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Test results and related structural instability analyses are presented for a 10-ft-diam, 37-in.-long cylinder, and
a 10-ft-diam, 40 in.-long, 45-deg. conical frustum, Both structures are based upon flanged isogrids and are
fabricated in 2024-T851 aluminum. Peak edge load intensities at failure were 1,654 Ib/in. for the cylinder, and
1,457 1b/in. at the small diam of the frustum. General instability cylindrical-monocoque-structure equivalent
knockdown factors for both were in good agreement (y =0.48). Design analysis is also derived for estimating
critical cylinder instability edge loads from the performance of two tandem |sogr|d members. Evaluation is made
of effective skin contributing to isogrid load-carrying cross-section.

Introduction

SOGRID is an efficient grid-member and skin structure in

which grid members are arranged in an isosceles triangular
pattern. To use the isogrid to its maxiumum efficiency, ac-
curate prediction of failure loads is required. Local and
general instability compression failure modes are generally of
primary interest. Isogrid element crippling and buckling loads
can be predicted with current analytical techniques; however,
as for other compression-critical structures, a wide disparity
may exist between general instability failure loads predicted
by theory and measured by test. It is necessary to test full-
scale structural models to determine and evaluate empirical
correction or ‘‘knockdown’’ factors that are applied to theory
to predict general instability failure accurately.

This paper reviews design, development, and structural
testing of flanged isogrid cylindrical and conical structures.
Design equations are derived for predicting general instability
and local crippling failure. These equations, as well as
established isogrid design equations, are then evaluated using
results of tests on full-scale isogrid structures.

Extended local instability in the cylindrical structure is
evaluated with the aid of a model consisting of two tandem
members having variable fixities at their ends and joining
‘point. The model includes eccentricity accounting for an-
ticlastic curvature or offset between load and the neutral axis.
It can be used for both tensile and compressive loading.
Evaluation of structural performance on the basis of this
model is in agreement with results obtained using published
isogrid general instability analyses.

Cylindrical Grid Test Specimen

Figure 1 shows the test specimen, a 2024-T851 aluminum
alloy flanged isogrid cylinder. The specimen is 10 ft in diam
and 37 in. long. It is assembled from three panels initially
machined from flat sheet and then roll formed.
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Huck-bolted inside and outside splice plates (Fig. 2) create
structural continuity between diagonal grid members along
longitudinal panel-to-panel butt joints. Continuity between
butting skins is provided by riveted splice plates. All splices
are segmented to prevent hard spots in longitudinal edge stiff-
ness.

Flanged, square-pocketed transition sections (Fig. 2) at the
cylinder ends include bolted flanges and provide stiffness that
spreads hard-point loading of longitudinal grid members into
the bolted flange.

Fig.2 Longitudinal spliced joint.
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Fig.3 Typical grid member cross-section (dimensions in inches).

|—0.500R

Fig.4 Typical node cross-section (dimensions in inches).

Figure 3 is a cross-section of a typical grid member; Fig. 4 is
a cross-section of a typical hollow node. Note that the inner
node flange is thickened for stiffness and strength reasons.

Test Setup and Instrumentation

Axial and body bending loads were applied to the test
specimen by two fixtures actuated by 24 hydraulic loading
cylinders (numbered in Fig. 5) in which loads were measured
by 24 tandem load cells. Applied flange edge load intensity
was nearly proportional to the distance from the diametrical

- bending axis.

The test specimen was instrumented with 370 strain gages
to determine grid, node, transition-section, and skin stresses,
and with 160 linear transducers (having a maximum error of
+0.0003 inch) to measure radial displacements at nodes.
Much of this instrumentation was concentrated in areas of ex-

Fig.5 Testsetup.
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pected failure. Linear transducers also measured movement
between upper and lower fixtures.

Test Results

Test results (presented in Ref. 1 and summarized in Ref. 2)
indicate that failure occurred at a peak edge load intensity of
1,654 1b/in. Figure 6 shows damage in the expected area of
initial failure, about 12 in. above the lower flange. The failure
was inboard and did not include nodes.

Since skins were designed to buckle elastically at about 400
Ib/in., most of the applied load is reacted by grid members.
At loads up to 77% of the failure load, measured forces in
diagonal members were about 10% of those in longitudinal
members. Just before failure, they reached 25%. This is
caused by internal load redistributions resulting from local
structural yielding. Grid member cross-section was assumed
to include a skin width 47 times the skin thickness.

Structural Topography

Computer programs were developed for the CDC CYBER
70 computer and SC-4020 plotter to compute and plot test-
specimen contours of radial deflections. The programs use
measured radial deflections at isogrid nodes determined with
the aid of linear transducers. These deflections are recorded,
as is all test data, on computer data tape. Plots are drawn on a
developed flat pattern of the specimen.

Topographical contours near failure load intensities (Fig. 7)
indicate that the probable position of first major structural
failure was either at, or more probably, 24 deg. coun-
terclockwise from the point of nominal peak edge load in-
tensity. This separation is explained by structural manufac-
turing tolerances and loading fixture flexibility. Such factors
were considered in arriving at the conservative estimate of
1,654 1b/in. failure load intensity.

Structural Analysis

Test data will be used to determine knockdown factors for a
general instability model and an extended local instability
model based upon two in-line longitudinal grid members.
General Instability

Critical edge loading for general instability is

Y E*(1*)?
Neg = -
HTB3U-vH1* R

)]
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Fig. 7 Topographical contour near point of failure.
where

v =knockdown (correlation) factor

v =Poisson’s ratio (0.3)

R =cylinder radius

E* and T*=monocoque cylinder equivalent modulus
and thickness per Ref. 3.

propldtoets)”
B
P .
re @
l+a+p

where, using the symbols of Fig. 8

T B2=(T4op) [3U+8)2+3u(e+N) 2+ 1+ ab?
N T =3[ (I +8) —p(6+N) 17 3

d=d/t, N=c/t, a=bd/th, p=wc/th @

where h=height of isogrid triangle and t=smeared out ¢,
and 47 ¢, effective skin.
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Fig. 8 Grid member cross-section.

Using R=60 in., the cross-section in Fig. 3, and node-to-
node spacing @=7.388 in. in the above analysis, y=0.48 is
computed. Figure 9 shows N¢x vs a node-to-node spacing, for
general instability, using y=0.48. For unbuckled skin, con-
sistent v = .65 was obtained in Ref. 3. Employing the analyses
in Ref. 4, Fig. 9 also includes N vs ‘@’ for column
buckling, material yield (based upon Fcy=58,000 psi), and
skin buckling. Web and flange buckling-critical edge loads are
greater than 4,000 Ib/in. and therefore do not appear on Fig.
9. General instability is the controlling failure mode up to
a=12.7 in. in this case. As previously noted, skin buckling is
not a controlling factor in load-carrying capability.

Extended Local Instability Analysis

Beam column instabiliity of two tandem longitudinal grid
members will be considered as a basis for evaluating load-
carrying capability of the isogrid cylinder. That is, failure in
these grid numbers is taken to trigger general instability.

Description of Model

The model to be analyzed includes two initially straight
members, the neutral axes of which intersect at a point offset
e with respect to a line along which applied forces F act as
shown in Fig. 10a. The offset is taken as positive when it is in
the skin-to-inner flange direction. It can represent anticlastic
or synclastic curvature, misalingment of applied forces, and
eccentricity between applied forces and beam neutral axis.

A fixity due to a torsional spring rate k, is assumed to exist
at Points 1 and 3 in Fig. 10. This spring rate, about a normal
to grid-member plane, is determined from the model in Fig.
10b, which includes an in-line grid member of arbitrary length
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Fig. 10 Beam column model for extended local instability analysis.

a” but having the same cross-section as isogrid grid members.
Similarily, the linear spring restraint k at. Point 2 (also used in
the model for determining k,) is based on the model in Fig.
10c. An arbitrary grid member length ¢’ is used in this model.
The equivalent lengths @’ and a” are obtained from:

a'=K;a

a’"=K, a . (&)

where grid member length factors K, and K, are determined
to equate theoretical and measured data.
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The isogrid grid member cross-section in Fig. 8 includes 47
t; effective skin. :
Analysis

Assuming ‘initially a straight-line grid member between
Points 1 and 2 in Fig. 10, and that y is the grid member deflec-
tion with respect to this line between Points 1 and 2

M= —EId’y/dx? ()

where M, the applied bending moment, is positive when' it
causes compression on the right side of the grid member. I is

" moment of inertia of section in Fig. 8. Eis Young’s modulus.

Between Points 1 and 2:
M=Fy+Fex/a—k©O,—y, kx/2 )

where O, is the angular deflection at Point 1 with respect to
the line between Points 1 and 3, and is positive when clock--
wise relative to this line; y, is the displacement at Point 2 due
to applied load F.

From Eq. (6) and (7)

@’ Fe k
EI( dxf >=—Fy+[—7+%]x+k,9, ®)

Eq. (8) can be modeled as:

V=bpy+a;x+c &)

Using Laplace transorm techniques, the following solution
has been developed for Eq. (9).

_ a; el :
y—[(—b,)"5+—(—b1)0'5] sin(xvV —b;)
a;x C; / —
-—ZI— +—51—[COS(X ~br) I] (10

This is also a solution to Eq. (8) when the following sub-
stitutions are made

b, = —F/EI bl = —Fe/aEl
a1=b;“k”y2 k”=-k/2EI
C1=k[4e/ kl4=k,/E1 (11)

Eq. (10) is valid when the force, F, is compressive and
therefore b, in Eq. (11) is negative.

Slope O at any point on the elastic curve as a function of x
in given by

I X
e=e,—E—ISOde (12)

Using Egs. (7) and (10) in Eq. (12) and performing integration

0=0,+ é{‘F[( (—;:)’-5 - (~(Z}l) )

XCOS(XV —b[) _101x2+k,49,sin(xv—b1) k,49,x

(=b))%’ 2b, b (=b,)% b,
+[ Fe+@]x—z+kex} 13
p > 17 9, (13)
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Making use of the boundary condition ©, =0 at x=a in Eq. »

(13)

1 Fea ka?
el:szl[—b;k7+7 —y2<7—k11k7>] (14)

where
k2=1_F[COS(a\/Tb’)_1] +m+‘k14a1:‘
EIb, EI ' b,EI
Flsin(al =) s
Elb,(—b;) 03
cos(av —=b;)—1 a’ ]
=L 7 T 5. 16

Making use in Eq. (10) of boundary condition y=y, at x=a
and O, from Eq. (14)-

_ b;k71+k72k74+k2E]

= 17
Y2 I—kos amn
where
sin(av'—b,) a Fea
= - kp=—blk,+-— 18
71 (b,) 5 b, 72 k7t (18)

—-b, 7

74
ka? —
k3= v ~kk;, (a\/—b, ) =11

k sk T B
kys=—kkyy——2-2 [exp(avb,) —exp(—avb,)] (20)
K, EI

From Eq. (17), ¥, is used in Eq. (14) to determine 6 ;.

When the applied force is in tension, and therefore b, in
Eq. (11) is positive, the sine and cosine terms in the above ex-
pressions become hyperbolic functions. Making the following
substitutions, imaginary terms cancel out and solutions
remain real.

cos(av—b,) =¥ [exp(avb,;) +exp(—avbh,)]

! lexp(aVB}) —exp(~av;)]

sin(av —b;) = >

The equivalent spring restraints k& and &, in Figs., 10b and
10c are

24 EI EI
=, k =
@ K @1

, [1+ k/4 ]
a . Kfs
k/3+EIl/(a")’

i
N

When y, and ©, are determined, M can be solved from Eq. (7)
and outer fiber stresses can be found from.

MC, F M(s—C,) F
7 + A orS 7 7 22)

Maximum stresses are S, at x=0 and S, at x=a. Analytical
approach is to determine force F at which S, or S, is at
allowable ultimate stress F,, (60,000 psi). Then

F

- - 2
(cos 60° Yqya @3)

CR
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Fig. 11 Ny vs “‘a’ for extended local instability.

n={fraction of applied load reacted by longitudinal grid
members (0.9 is used in this case).

Numerical Evaluation

The above analyses were carried out using computerized
iterations of F. It was important to dramatically reduce F in-
crements at critical loads (i.e., at y, =0.01g, in this case) when
¥, tended to approach infinity very rapidly.

Using defined parameters and test results, the above
analysis was exercised to determine K,=K,=1.4, which
produced the best test data point fit. Measured structural ec-
centircity e=0.02 inch and E=10"7 psi were used in the
analysis.

Figure 11 presents N vs ““‘@’’ for different eccentricities.
Comparing Fig. 9 and 11 it is evident that extended local in-
stability limits N for ““a’’ greater than 9 in. (in this case).

At the test data point in Fig. 11, values computed in the
above analysis include y,=0.024, S, = 60,000 psi, S, = 59,040
psi, and F=9,400 1b.
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Fig. 12 Conical isogrid test specimen.
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Fig. 13  Grid-skin stress distribution.

The results in Fig. 11 are based on an effective skin width of
47 t,. Effects of varying these skin widths are shown in Fig. 11
where Ny vs a is plotted for skin widths of 24 ¢, 47 ¢, and 71
t;. There is no evidence that skin widths as low as 24 ¢, are
valid. Study of load distribution in grid members at nominal
peak intensity point, however, does suggest that 71 ¢, may be
valid.

Conical Isogrid Structure

A 10-ft-diam, 40-in.-long, 45-deg. conical frustum (Fig. 12)
was tested in axial compression and body bending. The cone
has diagonal grid members, described by exponential spirals,
to increase grid density in approximate proportion to in-
ternally reacted edge load intensity. The grid cross-section ap-
proximates that of the isogrid cylinder previously described.

At failure, axial edge load intensities were 1,457 1b/in. at
the small diameter, and 478 1b/in. at the large diameter. As in
the case of the cylinder, failure was inward at about one-third
the frustum length from the large diameter. At that point, the
computed equivalent cylinder edge load intensity was 1,070
Ib/in.

Using an analysis similar to that for the cylinder, but
altered to include proportionality between R and a, the cylin-
der equivalent general instability knockdown factor of
v =0.49 was determined. This value is in good agreement with
the v =0.48 from the cylinder test.

Effective Skin Width
The cylindrical test specimen incorporated rosette strain
gages on both sides of selected isogrid skins to determine prin-
cipal skin stresses (Fig. 13) at different percentages of failure
load. . : :
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Table 1 Isogrid skin panel stress

Percentage of Failure Load

31% 46% 62% 77%
04y (Ksi) 8.2013 11.1624 14.0504 16.9290
Weer (in.) 1.681 1.231 1.040 0.901
C 1.64 1.64 1.69 1.73

Effective skin width on one side of a grid member is

Wegr =2.970,, /04iq

where 6, is the skin stress averaged over the 2.97 in. between
the flange edge and center of isosceles triangle, and o4 is the
stress at the center of the reference grid in Fig. 13.

Using the above known values, and the following classical
relationship

W =Ct E/oyyy

Table 1 was derived. From Table 1, the average C=1.67 is
76% greater than C=0.95 for typical riveted skin-stringer
construction. This difference is attributed to skin edge fixity
provided by integral isogrid construction. In previous isogrid
analyses, in this paper, w; =23.5¢, =0.94 in. was used.

Compression Buckling of Skin

A secondary objective of the cylindrical adapter test
program was to obtain test data to develop relationships for
predicting compression buckling of the flanged isogrid skin
panels.

LOAD
1,200
(AARRRRER!
1,000 r_ GAGE3
BACK-TQ-BACK
800 GAGES 1,3 GAGE 4
BACK-T0-BACK
600~ GAGES2,4
400 -
- _

= -~
s ™\ & = AVERAGE OF
) GAGES2 & 4
o N
o 0
£
=
= om0 GAGE 2
5

400}

POINT OF INCIPIENT BUCKLING
800~ N e ——
800~ ¢1 = AVERAGE OF GAGES 1& 3

41,000 p~
1,200
1A b GAGE 1
1,600
-1.800}-
-2,000 Il I 1 1 1 1 ! i I
0 10 20 30 40 50 60 70 80 30 100

PER CENT LOAD
Fig. 14. Isogrid skin strain vs load.



784

Skin compression buckiing was measured by back-to-back
rosette strain gages at the center of four triangular skin

i

Table2 K_ calculations for flanged isogrid test specimen

-
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panels. Typical strain data, measured parallel and per-
pendicular to the direction of loadings is presented in Fig. 15.
v, is the average strain in the direction of loading; ¢, is the
average strain perpendicular to the direction of loading. The
point of incipient buckling was defined as the point at which
the ¢, curve in Fig. 14 starts to deviate from a straight line.

The critical buckling stress is'defined as

Ocr=

1

€ €2
f h Mirco Mirco O¢r
Panel (in.) (in.) Strain Strain (psi) K.

1 0.039 6.35 — 580 180  —6,069 16.95
2 0.038 6.35 —550 240 . —5,861 17.25
3 0.037 6.35 —520 160 —5,446 16.90
4 0.037 6.35 —520 150 —5,480 17.00

| Y
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e; and e, being the measured'strains at incipient buckling.
From Ref. 5, critical buckling stress is defined as

K. w’E [t, ]2

CR= 25
7 12(1—v2) L n @)
Solving for the buckling coefficient
12 ( I1— U2 ) OCR
Ke=———" (26)

TRt /1h)?

K, calculations for the four panels are summarized in Table 2.
The average K, calculated for the four panels is 17.0. This
value compares with K, =7.5 for triangular panels with sim-
ply supported edges and k,=18.75 for panels with clamped
edges. The short, compact flanged isogrid grid members were
therefore providing considerable edge fixity for the test
panels.

Reactions in Peak Load Intensity Area

In the cylindrical adapter test, the nominal peak edge load
intensity point (Fig. 7) was potentially one of the places at
which general instability was precipitated. It is also an area
logically chosen to contain the highest strain gage con-
centration.

Using data from gages on inside and outside flanges, forces
(F) and bending moments (M) in grid members are computed
from simultaneous solution of

=S, = + — 27
-and

g ) D 28
S, 7 +A (28)

where S, S, are, respectively, measured stresses on the inner
flange and outer flange on skin side; other symbols are as
previously defined:

C,=0.504in., A=0.162in.%, I=0.013in.%, and s=0.73 in.

Using the above and available §; and S,, measured (strain
gage) data in Eqgs. (27) and (28) grid member axial forces and
bending moments are computed at 77% and 96% of failure
load conditions for part of the structure near the peak load in-
tensity area. These are shown in Fig. 16. When measured
stresses S, or S, exceed 61,000 psi (material ultimate stress),
actual stresses are assumed to be 61,000 psi. Data in Fig. 16
are labeled with an asterisk to indicate measured stresses that
exceed 61,000 psi. Negative moments imply compression in
outer flange.
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The following observations are made after an examination
of data in Fig. 15.

1) When the structure is primarily in its elastic range (i.e.,
as at 77% of failure load), axial forces in the diagonal mem-
bers are about 10% of axial forces in longitudinal members.
At 96% of failure load, diagonal members experience as much
as 25% of the load in longitudinal members. This is caused by
load redistributions due to local yielding in the structure.

2) Positive moments in transition structure grid members
at the upper and lower bolted flanges indicates possible failure

_ of jack bolts in flanges of loading fixture (i.e., the loading fix-

ture flanges were equipped with jack bolts for prying flanges

" to induce edge moments in addition to line loads, -but these

were set for no prying action during the final load to failure
test). This loading flange failure caused load to be relieved
from the skin side of the structure and to be picked up on the
inboard side of the loading fixture flange. The high bending
moment in the failed longitudinal grid members may have
precipitated overall failure by failing inner flanges alter-
natively in compression and tension. The negative bending
moment in the failed grid member at 354 deg is due to beam
column effect, while at 0 deg it is due to flange kick moments.

3) Shear flow in skins and loads in diagonal members ac-
counts for variations in loads along longitudinal members.

4) Since diagonal grid members experience less load than
in-line grid members, it may be reasonable to assume that an
effective skin width greater than the 47 7, should be used in
computing the cross-sectional properties of diagonal mem-
bers. If 70 t; were assumed, loads in the diagonal members
would be greater than those indicated in Fig. 17 by about
17%, which are significant compared to loads in longitudinal
grid members.

Summary of Results

Smeared-out structure equivalent knockdown (correlation)
factor y=.48 is determined for tested flanges isogrid cylin-
drical and conical structures. Grid member length factors
K;=K,=1.4 are estimated in an extended local instability
analysis to relate the failure of two tandem grid members to
general instability. Skin buckling coefficient K, =17 is com-
puted from experimental data.
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