 16, 12 x 16,
16 x 16, 16 x 12, and 16 x 8 (all dimensions are in inches). These dimen-
sions correspond to the inside dimensions of the specimens after installation

in the testing fixture.

Program B. As was stated in the introduction, the specimens of Program B

can be categorized into two groups: one group wWith fiber pattern [0/90]25.

aspect ratio 16/12.83 = 1.247, and unsupported straight edges; and one
group with fiber pattern [0/fh5/90]S aspect ratio 16/12 = 4/3, and simply-
suported straight edges. The results of buckling tests on these specimen

are tabulated in Table 2.

(13J-2). TEST FIXTURE. The testing fixture used in both testing programs
was a modification of a test fixture used by Wilkins [3]. Modifications
of the Wilkins' testing fixture were necessary to accommodate specimens of
different aspect ratios. Figure 2
shows the head-plate and the base-
plate {(with their auxilliary
pressure blocks and clamping
plates) through which an axial
compressive load was applied to

a specimen. All surfaces of the
head-plate, and of the base-
plate, were carefully machined

so that they were within 0.001 in.

of being parallel.

FIGURE 2. Head-plate and base-plate with
auxiliary pressure blocks and
clamping plates.
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(11-3). TESTING MACHINE. An axial compressive load was applicd to a speci-
men through a 120,000 b Tinius-0lsen hydraulic testing machine. Most experi-
mental buckling loads were of such a magnitude that the intermediate range
(12,000 Ib range} of the testing machine could be used effectively. The
finest division for this range is 50 1b. The low range {3000 1b range) was
used to test several specimens with unsupported straight edges. The finest
division for this ranye is 5 1b.

The surfaces of the platten and the cross-head of the testing machine
were dressed so that they were nearly plane.

The head-plate and the base-plate of the testing fixture are shown
installed in the Tinius-0Olsen testing machine in Fiqure 3.

Early in testing

Program A it became

apparent that the

cross~head would

tilt as the reactive
force of the speci-
men on the cross-head
tended to 1ift it off
the threads of the
vertical columns. To

eliminate the tilting

action two large

aluminum nuts were

FIGURE 3. Testing fixture installed in the Tinius-

machined and placed . )
P Olsen hydraulic testina machine.

on the vertical screws




beneath the cross~head. At an appropriate point during the installation
of a specimen these nuts were tightened against the lower surfaces of the
cross-head causing it to lock in place. These aluminum locking nuts are

shown in Figure 3.

(t1-4). IMPERFECTION DEVICE. Figure 4 shows the mechanical device that
was used to measure deviations of a specimen from a perfect cylindrical
form; that is, to measure the initial geometric imperfections of a speci-
men.

Components of this device were constructed so that the vertical sides
of the circular groove in the platform of the device were concentric with
the vertical sides of the circular groove in the base-plate of the testing
fixture. The imperfection device
was secured to the base-plate of
the testing fixture so that its
slotted vertical platform-
supports were perpendicular
to the base-plate. This en-
sured concentricity of the
platform groove with the groove
in the base-plate for any
platform level.

To position the imperfec-
tion device relative to the
base-plate of the testing

fixture, the dial indicator

mechanism shown in Figure &4 FIGURE &4

imperfection measuring device
attached to the'base-plate of
the testing fixture.




was designed so that it could be moved smoothiy and snugly in the circular
groove of the platform of the imperfection measuring device. With the tip
of the dial indicator extension resting against the vertical side of the
circular groove in the base-plate, the mechanism was moved along the plat-
form groove. By trial the imperfection measuring device was adjusted rela-
tive to the base-plate so that the pointer of the dial indicator was undis-
turbed for a complete cycle along the platform groove. Once the proper
position was located the imperfection measuring device was secured to the
base-plate of the testing fixture by machine bolts. Positioning pins were
installed so that the correct position could be duplicated. This procedure
resulted in a variation of less than 0.00! in. for a complete traverse of
the platform groove.

Holes for positioning pins were drilled at one-inch intervals along the
slotted vertical platform supports. This ensured that the position of the
imperfection measuring
device relative to the
base-plate of the testing
fixture could be duplicated
at appropriate levels.

Once the platform was lo-
cated at a specified level
by the positioning pins,
it was locked in that
position by cap screws.

Figure 5 shows the
imperfection measuring FIGURE 5. Imperfection measuring device in

position to measure initial geometric
imperfections of a specimen.




device installed on the testing fixture. Deviation of a specimen from per-
fect circularity were measured by movinag the dial indicator mechanism along

the platform groove.

(11-5). POSITIONING OF HEAD-PLATE AND BASE-PLATE. Two requirements were
essential for proper alignment of the head-plate relative to the base-
plate of the testing fixture. First, the circular arc associated with an
edge of the circular groove in the head-plate and the corresponding cir-
cular arc of the circular groove in the base-plate must lie in parallel

planes. This requirement is realizc” v“~n the head-plate (when attached

to the cross-head of the testir, .. -t and the base-plate (when attached
to the platten of the testing r -¢ " are parallel. Secondly, these two
arcs must lie in a common cfre . ~ lindrical surface that is perpendi-

cular to the base-plate (and, hence, perpendicular to the head-plate).
Parallelism of the head-
plate and the base-plate was
assessed using the device
shown in Figure 6. This
device consists of a rigid
base that was machined to
fit snugly in the circular
groove of the base-plate,
and that could be moved
smoothly along the groove.

A dial indicator was

attached to g stiff Ssteed FIGURE ()'

Device used to establish the relative
parallelism of the head-plate and the
base-plate of the testinag fixture,

rod which was affixed to




the moveable base. With the plunger of the dial indicator resting against
the surface of the circular groove in the head-plate, the device was moved
along the circular groove in the base-plate. Using the centerline of the
circular groove as a reference, it was observed that the variation in the
distance between the surfaces of the grooves in the head-plate and the

base-plate did not exceed 0.0035 in. on either side of the centerline for

the maximum arc of 18.5 in. (circumferential arc length of the widest speci-

men). This variation was accordingly smaller for narrower specimens. Once
the head-plate and the base-plate had been assessed to be as parallel as
reasonable efforts would allow, they were securely clamped to the cross-
head and to the platten of the Tinius-Olsen testing machine by specially
designed clamps. These clamps can be seen in Figure 5.

The imperfection device was used to bring corresponding circular arcs
in the head-plate and in the base-plate into concentricity. To accomplish
this alignment the platform of the imperfection measuring device was posi-
tioned at an appropriate level and the tip of the dial indicator extension
shown in Figure 4 was allowed to rest against the vertical side of the
circular groove in the head-plate. Since the groove in the platform of the
imperfection measuring device is concentric with the vertical edge of the
circular groove in the base-plate, the corresponding edge of the circular
groove in the head-plate will be concentric with its counterpart in the
base-plate when the pointer of the dial indicator is undisturbed as the
indicator mechanism is moved smoothly along the platform groove. Thus,
appropriate alignment of the head-plate and the base-plate of the testing

fixture was accomplished.
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{11-6). SPECIMEN INSTALLATION. The procedure used to install specimens in
the testing fixture was similar for specimens with unsupported straight
edges and for specimens with simply-supported straight edges. It is con-
venient to describe the installation procedure for the specimens with
unsupported straight edges first, and, subsequently, describe the additional
installation features associated with the specimens for which the straight
edges were simply-supported. In either case the curved edges of all speci-
mens were clamped.

In preparation for buckling tests of specimens with unsupported straight
edges, a specimen was centered in the circular groove of the base-plate of
the testing fixture and the pressure blocks were adjusted by finger tightening
appropriate screws, The platten of the testing machine was then raised to
allow the upper curved edge of the specimen to enter the circular groove of
the head-plate to approximately three-quarters of the groove depth. Pressure
blocks in the head-plate were then adjusted by finger tightening appropriate
screws in the head-plate. Generators at several locations along the circum-
ference of a specimen were aligned vertically with a precision square. The
platten of the testing machine was then raised until the specimen experienced
a compressive force of 25 1b. Pressure blocks in the base-plate and in the
head-plate were adjusted to their final positions by applying a 40 in-1b
torque to appropriate screws while the 25 1b pre-locad was maintained.

Preparation for buckling tests of specimens with a simply-supported
straight edges was similar to that for specimens with unsupported straight
edges. A specimen was centered in the circular groove of the base-plate
and its straight edges were inserted in the slots of the vertical edge

supports (hence forth referred to as book-ends) as shown in Fiqure 7.

ok

S




"IIIl""l-"""""'-"'-"""""""'-""""""".'-"""* '

Pressure blocks in the base-plate and at each book-end were adjusted to
the finger tight position. The platten of the testing machine was then
raised to allow the upper curved edge of the specimen to enter the circular
groove of the head-plate to approximately three-quarters of the groove
depth. Pressure blocks in the head-plate were then adjusted to the finger
tight position. Generators
at several locations along
the circumference of the
specimen were aligned
vertically with a preci-

sion square. The platten

R T AT

of the testing machine
was then raised until the
specimen experienced a

compressive force of 50 1b.

Pressure blocks in the

base-plate and in the head- FIGURE 7. Test specimen installed in the base-

plate and book-ends that supply

plate were adjusted to the simply-supported edge conditions.

40 in-1b position, and the
vertical pressure blocks in the book-ends (see Figure 8) were adjusted to
the finger tight position for specimens of Program A.

For Program B the pressure exerted on the specimen by the vertical

pressure blocks was adjusted to different amounts.




FIGURE 8.

Simply-supported edge of a test specimen
showing vertical pressure blocks.




SECTION 111

EXPERIMENTAL DATA

(F11-1). INITIAL GEOMETRICAL IMPERFECTIONS. Initial deviations of a
specimen from a perfect cylindrical surface are referred to in this
report as initial geometric imperfections. Imperfection measurements
were obtained at the nodes of a rectangular grid drawn on the inner sur-
face of a specimen. Details of the imperfection grids for specimens
with different aspect ratios are listed in Appendices A and B for speci-
mens with simply-supported straight edges and unsupported straight edges,
respectively. This data corresponds to testing Program A. Details of
the imperfection grids used in testing Program B are listed in Appendix C.

For testing Program A, the reference point for imperfection measure-
ments lies on the specimen centerline two inches below the upper clamped
edge. Measurements were made at equal intervals on either side of the
specimen centerline, and at equal intervals along the generators of a
specimen. Measurements for specimens with unsupported edges were obtained
along these edges, while measurements for specimens with simply-supported
edges were obtained as close to the straight edges as the imperfection
measurina device would permit. These observations are refiected in the
imperfection data contained in Appendices A and E. Actual spacing dimen-
sions for the imperfection grid associated with each panel aspect ratio
are shown in these appendices also.

For testing Program B a specially constructed device, with two circu-
lar members that were concentric with the groove in base-plate, was used
to establish the reference point for imperfection measurements. Measure-

ments for imperfections were made at the locations described for Program A.
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Actual spacing dimensions for imperfection grids associated with panels
with unsupported straight edges and simply-supported straight edges are
indicated in Appendix C. The imperfection measurements for Program B are

also presented in Appendix C.

(111-2). STRAIN MEASUREMENTS. It was of interest to determine if the
axial compressive end-load was applied uniformly along the curved edges

of a specimen.

Program A. For testing Program A, axial strains were measured along an
arc lying one inch below the upper clamped edge on the specimen centerline
and at two other equally spaced points on both sides of the centerline.
Electrical resistance strain gages were bonded at identical locations on
both sides of a specimen so that, by means of an appropriate four-arm
bridge, only axial strains were sensed. Llocations of the strain gages on
the surface nearest the center of curvature of a specimen can be observed
in Figure 7. Appendices A and B contain details for strain gage locations

for Program A.

Program B. For testing Program B, axial strains were measured at ire five
locations described in Program A for specimens with unsupported edges.
Axial strains were measured at only three locations for sovecimens with
simply-supported edges: on the centerline and at two points symmetrically
Jocated relative to the centerline. Appendix C contains details for strain
gage locations for Program B.

Strain gage readings were obtained using a Vishay/E11is~20 digital
strain indicator and a Vishay-Ell1is-21 ten channel switching and batancing

unit. This equipment is shown in Figure 9. Strain data associated with
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testing Program A are
presented in Appendix A
for specimens with simply-
supported straight edges,
and in Appendix B for
specimens with unsupported
straight edges. Strain
data associated with
testing Program B are
presented in Appendix C.
The strain data indi-

cates that the distribution FIGURE 9. Simply-supported specimen partially
installed in the testing fixture and

of force on the curved edge associated strain measuring equipment.

of a specimen is essentially

uniform in the very early

stages of the loading pro-

cess, but quickly becomes nonuniform. These observations remain valid for
all specimens in each testing program.

Consider specimens with unsupported straight edges. As was stated pre-
viously, specimens were not perfectly circular cylindrical as they emerged
from the mold. Consequently, installation in the testing fixture caused
regions near the ends to assume a circular cylindrical shape of radius 12
inches, while cross sections away from the ends assumed noncircular shapes
with the unsupported edges ''dishing’ toward the center of curvature. Gen-
erally, the centerline and generators in the regions on either side of the
centerline were straighter than generators near the edges. Since the axial

stiffness of a small strip of specimen paralle! to a generator depends on

19




its flexural stiffness as well as its in-plane stiffness, the strains asso-
ciated with strips located at various sites on a specimen should be expected
to be different. Indeed, the non-uniformity of the strain distribution
should be expected to be intensified as the loading process proceeds. It is
noted, from the strain data for specimens with unsupported straight edges in
Appendix B, that the strains near the straight edges actually changed from
compression to tension during the early stages of loading. This reversal of
strain near the straight edges is associated with the bifurcation load for
the specimen under an essentially uniform end-load (as opposed to uniform
end-displacement). A more detailed discussion of this behavior is presented
in a later section.

Now consider specimens with simply-supported straight edges. These
specimens experienced the same ''dishing' effects as specimens with unsupported
straight edges; however, the book-ends forced the edges to become straight
with the consequent configuration change on the interior of a specimen.
Accordingly, since these initial installed configurations occur in an essen-
tially random manner, nonuniform strain distributions should be expected
during the loading process.

Another possible reason for the nonuniform strain distributions exhibited
by specimens with simply-supported edges is the asymmetry in the axial dis-
placements that can be introduced at the book-ends. The strain distribution
on the interior of a specimen will deviate from uniformity if the axial dis-
placement distributions along the two simply-supported edges differ.

The further observation should be made that not only do the initial imper-
fections influence the buckling resistance of a specimen, but a certain unknown
initial stress distribution is associated with the installed initial configura-

tion that also influences the buckling resistance. The influence of the
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initial stress distribution on the buckling resistance is rather capricious.
The initial geometric imperfections that are incorporated in CLAPP assume

that the imperfect configuration is stress free.

(111-3). END-SHORTENING. The end-shortening of each specimen in testing
Programs A and B was measured with a dial indicator that was positioned so
as to determine the relative displiacement between the platten and the
cross-head of the Tinius-0Olsen testing machine. The axial compressive load
applied to the specimen was read directly from the testing machine. Load
and corresponding end-shortening data are listed in Appendices A and B for
specimens of testing Program A and in Appendix C for specimens of testing

Program B.

{t11-4). BUCKLING BEHAVIORS. Experimental buckling loads for the 40 speci-
mens associated with testing Program A are listed in column 7 of Table 1

and those associated with the 10 specimens of testing Program B are listed
in column 5 of Table 2. The recorded experimental buckling load for each
specimen of either testing program was characterized by a distinct loss in
load carrying capacity. Loss of load carrying capacity was detected readily
from the load-dial of the Tinius-0Olsen hydraulic testing machine, and was
always accompanied by a sudden shift in the equilibrium configuration of

the specimen that was clearly audible and visible.
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SECTIOM 1V

EXPERIMENTAL AND NUMERICAL RESULTS

(1v-1). ANALYSIS OF RESULTS OF TESTING PROGRAM A. The theoretical buckling
Joads shown in column 8 of Table 1 were calculated assuming that each panel
was subjected to a force that was uniformly applied along its curved edge.
The bifurcation branch of CLAPP was used to calculate these buckling loads.
Consequently, the theoretical buckling lmnads listed in Table 1 correspond

to bifurcation under a uniformly applied axial compression using both a 12

x 12 and a 20 x 12 finite difference grid. For this bifurcation analysis the
20 x 12 grid yielded a bifurcation load less than three percent smaller than
the 12 x 12 grid. Nevertheless, numerical calculations for the bifurcation
load for each of the remaining specimens were obtained using either a 20 x

12 or a 16 x 12 finite difference grid. The clamped boundary condition along
a curved edge of a specimen requires the transverse displacements be zero
along a line of nodal points coincident with the curved boundary and along

a parallel line of nodal points just inside the boundary. The larger num-
ber of grid points was always taken along the generators of a specimen to

minimize this internal constraint.

SPECIMENS WITH SIMPLY-SUPPORTED STRAIGHT EDGES. Table 1 shows that the bifur~
cation load predicted by CLAPP was greater than its corresponding set of
experimental buckling loads except for one specimen. The ratio of the modi
fied experimental load to the numerical bifurcation load is shown in the last
column of Table 1 for each specimen. The modified experimental buckling load
was obtained by assuming that the observed experimental buckl!ing load was

uniformly distributed along the curved edge of a specimen and only the portion
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of the curved edge between the book-ends contributed to the buckling of a
specimen.

The ratio of the modified experimental buckling load to the theoretical
bifurcation load fell in the range 0.5 < p < 1.0 for eighteen of the twenty
specimens with simply-supported straight edges. The ratio was 0.458 for
one specimen and 1.072 for another. We remark that theoretical bifurcation
loads predicted by the energy method represent upper bounds to the classical
bifurcation loads associated with the test specimens. Moreover, in the
presence of initial geometric imperfections the experimental buckling ltoads
can be expected to be less than the classical bifurcation load if the speci-
ment is imperfection sensitive. |[f a specimen is not sensitive to initial
imperfections its experimental buckling load can be expected to compare
favorably with the theoretical bifurcation load.

Another complicating factor is the nature of the simply-supported boun-
dary condition. Actually two different types of the simply-supported boun-
dary conditions must be recognized. Normally, a simply-supported boundary
condition implies the bending moment and transverse displacement are zero.
in addition to these conditions, in-plane displacements or membrane forces
must be specified. Consequently, with reference to the simpl!y-supported
test specimens, circumferential displacement can be prevented, can be
allowed to occur freely, or, there can be some intermediate partial restric-
tion of circumferential displacements. The theoretical bifurcation loads
listed in Table 1 correspond to freely occurring circumferential displace-
ments along the straight edges.

The foregoing observations are offered in explanation of the rather
large difference between the experimental buckling lecad and the theoretical

bifurcation load for some test specimens and the much better agreement
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between the two loads for other specimens. The ratio 1.072 for one test
specimen is believed to be a quirk arising out of the way the modified
experimental buckling load is defined.

Figure 10 shows the experimental and numerical load versus end-
shértening curves for a 16 in. x 16 in. panel with simply-supported
straight edges. The numerical load vs end-shortening curve was obtained
using measured initial imperfections. A plot of the normalized buckling K
determinant is also shown in the figure. We note that the numerical curve }
is essentially linear even though initial imperfections are present. A
Furthermore, the panel buckled apparently by bifurcation as indicated by

the system buckling determinant becoming negative.

aCladios

CLAPP was modified to provide the capability of prescribing uniform

end displacements as opposed to prescribing uniform end load.

i

Figure 11 shows the experimental and theoretical load versus end-

N

shortening curves for the 16 in. x 8 in. specimen with the [0/90]ZS fiber 1

pattern. The theoretical bifurcation loads for conceptual models with

simply-supported edges are 2522 1b when circumferential displacements occur
freely, and 4311 1b when circumferential displacements are prevented at the
straight edges. The experimental buckling loads for the two test specimens
are 2500 ib and 3240 1b.

There is, perhaps, better agreement between the theoretical bifurcation
loads and the experimental buckling loads than is immediately obvious. Con-
sider the experimental curve labeled 1 in Figure 11. The uruvsual shape of
this load versus end-shortening curve appears to be the result of thce panel
slipping circumferentially in the book-ends at a load near 300 Ib. |In this

test it becomes clear that the friction forces exerted by the vertical
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pressure blocks on the specimen was not sufficient to prevent circumferen-
tial displacements. Consequently, at approximately 300 1b the book-ends
allowed circumferential displacements to commence. However, the specimen
edges apparently made contact with back surfaces of the book-ends and
circumferential displacements were prevented from approximately 1500 Ib
onward. One expects the experimental buckling load for this specimen to
fall between the two theoretical bifurcation loads.

The behavior exhibited by the experimental curve labeled 2 in Fiqure
11 can be explained in a similar manner. Initially the friction forces
exerted by the vertical pressure blocks on the specimen is sufficient to
prevent circumferential displacements. At a load of approximately 800 Ib
a gradual slippage occurs and, finally at a load of approximately 2250 1b
the friction forces were not sufficient to prevent or restrict these dis-
placements any longer. A sudden slippage occurred that resulted in the
buckling of the specimen before its straight edges made contact with the
back surfaces of the book-ends. Accordingly, one expects the experimental
buckling load for this specimen to agree closely with the theoretical
bifurcation load corresponding to the simple-support condition when circum-
ferential displacements occur freely.

The experimental strain distribution shown in Figure 12 shows an en-
couraging resemblance to the calculated nodal load distribution shown in

Fiqure 13.

SPECIMENS WITH UNSUPPORTED STRAIGHT EDGES. Table 1 shows that the bifurca-
tion load predicted by CLAPP was less than its corresponding set of experi-
mental loads for every specimen. This unexpected behavior can be explained

as follows. Because the radius of a specimen was less than 12.0 in,
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distortions of the straight edges of a specimen occurred upon clamping
its curved edges in the testing fixture. The experiment buckling load is
believed to correspond to a limit point load that is greater than the
bifurcation load for a perfectly cylindrical geometry. In other words,
the initial distortion of the straight edges of a specimen prevents an
experimental detection of a bifurcation load corresponding to a wrinkling
of these edges for a perfect cylindrical geometry under a uniformly dis-
tributed edge compression.

We remark that the bifurcation loads predicted by CLAPP correspond to
cylindrical specimens without initial imperfections under forces that are
uniformly distributed along the curved edges. It is important to note
that axial and circumferential dispracements along the curved edges are
not specified. Consequently, theory predicts a specimen will collapse at
the bifurcation load.

The experimental model is clamped tightly in the head~plate and in the
base-plate so that circumferentia)l displacements along the curved edges are
prevented. More importantly, axial deformations are restricted by the
relative movement of ihe cross-head and the platten of the testing machine.
Consequently, when the straight edges buckle the testing fixture prevents
the collapse that theory predicts for the specimen under uniform load. As
a result of the clamp conditions the specimen retains significant load
carrying capacity. In fact, the experimental buckling loads correspond to
limit points in the post buckled region.

A close inspection of the strain data indicates the strain at the
straight edges changed sign at loads that are in the appropriate neighbor-

hoods of the theoretical bifurcation loads. The sign change on the edge
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strains corresponds to the observed severe distortion of the straight edges
of a specimen. The load levels at which the sign change occurred depended
on the initial imperfection in the specimen.

CLAPP was modified so that the buckling behavior of specimens under
prescribed uniform end-displacements could be studied.

Figure 14 shows the experimental equilibrium paths for the 16 in. x
8 in. specimens with the [0/90]25 fiber pattern. [t also shows equilibrium
paths predicted by CLAPP for initial imperfections of the form Wo(x,y) =
Wl (1+cosmx/2a) for amplitudes Wl = 0.0, +0.005, and -0.010. The limit point
buckling loads discussed previously are clearly evident. The ratios of the
experimental buckling loads to the theoretical limit lcad for a perfectly
cylindrical specimen are 0.85 and 0.83. The ratios of the experimental
buckling loads to the theoretical limit load for an initial imperfection
of amplitude 0.005 are 0.93 and 0.91. Even better agreement is expected
for the exact imperfection distributions.

Figure 15 shows the strain distribution at various load levels for the
specimen discussed in the previous paragraph. Evidently, the force applied
to the curved edges of the specimen was uniform during the early stages of
the loading process; that is, during the initial increments of prescribed
end-displacements. Accordingly, the bifurcation load predicted by CLAPP
for a uniformly applied end-load should agree qualitatively with the load
at which the sign change occurred for the edge strains. The theoretical
bifurcation load from rabte 1 is 476 1b and the load at which the axial
edge strain ceased to increase was near 600 1b.

Figure 16 shows the nodal forces predicted by CLAPP for the same speci-

ment distribution. During the initial increments of prescribed end-
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displacements the strain distributions and the nodal force distributions
are nearly uniform. These distributions become nonuniform as the loading
process continues; however, there is a visible agreement between the
experimental strain distribution and the calculated nodal load distribution

for all levels of prescribed end-displacements.

(1v-2). ANALYSIS OF RESULTS OF TESTING PROGRAM B. The theoretical buckling
loads shown in column 6 of Table 2 were calculated assuming that each panel
was subjected to prescribed end-displacements that were uniform along the
curved edges. Calculations were made for 16 x 11 and 20 x 11 finite-

difference grids to check the convergence of the numerical process.

SPECIMENS WITH SIMPLY-SUPPGRTED EDGES. The experimental equilibrium paths
for five 16 in. x 12.83 in. specimens with the [0/1‘65/90]S fiber pattern

and simply-supported straight edges are shown in Figure 17. The load at
which each specimen buckled is marked on the graph beside the corresponding
equilibrium path. The theoretical equilibrium path is also shown in the
same figure for the perfect panel and for an initial imperfection ampliitude
of -0.010 in. The two paths essentially coincide except that their termina-
tion points (buckling loads) are different (8064 and 6608 1b. for the per-
fect and imperfect panels, respectively). These buckling loads correspond
to a 16 x 11 finite-difference grid. A 20 x 11 finite-difference grid was
also used to calculate the buckling loads for the same perfect and imperfect
panels. The equilibrium paths in this case were indistinguishable from
those obtained using the 16 x 11 finite-difference grid except that their
termination points (buckling loads) are somewhat less (6950 and 5622 1b.

for the perfect and imperfect panels, respectively) than those associated

with the 16 x 11 finite-difference grid.
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Figure 18 shows theoretical equilibrium paths for the perfect panel and
the imperfect panel (Wi = -0.010 in.) where, instead of using end-displacement
as a measure of the system displacement, the norm of the transverse displace-
ments is used. These curves exhibit more clearly the nonlinear character of
the equilibrium path. These curves correspond to the 20 x 11 finite-
difference grid. Also note the mathematical form of the geometric initial
imperfection shown on the same figure.

The theoretical buckling load was detected numerically as a change in
the system buckling determinant from positive to negative. This indicates
that the simply-supported panel experienced bifurcation buckiing. A plot
of the normalized buckling determinant versus total end toad for an initial
imperfection amplitude of -0.010 in. is shown in the upper left hand corner
of Figure 18.

The initial imperfection amplitude corresponds to a radial deviation
from a perfect cylinder of 0.020 inches at the geometric center of the panel,
which is approximately equal to one half the panel thickness. This is a
rather large initial imperfection. The magnitudes of the measured initial
imperfections were frequently larger than 0.020; however, the distribution
of the imperfections were different. Generally, the largest imperfections
occurred near the edges of a specimen with somewhat smaller ones occurring
near the centerline.

The 16 x 11 and 20 x 11 finite-difference grids gave 8064 1b and 6950
ib as the bifurcation loads for the perfect panel. That is, the 20 x 11
grid predicted a bifurcation load 13.8% lower than the 16 x 11 grid. Further
improvement in the theoretical buckling load is expected with a further

refinement in the finite-difference grid. CLAPP is presently dimensioned to
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handle a maximum 20 x 12 finite-difference grid, so that further refine-
ments were not undertaken in this investigation.

The 16 x 11 and 20 x 11 finite-difference grids predicted bifurcation
loads of 6608 and 5622 1b for the imperfect pane! (Wl - =0.010 in.). Thus,
the 20 x 11 grid predicted a bifurcation load 14.9% lower than the 16 x 11
grid for the imperfect panel. Again, improvement in the theoretical buckiing
load for the imperfect panel can be expected for a more refined finite-
difference grid.

Figure 18 shows that the experimental buckling loads are not grossly
misrepresented by the buckling load predicted by the 20 x 11 grid for the
imperfect panel. Based on the buckling load predicted by the 20 x 11 qrid
for the perfect panel (6950 1b) the ratios of the experimental to the theore-
tical buckling load for the five specimens are 0.831, 0.793, 0.74), 0.716,

; and 0.668. The last ratio really should not be counted because this speci-
’ men had been tested previously with very loose straight edges. Based on ﬁ
the buckling Toad predicted by 20 x 11 grid for imperfect panel (5622 1b)
these ratios become 1.03, 0.980, 0.918, 0.885, and 0.818.
The theoretical curves, and thus the theoretical buckling loads, upon L

which the foregoing ratios are based correspond to simply-supported straight

edges for which circumferential displacements are unrestrained. It is
impossible to be certain of the nature of the boundary condition along the

straight edges of the test specimens. As an example of the uncertainty of

the type of boundary condition that existed along the straight edges of a
test specimen consider the test specimen for which the experimental buckling
load was found to be 5775 1b, the largest of the buckling loads of the five

specimens. For this test the shoulders of the vertical pressure blocks




R e

were filed to a rounded configuration so that the blocks contacted the speci-
men along a straight line. In the other tests these contacting surfaces
were flat and tended to bend the panel when the pressure was applied. The
former, it is expected, allowed a more freely occurring rotation at the

edge for which the corresponding buckliing load should be expected to be

less than that for the latter case. As can be seen this was not the case.
A1l this suggests that the edge conditions at the straight edges of the

test panel are uncertain.

It is felt that the conditions along the straight edges of the test
specimens is the principal source of the difference exhibited between the
experimental and theoretical buckling loads. It is also felt the CLAPP is
much less at fault for the difference referred to.

It should also be noted that any pressure exerted by the vertical pres-
sure blocks on the panel tends to retard the free occurrence of axial dis-
placements along the straight edges. This could give rise to shearing
stresses in the panel which would lead to lower axial buckling loads.
Finally, the clamping mechanism prevents circumferential displacements from
occurring freely along the curved edges. This could cause local distortions
near the curved edges that could lead to lower buckling loads. The model
for which the theoretical buckling loads were computed assumed that axial
displacements along the straight edges and circumferential displacements along

the curved edges are unimpeded.

SPECIMENS WITH UNSUPPORTED STRAIGHT EDGES. The experimental equilibrium
paths for six 16 in. x 12.83 in. specimei. with the [0/90]25 fiber pattern
and unsupported straight edges are shown in Figure 19. The load at which

each specimen buckled is marked on the graph beside the corresponding
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equilibrium path. The theoretical equilibrium path is also shown in the
same figure for initial imperfection amp!itudes of -0.0025 and -0.005. As
was the case for specimens with simply-supported straight edges, the theore-
tical equilibrium paths for the 16 x 11 finite-difference grid essentially
coincide for initial imperfection amplitudes of -0.0025, -0.0050, and -0.010
in. Moreover, the buckling loads corresponding to these initial imperfec-
tion amplitudes differed only slightly, as can be seen from Figure 20.

The equilibrium path corresponding to a 20 x 11 fiinite-difference grid
differs only slightly from that corresponding to a 16 x 11 grid. The
buckling loads for the 16 x 11 and 20 x )] grids for an initial imperfec-
tion amplitude of ~0.01 in. are 3416 and 3320 1b, respectively. In this
case the refined finite~difference grid did not influence the buckling load
nearly as much as it influenced the buckling loads for the simply-supported
panel.

The experimental equilibrium paths depicted in Figure 19 indicate that
the stiffness of each test specimen changes noticeably in the load range
LOO-1000 1b. This change in stiffness coincides also with the observed
reversal of the axial strains at the straight edges of the test specimens.
Consequently, it is believed that this change in stiffness signifies the
load-level at which the straight edges of a specimen lost their capability
to resist greater axial loads.

The theoretical equilibrium paths shown in Figure 20 for various initial
imperfection amplitudes reveal that a bifurcation occurs at approximately
1134 b for a perfect panel This agrees well with the experimental loads
corresponding to the changes in stiffness of the test specimens as shown

in Figure 19.

1




Using the limit load (3320 1b) corresponding to an initial imperfection
amplitude of -0.010 and the 20 x 1} finite~difference grid, the ratios of
the experimental limit load to the theoretical limit load are 0.818, 0.753,
0.74), 0.693, and 0.652. The theoretical limit load used to calculate
these ratios are based on an axially symmetric distribution of initial
imperfections (Wo = Wl (l+cosmi/a)). The actual distributions of initial
imperfections indicated a pronounced distortion of the straight edges of
the general shape represented by the mathematical equation expressed above,
that dimenished as the specimen centerline was approached. Actually the
center region of the test specimens were relatively straight in comparison
to the straight edges. This observation is revealed by the imperfection
data listed in Appendix C.

The equilibrium path for an initial imperfection distribution given by
WO = Wl (l+cosn/a) (n/b)z is shown in Figure 20. This distribution more
closely represents the actual imperfection distributions. This equilibrium
path coincided with the other paths shown in Figure 20. The limit point load

for this imperfection was 3460 1b. which is essentially the same as the limit

point loads for the other initial imperfections.
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3200 3416 1b 16x11 grid, WI=-0.010in7
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3000 equilibrium paths —
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2800 -
=
2600 —
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2500 1b
2300 1b
2000 2165 1b _
= 1800 —
=
<
S 1600 .
[
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= 1400 «— Experimental equilibrium paths —
=
—
1200 —
1000 PANEL : 16 in x 12.83 in.
FIBER PATTERN: [0/90]2s
800 BOUNDARY Clamped curved edges,—
CONDITIONS : unsupported straight
edges
600 —~
400 —
300 Wy = WI (1 + cos =x/a) ]
200 -
1 | 1 l I R | ! | ]
25 50 75 100 125 150 175 200
END SHORTENING, x 10-* in.
Figure 19, Theoretical and experimental equilibrium paths for specimens
of Program B with unsupported Straight edges.
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SECTION V

LONGITUDINAL STIFFENERS

(v-1). INTRODUCTION. The compute- program CLAPP was modified to include
the effect of longitudinal stiffeners on the buckling behavior of fiber-
reinforced panels by adding the total potential energy of the stiffeners
to the total potential energy of the panel. Accordingly, the total poten-
tial energy of a stiffener element is developed in this section.

The stiffeners considéred in this section have thin-wall open cross
sections and are assumed to coincide with the finite difference grid lines
Ehat are parallel to the generators of the panel. |t is not necessary

tthat a stiffener be associated with every finite difference grid line.

A stiffener is assumed to be made from an homogeneous isotropic mater-
ial; however, the developments remain valid for quasi-isotropic, fiber-
reinforced stiffeners. The special properties of quasi-isotropic, fiber-
reinforced stiffeners are described later. It is further assumed that
the cross section of a stiffener does not vary along its length, and that
each stiffener is free of externally applied forces.

Each stiffener is assumed to be rigidly attached to the panel along a
finite-difference grid line. A point of attachment is defined as the
point on the reference surface of the panel that lies on the normal througk
the centroid of the stiffener cross section. Mathematically, the displace-
ment components associated with the panel and the displacement components
associated with the stiffener are required to be continuous along this

contact line.

L5




(V-2). STIFFENER STRAIN ENERGY. An expression for the strain energy asso-
ciated with small displacements of straight beams with thin-wall, open cross

sections is given by Bleich and Bleich [4]

\
¥
no2 w2 > . .

U=, ! ‘E|m(us) + EIFIE(VS) + JG(.@')I + EA(wé)L + r(@")“} dz  (V-1)

The guaniities appearing in Eq. (V-1) are defined as follows. The rectangu-
lar coordinates % and n coincide with the principal centroidal axes of
inertia, and z signifies a coordinate measured along the centroidal axis of
the beam. Thus, 'EE and lnn are principal centroidal moments of inertia,
A denotes the cross sectional area, J is the torsional constant, and T is
the warping coefficient for the cross section. Young's modulus and the
shearing medulus are denoted by E and G, respectively. Finally, Us and VS
are components of displacement of the shear center parallel to the § and n
axes, respectively, wc is the axial displacement of the centroid of the
cross section, and 8 is the unit angle of twist that the section experiences.

The first two terms in Eq. (V-1) represent strain energy due to bendinc
about the principal axes of inertia, while the next two terms represent
strain energy caused by twisting and axial deformation, respectively. The
last term represents strain energy associated with warping of the cross
section. The strain energy associated with warping is usually discarded in
stiffener analyses; it is also discarded in the present analysis.

Since it is assumed that every stiffener is free of externally applied
forces, Eq. (V-1) also represents the total potential energy of a stiffener.

Energy methods have been employed by several investigators to examine

the effect of stiffeners on the buckling behavior of plates and panels.
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These investigators do not agree universally on the terms that need to be
retained in the stiffener energy expression. Donnell [5] discards the
strain energies associated with axial deformations and bending about an
axis perpendicular to the reference surface of the panel. Thus Donnell
assumes that the dominant actions of a stiffener are bending about an axis
parallel to a circumferential tangent, and twisting. Szilard [6] adopts
the same reasoning, but argues that strain energy due to twisting can be
discarded for closely spaced stiffeners. Palamarchuk and Polyakov [7]
retain the same bending and twisting energies, but include terms that
represent the effects of externally applied forces and initial geometric
imperfections.

The investigations cited consider only stiffeners with symmetrical
cross sections. Stiffeners with unsymmetrical cross sections are treated

in the present developments.

(v-3). STIFFENER ENERGY IN MATRIX FORM. The total potential energy for a

stiffener can be expressed in matrix form as

- s
Ei 0 0 oj U
nn S
p 0 El,e O 0 ||

V = 1/2 U”, V”, 8|, w dZ (V‘Z)
S S C

) 0 0 JG 0 B!
0 0 o) EA wé

L i

As was stated previously, Us and VS are components of displacement of the

shear center along the & and n axes, wC is the axial displacement of the

centroid, and B is the rotation of the cross section per unit length.
Connectivity of a stiffener to the panel is accomplished by expressing

V.) of the

these displacement variables in terms of the displacements (UD, D

47




point of contact of a stiffener
with the panel. The situation
is depicted in Figure 2}.

1t is shown in Ref. [4] that,

for small displacements, the dis-

placement components for a generic
point in the rigid cross section

of a stiffener are

FIGURE 21. General thin-wall open

U=U + (n - n)g cross section.
(v-3)
V=V - (r =~ )3
S s
At the contact point D, ¢ = ED and n = Np» SO that, with the aid of Egs.
(v-3),
= - (V-h)
Ve 0 ] (gS £p) Yy
B 0 0 1
L” ] L - a

Because plane sections remain plane (I' = 0) the axial displacement of

the contact point, Wps is

v (v-5)

o T Ve T "M e

£q U!
D c D ¢
where u. and v are centroidal displacements along the & and n axes as

shown in Figure (21), and { )' indicates differentiation with respect to

z. From Eq. (V-3),




Uu =uU +n 8,
< s s
(v-6)
vV =V -ng,
c 5 5
so that Eq. (V-5) becomes
= - [ ' -
wp =W T Ep Up p V. (v-7)
Egs. (V-4) and (V-5) lead to the following transformation
n—l _ _ "
vy 1 0 (ng np) 0 0 ‘ UD-]
v 0 ] (g -¢&) 0 0 V!
S = S D D (V‘B)
B 0 0 1 0 o g
B' 0 0 0 1 0 K
] \
ENC LED "p 0 0 1 L?D

Eq. (V-8) permits the strain energy of a stiffener to be expressed in terms
of the displacements experienced by the point of contact of a stiffener

with the panel.

(V-4). DISPLACEMENT CONTINUITY. To enforce the required displacement con-
tinuity along the line of contaci of a stiffener with the panel, it is
necessary to project the displaceme.. vector of the contact point along the

circumferential tangent and along a normal to the panel. According to

Figure 21,
UD cosa sina Ut
= (v-9)
v -sina cosa. u ,
D n

where Ut and Vn are the circumferential and normal components of displace-

ment of the contact point D.




Accordingly, the contact point displacement vector appearing on the

right-hand side of Eg. (V-8) is expressed as

—U“ ] _cosu sina 0 0 Q 1 _U"-
D t
yu ~sina coso 0 0 0 u
D n
gt = 0 0 1 0 0 g" (v-10)
g! 0 0 0 ] 0 B!
) i
LwD L_ 0 0 0 0 1 E?D

The assumption is made that the panel thickness is small compared to
the dimensions of a stiffener normal to the panel. This permits the con-
tact point D to tie in the reference surface of the pancl.

Continuity of the displacements associated with the contact point on
the stiffener and the displacements associated with the contact point on

the panel requires that

Ut = V, g = w'y ’
= (- -

Un W, 3 w,yx , > (v-11)
= "o

wp U, B L yxx’

Here U, V, W are the displacement components of a point on the reference
surface of the panel.
Eqs. (v-2), (v-8), (v-10), and (V-11) yield the following matrix formu-

lation for the strain energy of a stiffener:

'3
V=X 5 [4171a17 181 [s11B) [A] [d] dz, (V-12)
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where
[A] = —_cosa sina 0 O 61
-sina cosa 0 0 0
0 0 1 0 o0 (v-13)
0 0 0 I 0
0 0 0 0 ]
L ]
B =| 1 o0 -t -n) 0 O]
0o 1 (¢ =) 0 0
s 0 (V-14)
0 0 0 1 0
LED o 0 0 I__
[s] = EIrm 0 0 0
0o El,, 02 2
| (v-15)
0 0 J6 0
l_o 0 0 EAJ
and
=t v ., v, U ) (V-16a)
s XX s XX ,Xxy’ Xy , X
To interface with the computer program CLAPP, the elements of the
stiffener displacement vector [d] are rearranged so that
[d]T = [U » V » W ’ W ’ W ] (V-16b)
y X » XX » XX » XXY » XY
The total potential energy of a stiffener becomes
2
- T
V= 5 [d]7 [PAs2] [d] dz (V-17)
0
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The matrix [PAS2) results from carrying out the operations indicated in

Eq. (V-12) taking into account the alterations of the matrices [A], [B],
and [S] because of the rearrangement of the elements in the [d] matrix.
The elements of [PAS2] are given in Figure 22.

A final transformation is required to express the total potential

energy in terms of the finite-difference grid point displacements.

(v-5). FINITE-DIFFERENCE CONSIDERATIONS. The strain energy density of

a stiffener element is assumed to be constant over the length of the
element. Moreover, the strain energy density is assumed to be equal to
its values at the midpoint of the element length. Conseauently, the totatl
potential energy for a stiffener-element is taken as the product of the
strain energy density at the midiength of the element and the length of

the element. Symbolically,

V=% [d]T[PAS2]1d] x 2 (v-18)

where [d] is the displacement vector associated with the midpoint of the
stiffener-element.

Nine different stiffener-elements are required. These stiffener-
elements correspond to the nine types of area-elements used in CLAPP; one
interior stiffener-element, four boundary stiffener-elements, and four
corner stiffener-elements. The nine stiffener-elements are shown in
Figure 23, which also shows the stiffener-element orientation and midpoint
along with the local numbering system for the surrounding finite-difference
grid points.

For each stiffener-element the midpoint displacement vector (Eq. (V-16b))

is transformed to the local grid point displacement vector

P PV S I
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[al" = (W0 Uy Vs Moy Uy Vos o, Hg, Ugy V] (v-19)
through the relations
d. =c.. q, (v-20)

where the matrix [C] is composed of coefficients that depend on the vari-
able spacing of the finite-difference grid. Accordingly, the total poten-

tial energy for a stiffener-element is

T

v =1 [q] [c]T [pas2][cilq] = ¢ (v-21)

e

The transformation matrix [C] depends on the location of the stiffener-
element in the global system. To illustrate the procedure used to estab-
lish these matrices, the transformation matrix for the interior stiffener-
element shown in Figure 24 is derived.

In the longitudinal direction, the midpoint (subsequentiy referred to
as the stiffener-element centroid) of the stiffener-element contains the
centroid of the corresponding area-element. This follows from the defini-
tions of an area-element and of a stiffener-element. The corners of an
area-element are the centroids of the areas contained between adjacent
grid lines. The length of the corresponding stiffener-element is equal to
the dimension of the area-element parallel to the generator of the panel.

A derivative of a centroidal displacement with respect to the longitu-
dinal direction x, denoted by ( )', can be expressed as a linear combina-
tion of displacements at the three finite-difference qrid points (i-1, i,
i+1) lying on the longitudinal grid line.

A general one-dimensional centroidal function, f, and its derivatives

are expressed as linear combinations of the function values at the three

55

s

[P GO




direction

circumferential

4 8 j+l

4

centroid m
3 2 1 , . Tongitudinal
% \ j —
\ h k | direction
2 2 2

T CEE .

FIGURE 24,

——tp———  k -——cT

i i+l

Interiaor stiffener-element with arid spacina
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node points on the jth grid line as

v
_ (k-h) (3h+k) (h+3k) (3h+k) _ (k=h) (3k+h) i
ST 73 Crry i Y B i TBRTh k) i1 (v-22)
v o |
' - — —— ——— — -
firmfim G fi v b (v-23)
and
v
P = e Fin S m it T (v-24)
i k (h+k i+] hk i h (h+k i-1,
where h and k are longitudinal spacings between the grid lines i-1 and

i, and i and i+1, respectively.

A derivative of a centroidal displacement with respect to the circum=
ferentia) coordinate y, denoted by ( .), can also be expressed as a linear
combination of displacements at suitable finite-difference grid points by

means of a Taylor series. Accordingly, a Taylor series expansion about

the point (i, j) yields the two linear equations

Flg = fjemf v £ (v-25)
and
= - L g2 ¢ -

where ¢ and m are spacings between the j-1 and j, and j and j+1 circumfer-
ential grid lines. Eqs. (V-25) and (V-26) lead to the first-order central

difference formulas

R _ (2-m) R m -
fj T m(e+m) fj+| Lm fj T (+m) f;—l (v-27




and

- S22 f (v-28)

fj T m{e+m) fj+l m e {m+2) j-1

The centroidal displacement vector [d] includes mixed derivatives also.
The coefficients in the transformation matrix [C] that correspond to deri-
vatives with respect to x are obtained from Eqs. (V-23) and (V-24) for an
interior stiffener-element. The coefficients in the transformation matrix
{C] corresponding to the mixed derivatives are determined by appropriate
combinations of Egs. (V-23), (V-24), and (v-26).

A general two-dimensional centroidal function, E, has the mixed deri-

vative

. 1 1 . 1 .
9 + (E—H— —Z_E) 9, + ~2—h-gi_]. (v-29)

oL

e
N

Using Eq. (V-26) yields

o1 e - Leom) - (v-30)
9 T2k mlEm) Ji+1, j+I tm Ji+1, § 2(erm) Ji+1, j+

A . Le-m) . (v-31)
2h 2k m{zem) 90, j+1 om 90, § 7 Tl %, el

. 1 ¢ _ (2-m) _.m (V-32)
Zh  m(e+m) Ji-1, j+i m Ji-1, j  2(eem) Ji-1, j-)

ldentification of the nine surrounding grid points with the local num-

ber system determines the coefficients in the transformation

~
g' = c. 9 i=1,2, ..., 9. (v-33)

o
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The coefficients for the mixed derivative g'' are obtained in a similar
manner.

The total potential energy for any stiffener-element is expressed as

Ve =1 {QlT fcas2]{ql x ¢ (V=350
where
[casz] = (c]7 [pas2] [c] (v-135)

Eq. (V-34) is the formulation of the total potential energy for any
stiffener-element that interfaces consistently with the area-elements used

in CLAPP.

(V-6) . INCORPORATION INTO CLAPP. The incorporation of lonaitudinal stiffe-
ners in the computer program CLAPP is accomplished with three subroutines,.

The first of these three stiffener subroutines is named SCOEF. SCOEF
calculates the elements of the matrix [PAS2]. Since [PAS2] depends only on
the material and geometric properties of the stiffener cross section it is
calculated once for each element and stored.

SCOEF permits the user to select any of seven stiffener cross sections.
It also provides for any other cross section through a user's choice ontion.
For the various stiffener cross sections included in SCOEF see the user's
manual in APPENDIX D.

The second stiffener subroutine is named STFDIF. It calculatec the
elements of the transformation matrix {C] of €q (V-20). The subroutine
FOIFF of CLAPP performs similar calculations for each area-element. Con-
sequently, when FDIFF is called to calculate [C] for an area-element

STFDIF is subsequently called from FDIFF to calculate [C] for the correa-
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ponding stiffener element.

The third stiffener subroutine is named ATBAS. It performs the matrix
multiplications indicated in Eq {V-35). This subroutine is called from
the subroutine STFDIF. ATBAS has been constructed to take advantage of
the numerous zeros that occur in the matrix [C].

The main program and the subroutine FDIFF of CLAPP are modified so
that longitudinal stiffeners can be included when appropriate. Additions
to the main program read in stiffener indices indicating (a) that stiffe-
ners are to be included, (b) the choice stiffener cross section, (c) whether
stiffeners are located on the inside or outside of the panel, and (d) if
stiffeners occur on every finite-difference grid line. The main program
calls SCOEFF to construct the matrix [PAS2). The additions to the subrou-
tine FDIFF determine when the stiffener energy is required in an analysis
that does not include stiffeners at every grid line. When it is appropriate,
STFDIF is called to calculate the stiffener-element energy which is imme-
diately added to the correspoinding area-element energy. The procedure
used by CLAPP to assemble the svstem stiffness matrix for area-elements

proceeds in praciseiy the sane manner when stiffeners are present.

(v-7). QUASI-ISOTROP!IC FIBER~REINFORCED STIFFENERS. A strain energy
expression for a quasi-isotropic, fiber-reinforced stiffener that is ana-
logus to the strain energy expression for an isotropic stiffener is estab-
lished in this section. For the purpose of the present development a
quasi-isotropic material is defined as one possessing midplane symmetry
and alternate zero and 90 degree fiber directions. Thus, for a stiffener,
the zero fiber direction is assumed to coincide with the longitudinal axis

of the stiffener, and the 90 degree fiber direction is perpendicular to
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this axis.
The stress-strain relations [2] for a general fiber-reinforced laminate
are
[\ ] _A A A IND 1 [ T i i
N
x 11 A2 Ale e Byj; Biz Big K,
N, L= A2 Az A e + Bio B2z Bz K (v-36)
Y Y Y
Are A2 Ags 2e Big B2s Bgs 2K
LXL L J L] L I S
j IR R e | (b, D1, D )
X 11 Bi2 Bisg e 11 D12 Dig K
M = [Byj2 Byz By e + Dio Do Dyg K (v-37)
Y Y y i
M Bie Brs Bss 2e Dijg D26 Deg 2K
Xy Xy X

Formulas connecting the elements of the laminate stiffness matrices [A],
[B], and [D] with the material properties and the geometric locations of the j

individual layers are

N 4
Aij =ki] Qij (hk - hk_l), (v-38) j
|
\ .
B.. =2 I TQ.° (h2 - h2 ) (v-39) 1
ij 2 k=1 ij k k-1°" ‘
1
N
- 5 K (b3 - K3 Co .
i_j = ki‘ Q’_j (hk hk_])s (|9J = ]v 7—‘ 6)- (V '40) 1

Pertinent geometric quantities appearing in these relations are defined in i
Figure 25. ‘

The laminate is assumed to possess midplane symmetry so that the Bij

are identically zero in Egqs. (V-36) and (V-37). It is also assumed that




the stiffener experiences a membrane state of stress like the one shown
in Figure 26. Consequently, the dominant bendi g action results from the
moment caused by the membrane force Nx'

If the cross section of a stiffener is assumed to be rigid, then ey =0

so that
N, = Ay, e + A (2exy) (v-41)
and
= A A -4
ny 16 €, * Ass (Zexy) (v-42)

Now Ajg = O because of the laminate fiber directions are either parallel
or perpendicular to the longitudinal axis of the stiffener. Conseguently,
the stress-strain relations appropriate to an analysis of fiber-reinforced

stiffeners under the foregoing restrictions are

N =A e (v-43)

and

Ny = Ace (Zexy). (v-Lb)

These relations are analogous to the isotropic stress-strain relations
used by Bleich and Bleich [4] to arrive at their expression for the strain
energy of stiffeners made from isotropic materials. All that is required
to make the isotropic strain energy expression valid for quasi-isotropic
stiffeners is to appropriately identify E and G of the isotropic case with
A1 and Agg for the quasi-isotropic case.

To do this, consider that
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FIGURE 25. Cross section of laminate

A;‘/N'

FIGURE ?6. Memhrane state of stress for a stiffener.
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N K - k
Ay =2 Q (hk - hk‘]) =t I Q1 (V-45)
k=1 k=1
and
N N
- k - k
A66 =z Q66 (hk = hk“l) =t b} Q66 (V"h6)
k=1 k=1

if the thickness of each layer is the same.

The subscript k signifies that the k-th layer is under consideration.
The a}j are symmetrical and are the material coefficients referred to a
generic set of axis. They are expressed in terms of the material coeffi-
cients, Qij' associated with the material axes of a layer through the trans-

formation:

Qi1 = Qpqcos” 2 + 2 (Qy, + 2 Qgg) sin® 6 cos? B + Qp, sin® 0,
11 12 66 22

Q> = Q1 + Qo - 4 Qgg) sin? 6 cos? 8 + 07, (sin & + cos* 6),

Q, = Qy sin® 0 + 2(Qy0 + 2 Qgg) sin? 6 cos? 6 + Qyp cos™ 8, (V-47)
Qg = (Q1- Q12 - 2 Qgg) sin 8 cos3 6 + (Qyp - OQop + 2 Qgg) sin’ 8 cos 0,
Q¢ = (Qy; - Q1> - 2 Qgg) sin® 8 cos 6 + (Q12 = Q2 + 2 Qgg) sin 8 cos?3,
Qe = (Qu1 + Q22 - 2 Q12 - 2 Qgg) sin? 8 cos? 0 + Qge(sin® 0 + cos® @),

The quantities Qij are related to the engineering material constants

through the relations:
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E11
RARRETvETI
vi> Ep vo1Eo2

N = = = V‘
Uz = Q) 1-viovg] T=vyovpy ° } (v-48)
. Ero

227 Yevigvar
Qee = Gy2.

Ei1, Eop are Young's modulii of elasticity parallel and perpendicular to
the fiber direction, respectively; G;, is the shearing modulus of elasti-
city associated with the directions parallel and perpendicular to the fiber
direction; and vyy, v,; are Poisson ratios. v;, is associated with a
strain in the I-direction due to a stress in the 2-direction and vy, is
associated with a strain in the 2-direction due to a stress in the -
direction. 1t is convenient to let the 1-direction coincide with the

fiber direction.

From Eqs. (V-47) and (V-48)

€11
0y, = s————— for fibers parallel to the stiffener axis
1-vy,v)
= k
Q3 (v-49)

k E??

for fibers perpendicular to the stiffener

1=viovo1 Lois

and

aésk = Qe = Gyo , (v-50)

for either fiber direction.
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If N is the number of layers in the laminate, then from Eqs. (V-Lb)

and (V-49)
Nt Ej; + Ep2 Eyp - Eoo )
= + -
Ay T |2 Ty (v-51
where

0 if N is even
A= (v-52)
1 if N is odd.
Note that when N is odd, the middle or odd layer is assumed to be parallel
to the stiffener axis. |If the middle or odd layer is perpendicular to the
stiffener axis Ey; and E;» interchange positicns in Eq (V-51).

Fincily,
A66 = Nt G]_2 (V—Sa)

for N even or odd. Notice that Nt is the total thickness of the laminate
from which the stiffener is constructed.
Now if E and G in the isotropic strain energy expression for thin-wall

open sections is replaced with

Ay Ejr + E22 Ej1 - Eno
E=> I (—27——) (v-54)
and
Ags
meo - G2 (Y-55)

one arrives at a strain energy expression for the quasi-isotropic material

considered in this section.
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APPENDIX A
STRAIN, END-SHORTENING, AND IMPERFECTION MEASUREMENTS FOR
TEST PANELS WITH SIMPLY-SUPPORTED STRAIGHT EDGES
CLAMPED CURVED EDGES

TESTING PROGRAM A
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APPENDIX B
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AND CLAMPED CURVED EDGES
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BCP 9921-A-7-1 BF

IMPERFECTION MEASUREMENTS
(x 1073 in)
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APPENDIX C '
1i
t

STRAIN, END-SHORTENING, AND IMPERFECTION MEASUREMENTS
FOR TEST PANELS FOR TESTING PROGRAM B
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Locations for strain and imperfection measurements for 16 x 12
panels with [0/90]25 fiber pattern and unsupported straiaght
edges. For 16 x 12 panels with [0/+45/90) fiber pattern and
simply-supported straight edges only the axial strains at the
three interior locations were recorded, and the imperfect data
were recorded for the seven interior imperfection grid lines.
(Circumferential dimensions shown correspond to the panels

with unsupported straight edges. Subtract one inch for simply-
supported panels.)
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Imperfection measurements (x1073in) for 16x12 panels with fiber pattern
[0/+45/90] and simply-supported straight edges {curved edges clamped).

Collapse load in parentheses.
rounded edges

DS-A9-1 (4600 1b) freely DS-A9-2 (4975 1b) 30 in-1b on side bars
31 8| 8( 6| 8| 6] 2 6| 3 31 2| 8] 6| 3
17l 7l 3l s 7l o s| 4| 4| 30 5] 8} 7
-2 70 7] 3] 4] s5]-1 8| 4| 3| 3, 4] 9] 6
2] o] &) 3] 1] 3]-3 8] 20 3] 2 3| 7] 6
4 2 2| -1 -2] 1 -2 bl-20-2]-1 1] 6{ 3
o 2{ 1|-t{-2f 1]-2 sl-1] 20 2, 1| 7] 3
v 1 ol-rl-2]-1] o 1ot 3| sl o3f 6] 3
DS-A10-1 (5775 1b) 10 in-1b DS-A10-2 (5510 1b) 30 in-1b on side bars
] v
Of 4 5| 4] 71 71 6 19|13: 6| 5| 812} 9
-4 L1 4{ 6) 6| 9 331224 5 2] 7112110
-71 o 71 7| 6] 71| 9 33| 281 20-2) 4[58
10l -2 3 &) 4| 4| 7 3031 1| -4f 2[18]22
-120-5| 2| o] o] 3| 3 3024 olwo|-3]16}17
12 -8 v b v oo ol21]-1|-7]-4]10]13
-6|-2] ol-1] 2] ol 19/ 1 -2)-4]-1] 6] 8

DA-AI1-1 (5160 1b) nearly freely

-6{-71-3] 0 0

-10]-6| 0] 5] -1

71 -4 7] &4

-61-7| 6]10] 3[-8}12
1
0
0

-101-10f -1 5
-6,-7] 2| b

b

-6j-b|-2| 0!
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Imperfection measurements (x10”3in) for 16-12 panels with fiber pattern
(079015 and unsupported straight edges {(curved edges clamped).

load in parentheses.

DS-B11-1 (2460 1b)

8 8] 3] 8| 9] 1fwofnfe
9| 7! 4| 8|10 12] 9! 9| 9
9{ 6| 6| 6| 8! 8| 6| 6| 5

sl 2y ol v 2 4| 1v{ 31 &

o] 2| V| 2) 3] 4] 1) 6] 10
=70 -2 -y -2 -2y -] -3 1| 6
7031 -3 -31-3]-3{-3] 1} 7

DS-B10-1 (2300 1b)

81 31 o] 4] 8| 13]12]13]16
st 1) 31 9lafz| 9y n
13/ 6, 4| 61018 14] 9| 8

S| -1{-1| of s{11| 8 2{ 0
4| ol-1} ol 4]l10] 7] 0] -2

L =21 -~1 3] 71 6] o] -&
L 2(-10 1] 1| 6] 4} 1]

DS-89-1 (2165 1b)
-6(-2) 3{ 5| s{1of13f14]23

11 3] 64 81 7113511

3{ 3| 8wl 16|10} 8
2y 1| 6) 5| 9t12] 6] 2

8{ 2!-1| 3| 2{ 6f 6| o]
3 4 10 5] 6] 6] 7| 8] 3
8| 3{ 1| 3! 3] 3/ 6! 3] 3
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Collapse
DS-B11-2 (2715 1b)
T
6] 5: 8] 61 71 71 8]13
3 63 81 91 71 6]10]13
-20 2y 7¢ 71 91 8f 6] 10} 12
-8]-2] 4. 7] 7] 6] s| 8]
-12)-7] 3¢ 6| 5] 3] 2] s| 9
14l -9 o 2{ 1! 1]-1} 5l 9
-0]-71 0 3l a1l -2 3] 6
DS-810-2 (2495 1b)
120 701 5] 71 71 9113|2133
230 14 1012y 1| 13] 17] 38) 33
161 9] 5) 61 6! 811321 n
1 71 61 6 4| 8{1if16] 23
8 3] 2] v 4 51 7110
31 21 1| 2] 20 4| &| 31 &5
21 24 V| 2] 2] 3] 20 1j &4
DS-89-2 (2410 1b)
-hl-2]-21 2] 4j 8jwle] 23
-1 -1{ 2 4] 7{wl0fi6]29
-1 ol 20 3 72 nan]2s
-1(-2| 2] 2, 5/ 9! 8{12}{18
20 Vv v} 2] 3] 8] 8104
bl 31 34 31 3| 7{ 71 912
30 VL v v vy vy 3] by
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APPENDIX D

USER'S MANUAL FOR COMPUTER PROGRAM CLAPP
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CLAPP USERS MANUAL

1. TITLE CARD (18AhL)

Columns 1-72 Problem description

2. CONTROL CARD (B815)

Columns 1-5 IRUN -~ Takes integer values I, 2, 3, ...,
according as the completion of an
analysis requires 1, 2, 3, ...,
submissions of the program.

IRUN = 1 for the first submission,
IRUN = 2 for the second submission,
and so forth. Valid for nonlinear
analysis only (IBIF = 0). [IRUN
#1for any analysis that is a con-
tinuation of a previous application
of CLAPP.

e

0 perfect panel or plate

o A

6-10 lEX
1 imperfect panel or plate

0 nonlinear analysis
11-15 IBIF

} linear bifurcation analysis

0 flat plate analysis
16-20 NFLAT =
1 curved panel analysis

punched for input. Variable
grid capabilities.

21-25 NAUTO
1 Automatic generation of x and
y coordinates with uniform, but
possibly different, spacings
for the x and y directions.

0 Initial imperfections are repre-
sented by a mathematical
expression.

26-30 LGRNG =

JO x and y coordinates must be

1 Initia)l imperfections are repre-
| sented by a two-dimensiona)
L Lagrange interpotating function.
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31-35

36-40

Columns 1-10

11-15

16-20

L. GRID PARAMETERS CARD (815)

Columns 1-5

NUSTRT =J

NCURVE

135

0 When the load~deflection curve
is generated in seaments the
tape NTAPE contains the infor-

1 mation required by the program
to continue the calculations
beginning with the last load-
level for which a converged
solution was obtained. To con-
tinue calculations set INDEX =

2, 3, ... and NUSTRT = 0.

e et e e

1 1t may happen that it is desir-
able to adjust the loadinag
sequence to beqgin calculations
for a second segment of the load-
deflection curve. To do this set
INDEX = 2, 3, ..., NUSTRT = 1 and
reset the input data for PZSTRT,
PXSTRT, PYSTRT, AND ZINCR, XINCR,

L YINCR.

[t}
[w]

CONVERGENCE CRITERION CARD (F10.0, 215)

EPS! - Convergence criterion that determines
acceptable displacements at a qiven
load-level (order of 107%).

ITMAX - Program terminates if convergence at
any load-level has not occurred
within ITMAX iterations.

LEMAX - Program terminates after processing
LEMAX load-Tevels as collapse or
bifurcation has not occurred.
Resubmit program with IRUN = 2.

(l Finite-difference grid points

numbered consecutively along a

cross-sectional circle

NSCHM =<

0 Finite-difference grid points
numbered consecutively along a

L generator

it o

3
A
]
]
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0 Panel has no cutout ]
6-10 ICTOUT =
! Panel has a cutout
4
1

11-15 NCOLS -~ Number of columns of grid points. ;

16-20 NROWS - Number of rows of grid points.

21-25 IROWI = Number of the row in which the
side of the cutout nearest the
first row of grid points lies.

26-30 IROW2 ~ Number of the row in which the j
side of the cutout furtherest ]
from the first row of grid points
lies. ]

L

31-35 ICOLT - Number of the column in which the ;
side of the cutout nearest the *
first column of grid points lies.

1

36-40 ICOL2 ~ Number of the column in which the :
side of the cutout furtherest E
from the first column of grid
points lies. A

-— NCOLS _ -
; 1COLt IcCoL2
‘ 1234 | | 10 1112
; | |
{ |
|
fROW 1§ __ __ __ __ FOR NUMBERING OF NODES
ALONG A GENERATOR
NROWS cuTouT NSCHM#1
IROW 2___} _ _ _ __ _
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NOTE:

5.

6.

NROWS o
IROWI iROW2
L ' FOR NUMBERING OF NODES
> | | : ALONG A CROSS SECTIONAL
| ) CIRCLE NSCHM=1
3 ! |
IicoLl &} — — —
NCOLS CuUTOUT
icoz . _
11
12

finite-difference grid.

PANEL DIMENSIONS CARD (3F10.0)

Columns 1-10

11-20

21-30

Node numbering must originate at the upper left-hand corner of the

XDIM - Length of a panel parallel to

a generator.

YDIM - Length of a panel along a cross

sectional circle {not the pro-
jection).

R - Panel radius of curvature. (Any
number will suffice for a plate.

BOUNDARY CONDITION IDENTIFIER CARD (815)

Columns 1-5
6-10
i1-15
16-20

21-25

26-30
31-35
36-40

NCASE1
NCASE2
NCASE3
NCASEY
NCASES
NCASE6
NCASE7

NCASES
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NCASE identifies a boundary of the panel as indicated in the accompanying
figure. An integer from | to 5 is assigned to each NCASE according as the
desired support condition along the edge identified by NCKSE_ is one of those
shown above.

NCASE
I z NCASES z 5 Direction of a
2 > > A ————t
O w w m
S ™| NCASE7 m ro Generator
NCASE3
7. RIGID BODY CONDITION CARD (415)
Columns 1-5 IRB1 1 Tangential displacement parallel
to the boundary identified by
6-10 I1RB2 IRB_ is precluded at the mid-
= point of the boundary for an
11-15 IRB3 even number of grid points, or
at the grid point nearest mid-
16-20 IRBY point for an odd number of qrid
points.
e 0 No modifications to boundary
< IRBI=1 u=0 = conditions are made.
oo} o
= N
0 "
<
" |RB3=1, U=0 x |
3
8. INITIAL-LOAD CARD (4F15.0,15)

Columns 1-15 PZSTRT - tnitial-load normal to the pane!
surface. (Positive away from the
center of curvature.)

16-30 PXSTRT - Initial-load parallel to a genera-
tor of the panel. (Positive in
the direction of increasing grid
point numbers.)
31-45 PYSTRT - Initial-load tangent to a cross- 1
sectional circle. (Positive in
the direction of increasing arid

point numbers.
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9.

46-60
61-65
1l 23 45
!
12 ¢ |
23
3hg— —— AI_. PXSTRT
PXSTRT

POSITIVE DIRECTIONS FOR PXSTRT

AND PYSTRT FOR NSCHM=0

LOAD IDENTIFICATION CARD (415)

Columns 1-5

11-15

16-20

XDISPO - Prescribed initial axial end-

139

displacement. Negative for com-
pression.

0 Prescribed loads
MDISP =
1 Prescribed end-displacements

I N —

POSITIVE DIRECTIONS FOR PXSTRT
AND PYSTRT FOR NSCHM=1.

Concentrated load at grid
point number LNODE.

2 Line-load along row number LROW
of the finite-difference grid.
LCASE =1

3 Line-1oad along column number
LCOL of the finite~difference
qrid.

4 Uniform distributed Yoad over
L the entire surface.

LNODE - Number of the finite-difference
grid-point at which a concentrated
load is applied.

LROW - Number of the row of finite-
difference grid points along which
a line-load is applied.

LCOL ~ Number of the column of finite-
difference grid points along which
a line-load is applied.




10. LOAD INCREMENT CARD (3F10.0)

Columns 1-10 ZINCR - Load increment normal to the panetl
surface.
11-20 XINCR - Load increment parallel to a

generator of the panel.

21-30 YINCR - Load increment tangent to a cross-
sectional circle of the panel.

Positive directions for load-increments are the same as those for the initial
loads.

If VEX # ) cards 11, 12, and 13 are not required.

11. INITIAL IMPERFECTION CARD (5F10.0,15) Required only if LGRNG = 0 and 1EX = 1 !

Columns 1-10 WO - Amplitude of initial geometric
imperfection.

11-20 CONS! - Wave number of the imperfection
associated with the direction of
a generator of a panel (n/half
length of panel)

[0 Clamped curved edges and unsup-
ported straight edges.
21-30 CONS2 =
b Clamped curved edges and simply-
supported straight edges. b is
one half of the circumferential
length of a panel
31-40 X0 - x~coordinate of geometric center
of panel measured from lower left
hand corner
41-50 Y0 - y-coordinator of geometric center

of the panel measured from the
lower left hand corner

flnitial imperfection has the form

WO (x,y) - Wix{l+cos n&/a) (1-(n/b)?)
(Ctamped at curved edges - simply-
supported along the straight edges)

51-60 IMPFORM =
Initial imperfection has the form
WO(x) = WI*(1+cos w&/a)
(Clamped along the curved edges -
Lfree at the straight edaes)
i
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12.  IMPERFECTION-GRIC PARAMETER CARD (215) Required only if LGRNG = 1 and IEX = 1

Columns 1-5 MX = Number of grid points along a
generator for which discrete values
of initial imperfection are known.
Spacing of these points is required
to be uniform.

g a et w»mW—‘

6-10 MY = Number of grid points along a cross
sectional circle for which discrete
values of initial imperfection are
known. Spacing of these points is
required to be uniform.

MX or MY can not exceed 10 for the present dimensions of the program.

13. IMPERFECTION DATA CARD (10F8.0) Required only if LGRNG = 1 and 1EX = 1

A single card contains the known discrete value of initial imperfection
for every grid point in a row of the imperfection-grid. Thus, MY cards
are required: one for each row of the imperfection-grid. A row is
considered to be parallel to a generator of the panel. Imperfection
values are positive away from the center of curvature of the panel.

Imperfection-grid size cannot exceed 10 grid points in either direction
unless internal dimensions are modified.

Imperfection-grid is parallel to finite-difference grid with origin as
shown in the figure.

Direction of a
e e
Third Card, Etc. | . . . . . . ﬁ Generator
Second Card Row 2 o - . . . .
First Card Row 1 - — . —— I
14. NODAL COORDINATE CARD (2F10.0) Required only if NAUTE = 0
Columns 1-10 x-coordinate of a finite-difference qrid
point
11-20 y-coordinate of a finite-difference qrid
point

These cards are required only when NAUTO = 0; i.e., whenever a variable
finite-difference grid is required.

14




15.

STIFFENER CARD (415)

Columns 1-5

6-10

11-15

16-20

NSTFR =

NSTYP =

NSLOC

ISSPC

STIFFENER CROSS SECTION INPUT CARDS

]
(see below)

-~ O

P A A

— 0o

only if NSTFR = 1

0 no stiffeners
1 stiffeners

tocated on

included

located on outside of panel

inside of panel

spaced on all grid lines
variable spacing

The number and required input of these cards depend on the choice of
stiffener cross section type (NSTYP) above.

NSTYP = 1

(1) Columns 1-10
11-20

(2) Columns 1-10
11-20

NSTYP = 2

(1) Columns 1-10
11-20
21-30
31-40

(2) Columns 1-10
11-20

NSTYP = 3

(1) Columns 1-10
11-20
21-30
31-40
41-50

(2) Columns 1-10
11-20

(2F10.0)

(4F10.0)

(5F10.0) {2F10.0)

rectanqular plate

HGHT
WDTH

SEMOD
SGMOD

h
b

elastic modulus
shear modulus

symmetric | beam

HGHT
WDTH
FLTHK
WTHK

SEMOD
SGMOD

h (total - tf)
b
tf
tW
elastic modulus
shear modulus

non-symmetric | beam

HGHT
TWDTH
BWDTH
FLTHK

WTHK

SEMOD
SGMOD

142
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[}

h (total - t,)
by
b2
tf
tw

F

elastic modulus
shear modulus

through 8 - cross section fype

(+)

I Aoa




i NSTYP = 4 (4F10.0) (2F10.0) inverted T
1
(1) Columns 1-10 HGHT = h (total - rf/z)
11-20 WDTH = b
21-30 FLTHK - tg¢
31-40 WTHK = t,,
(2) Columns 1-10 SEMOD = elastic modulus
11-20 SGMOD = shear modulus

NSTYP = 5 (4F10.0) (2F10.0) _T beam

(1) Columns 1-10 HGHT = h (total - tF/Z)
11-20 WDTH = b
21-30 FLTHK = t¢
31-40 WTHK = t,,
(2) Columns 1-10 SEMOD - elastic modulus
11-20 SGMOD - shear modulus
NSTYP = 6 (4F10.0) (2F10.0) C beam
(1) Columns 1-10 HGHT = h (total - tf)
11-20 WDTH =
21-30 FLTHK = t¢
31-40 WTHK = ¢t ;
(2) Columns 1-10 SEMOD = elastic modulus
11-20 SGMOD = shear modulus

NSTYP = 7 (4F10.0) (2F10.0) L beam

(1) Columns 1-10 HGHT = h (total - t./2)
11-20 WDTH = b
21-30 FLTHK = t¢
31-40 WTHK = t,,

(2) Columns 1-10 SEMOD = elastic modulus
11-20 SGMOD = shear modulus

NSTYP = 8 (4F10.0) (5F10.0) (2F10.0) wuser's choice

(1) Columns 1-10 SAREA = cross section area
11-20 CE! = 1st principal moment of inertia, Ig¢
21-30 ETAl = 2nd principal moment of inertia, Iww
31-40 ALPHA = angle from horizontal to §—direction,
in radians
: (2) Columns 1-10 CED = distance to contact point, E~direction
! 11-20 ETAD = distance to contact point, n-direction
21-30 CES = distance to shear center, §_direction
31-40 ETAS = distance to shear center, 7~direction
41-50 CONSTJ = twisting constant, J
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{(3) Columns 1-10 SEMOD - elastic modulus
11-20 SGMOD ~ shear modulus

Refer to figure on the next page for an example of these quantities
for the user's choice stiffener, type 8.

NSTYP = 9 (4F10.0,15) (5F10.0) QUASI-1SOTROPIC HAT SECTION

(1) Columns 1 - 10 HGHT = h
T — 3
11 -20 WDTH =b ' i )
-g\l i 1 |
21 - 30 FLNGW = b i !
! e o Jl___
31 - 40 STHK = t T
41 - 45 NLAYER = No. of L-ﬁ. J 4 JA {,,_J
lavers. 4 '
(2) Columns ' - 10 E1l = elastic UNIFORM SECTioN THICKNESS.

modulus parallel to

the fibers of a lamina.

11 - 20 £22 = elastic modulus
perpendicular to the

fibers of a lamina.
21 - 30 G12 = lamina shear modulus

31 ~ 40 PNU12 = Poisson ratio associated

with stress along fiber direction.

41 -~ 50 PNU21 = Poisson ratio associated
with stress perpendicular to fiber

direction.
This stiffener cross section type accomodates fiber-reinforced
stiffeners where the fiber directions are alternately zero and 90

degrees. Midplane symmetry is assumed.

m




SRy

'§ Note that the stiffeners when located on the inside of the panel are
. inverted as depicted below.
!
‘ 7/ S les O
, | ~
;
i Pty
3 STIEFENER ON Tve STIFFENER om THE
' OUTSIDE ©OF PANEL INSIDE oF FPANEL .
17. NUMBER OF STIFFENERS (15) needed only if 1SSPC = 1, NSTFR = |
Columns 1-5 NST = pumber of stiffeners if they are

not on each grid line

18. VARIABLE SPACING STIFFENER CARDS (15) only if ISSPC = 1, NSTFR = |

Columns 1-5 NSROW = row number that locates stiffener
(if NSCHM = 0)
column number that locates stiffener
(if NSCHM = 1)

One card is required for each stiffener, so there will be the same

number of cards as NST above. The row (or column) numbers must be in
increasing order, i.e., 1,4,7,10, etc. not 1,7,4,10.

19. NUMBER OF LAYERS CARD (I5)

Columns 1-5 KN - Number of layers in the laminate.

20. LAYER LOCATION CARDS (F10.0)

Columns 1-10 Distance (inches) between a layer surface
nearest the center of curvature and the
laminate reference surface. First layer
is considered to be the one nearest the
center of curvature. Distances measured
toward the center of curvature are negative.

A card for the most remote surface of the last layer is required. Thus,
there is required KN+! LAYER LOCATION CARDS.
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2). MATERIAL PROPERTIES CARDS (6F10.0) One card is required for each layer.

% Columns 1-10 Modulus of elasticity parallel to the
fibers of a given layer (1b/in?)

11-20 Modulus of elasticity perpendicular to
the fibers of a given layer (1b/in?)

21-30 Poisson ratio associated with strain
parallel to the fiber axis due to a stress
perpendicular to the fiber axis

1 31-40 Poisson ratio associated with strain perpen-
i dicular to the fiber axis due to a stress
parallel to the fiber axis.
41-50 Shearing modulus of elasticity (1b/in?)
51-60 Angle between the fiber direction and a

generator of the panel. This angle is
positive whenever the fiber direction is
situated in a clockwise orientation relative
to the positive x-direction.
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EXAMPLE THAT DEFINES INPUT QUANTITIES
FOR USERS CHOICE STIFFENER

A | % —
: C —  cenNTrROID 1,
Hf VL S —  SHEAR CENTER i
ANT
| D - CONTACT POINT
. | '3 BETWEEN PANEL
| c \ hd N AND STIFFENER '
\ 3 e
| #\ !
! AN kS -
S O STTNY S
' i
Mﬁk_ D7 > ,S\’%\ :
L—— A 3
i

AREA = (A- Z:‘&)fw*{fit.
q

i - ,
.= ELZ’LI‘L +\/[_I_~_-2_I_u)‘+ = ohy

£S

1

Tox + Tyq Taw— Ty )2 2
77—t -\/(J“T_H) + T

I =

& d

.. 2T

K= B ARC TAN (?m,'lé_]r;?)

CED = §, . Hege —(j*i‘t”_)mtx

ETAD = % —(7+fit)mm |
CES = ¢ = (Yoot + X cogu)

ETAS =

TAS ’Zs —(?mu—?u...«)

Aty
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