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Effects of Welding-Induced Imperfections on Behavior
of Space Shuttle Superlightweight Tank
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Results of linear-bifurcation buckling and nonlinear analyses of the Space Shuttle superlightweight external
liquid-oxygen tank are presented for an important prelaunch loading condition. These results show the effects of
actual, measured welding-induced initial geometric imperfections on an important response mode for thin-walled
shells that are subjected to combined mechanical and thermalloads. This type of initial geometric imperfection may
be encountered in the design of other liquid-fuel launch vehicles. Results are presented that show that the liquid-
oxygen tank will buckle in the barrel section, but at load levels nearly four times the magnitude of the operational
load level, and will exhibit stable postbuckling behavior. The actual measured imperfections are located in this
section of the tank. Results of imperfection sensitivity analyses are presented that show that the largest degradation
in the apparent membrane stiffnesses of the liquid-oxygen tank barrel section is caused by an imperfection shape
that is in the form of the linear-bifurcation buckling mode with a relatively small amplitude. These results also
show that the effect of the relatively large-amplitude measured imperfection is benign.

Introduction

ONSTRUCTION of the International Space Station (ISS) has
created a requirement for the Space Shuttle to deliver a large
number of payloads to a 51.6-deg high-inclination orbit. Until re-
cently, achieving this orbit required the payload capacity of the
orbiter be reduced by approximately 10,000 Ib. To recover most of
this lost payload capacity, and to minimize the number of Space
Shuttle flights needed to build the ISS, NASA developed a new,
lighter-weight external fuel tank for the Space Shuttle. This new
design, referred to as the superlightweight (SLWT) external tank,
is made primarily of an aluminum-ithium alloy and weighs ap-
proximately 58,000 Ib, which is approximately 8000 Ib lighter than
the lightweight aluminum external tank previously in service. This
8000-1b weight savings translates into an 8000-1b increase in the
payload capacity for the orbiter. The new SLWT tank flew for the
firsttime on 2 June 1998 (Space TransportationSystem-mission91).
Important considerationsin the design of the SLWT tank are the
nonlinear behavior of its thin walled regions that experience com-
pressive and shear stresses and the sensitivity of the response to
initial geometric imperfections. Small initial geometric imperfec-
tions are known to cause premature, and sometimes unexpected,
buckling of thin shell structures. These effects are very important
for the SLWT tank because local or global buckling of the shell
wall could cause the thermal protection system (TPS) to separate
from the tank, which could cause the vehicle to fail. As part of a
plan to ensure that the design does not have a shell-wall instabil-
ity, accurate predictions of the nonlinearresponse and imperfection
sensitivity of the SLWT tank are needed. Accurate predictions of
the nonlinear response of the SLWT tank have been shown to re-
quire a large-scale, high-fidelity, finite element model to represent
the complex structural details of the SLWT tank, and a robust non-
linear shell analysis capability that can predict local and general
instability buckling modes.'*
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One component of the SLWT tank that experiences significant
compressive stresses is the liquid-oxygen (LO,) tank. The weights
of the liquid-hydrogen (LH,) tank, the LO, tank, and the fuel are
reacted at the solid-rocket-booster(SRB) attachment points, which
causes meridional compressive stresses and shear stresses that ex-
tend into the nose of the SLWT tank. After welding the first SLWT
LO, tank flight article, relatively large initial geometric imperfec-
tions were found and measured, and the effects of these large im-
perfectionsbecame a major concern in the developmentof the tank
(N. Otte, Space Shuttle SuperlightweightExternal Tank Project En-
gineer, NASA Marshall Space Flight Center, private communica-
tion, 1996).

The present paper presents results of linear-bifurcationbuckling
and nonlinearanalysesof the SLWT LO, tank that were conductedat
the NASA Langley Research Center to determine the effects of these
large welding-induced initial geometric imperfections on the shell
response. These results are for a critical prelaunch loading condition
that causes high compressive and shear stresses in the barrel section
of the LO, tank, where the initial imperfections are pronounced.
The objective of the present paper is to identify and articulate the
effects of these imperfections on the nonlinear shell response. To
fulfill this objective, an overview of the SLWT tank structure and
the details of the loading condition are presented first. Then, details
of the finite element modeling and load simulation are summarized.
Next, detailsof the initial geometricimperfectionmeasurements and
finite element analysis results are presented. These results illustrate
the differences in the sensitivity of the nonlinear shell response to
the measured welding-induced initial geometric imperfections and
toimperfectionsin the form of the linear-bifurcationbucklingmode.
Throughout the paper, generic aspects of the finite element models,
analyses, and results appear that should be of interest to designers
of liquid-fuel launch vehicles.

Overview of the Structure

The Space Shuttle consists of the orbiter, two SRBs, and the ex-
ternal tank (ET), as shown in Fig. 1. The ET consists of a LO,
tank, a LH, tank, and an intermediate structure called the intertank
(Fig. 1). The intertank transmits the weight of the fuel, the ET struc-
tural weight, and the orbiter weight to the SRBs prior to launch and
transmits thrust loads from the SRBs and the orbiter to the ET dur-
ing ascent. The SLWT LO, tank is a thin-walled monocoque shell
made primarily of 2195 aluminumithium alloy. The LO, tank is
approximately 49 ft long and has a maximum diameter of approx-
imately 27.5 ft, as indicated in Fig. 2. The LO, tank consists of a
forward-ogive sectionmade from 8 gore panels, an aft-ogive section
made from 12 gore panels, a cylindrical barrel section made from
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Fig. 2 Space Shuttle external LO, tank components; values of XT are
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4 barrel panels, and an aft elliptical dome sectionmade from 12 gore
panels. The coordinate systems used to locate the elements of the
LO, tank and the intertank also are shownin Figs. 1 and 2. The coor-
dinates (XT, Y, Z) are typically referred to as the global coordinate
system of the ET, and axial positions along the tank are indicated
by the coordinate value of X7 in inches. For example, the location
of the junction between the forward and aft ogives is indicated by
writing XT = 536.74 in. Cylindrical coordinates are also used and
are given by (X7, r, 0), where a positive value of 6is measured from
the positive Z axis toward the positive Y axis, as shown in Fig. 2b.

The LO, tank also has a forward ring frame with a T-shaped cross
section that is referred to herein as the T-ring frame, and an aft ring
frame with a Y-shaped cross section that is referred to herein as
the Y-ring frame. These two ring frames support a baffle assembly
that prevents the fuel from sloshing during ascent. The slosh baf-

fle, a lightweight (approximately 455 1b), thin-walled structure, is
supported by deep, thin-walled rings at each end that attach to the
forward T-ring and the aft Y-ring frames. Other parts of the LO, tank
includea nonstructuralnose cone, a forged forward-ogivefitting and
cover plate, an aft spherical dome cap that contains the LO, suction
fitting and a covered manhole, and a vortex baffle attached to the
base of the aft dome cap. The LO, tank gore and barrel panels are
stretch formed, chemically milled, and then welded together. The
panels are fabricated with substantial thickness tailoring to reduce
structural weight. The panels are somewhat thicker at the welds to
form a stiffenerlike region that is used as a weld land. The primary
role of the weld lands is to compensate for any reduction in shell-
wall strength that is caused by welding. Tapering the weld lands in
thicknessand width along their lengthreduces weight and alleviates
stress concentrationsin the shell that result from abrupt changes in
thickness.

The intertank is a right-circular cylinder that is made from 2090
aluminum-ithiumand 7075 aluminumalloysandis shownin Fig. 1.
The approximately 22.5-ft-longintertank has a diameter of approx-
imately 27.5 ft and consists of six 45-deg curved panels that are
stiffened longitudinally with external hat stiffeners and that are re-
ferred to herein as skin-stringer panels. The intertank also has two
massive, 45-deg curved panels, referred to as thrust panels, located
perpendicularto the Y axis of the intertank (see Fig. 1), and these
panelsare stiffenedlongitudinallywith integrallymachined external
blade stiffeners. These eight panels are assembled into the intertank
with mechanical fasteners and are attached to five large internal
ring frames, a forward flange, and an aft flange. Longitudinal straps
(referred to herein as roll ties) suppress lateral-torsional deflection
of the ring frames. The main central ring frame, two thrust panel
longerons, and the thrust panels are connected to each end of a ta-
pered beam that is referred to herein as the SRB beam (see Fig. 1).
The SRB beam spans the diameter of the intertank along the Y axis
and has a maximum depth (in the X7 direction) of approximately
43 in. atits midspan. Forged fittings (referred to herein as SRB thrust
fittings) that are incapable of transmitting moments are fastened to
the ends of the SRB beam. The primary role of the thrust panels
is to diffuse the large axial loads introduced by the SRBs into the
intertank and then into the LO, tank shell wall. The SRB beam com-
pensates for the eccentricity of the concentratedloads introduced by
the SRBs. The SRB beam also supports the loads normal to the inter-
tank (parallel to the SRB beam) at the SRB attachment points. The
intertank also has a 46-in.-high by 52-in.-wide frame-reinforced
nonstructural access door located along the cylinder generator at
approximately 6 = 146 deg.

Critical Loading Condition

The critical SLWT tank loading condition that was used to assess
the importance of the welding-induced initial geometric imperfec-
tions was identified and supplied by the members of the SLWT tank
structural verification team at the NASA Marshall Space Flight Cen-
ter and the Lockheed Martin Michoud Space Systems Division. This
critical loading condition corresponds to prelaunch fueling condi-
tions in which the LH, tank is filled with propellant and the LO,
tank is empty. This loading condition has been described in detail
in Refs. 1 and 2. In addition, this loading condition was identified
as a worst-case condition, and, as a result, no attempts are made
in the present study to address issues of loading imperfections or
perturbations, with the exception of the wind loading. Details of
this prelaunch loading condition are shown in Fig. 3 and discussed
subsequently for convenience.

The loads consist of a wind load, the structural weight, the
SRB interface forces, and the LH, tank interface force and mo-
ment. In addition, there is no ullage pressure and no tempera-
ture change in the LO, tank. However, the lower 45 in. of the
intertank are subjected to an axisymmetric, uniform through-the-
thickness temperature field that varies linearly from —423°F, where
the intertank is attached to the LH, tank (X7 =1129 in.), to
50°F at the top of the LH, tank forward dome (X7 = 1084 in.).
The nominal ambient temperature of the LO, tank and the inter-
tank prior to fueling is 50°F. The SRB interface forces are given
by R, =—224.092i — 52.223j — 28.954k kips (1 kip=1000 1b)
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and R, = —343.624i +48.261j — 30.754k kips, where the vec-
tors R, and R, correspond to the +Y and —Y ends of the SRB
beam that is shown in Fig. 3. The vectors i, j, and k are stan-
dard orthonormal base vectors associated with the X7, Y, and Z
axes, respectively. Similarly, the interface force and moment be-
tween the intertank and the LH, tank at X7 =1129 in.
are given by F =541.593i+9.614j+ 63.494k kips and M=
—310.500i + 10,715.745j 4+ 16,828.58% in.-kips. The wind pres-
sure that acts on the LO, tank and the intertank has a resultant force
given by —5.652j — 3.786k kips. Comparison of the magnitude of
the wind load with the other loads that act on the structure indicates
that the wind load is relatively small. The actual wind pressure dis-
tribution that was input into the finite element models is somewhat
complicated and, as a result, is not presented herein.

Analysis Code and Finite Element Modeling

The results of the elastic, linear-bifurcation buckling and non-
linear analyses were obtained with the STAGS nonlinear structural
analysis code for general shells.? The finite element models of the
SLWT tank that were used in the present study are very complex
and include many structural details and the skin thickness varia-
tions or tailoring used to reduce structural weight; for example,
see Ref. 4. A detailed description of these models is presented in
Ref. 1. STAGS was chosen for analyzing the SLWT tank because
of its robust state-of-the-artnonlinear-equationsolution algorithms
and its general user-inputcapability thatis convenient for modeling
branchedshells thatare typically used for launch vehicles. The shell
elements that were used to model the SLWT tank response are based
on classical thin-shell theory. The use of these elements is justifed
becausethe ratio of the wall thicknessto the minimum radius of cur-
vature at each point of the undeformed LO, tank is typically much
less than 0.1 and, as will be shown, because the ratio of the largest
thickness of the shell wall that forms a given deformation pattern to
the smallest characteristic length of the deformation pattern is less
than 0.1 (see Ref. 2). A description of the attributes of STAGS and
how the features of STAGS were used in the present study to model
the SLWT LO, tank and intertank are presented in Refs. 3 and 4.
The finite element modeling details for the SLWT LO, tank and in-
tertank are lengthy and are not presented herein; they are discussed
in Refs. 1,2, and 4.

The basic approach used in the present study to simulate the ac-
tual prelaunch loading processis to apply all of the loads illustrated
in Fig. 3 to the model, except for the SRB interface loads. This ap-
proach is describedin detail in Ref. 1. The nodes on the ends of the
SRB beam, where the SRB forces act (see Fig. 3), were restrained so
that the SRB interface forces become reactions and rigid-body mo-
tion is eliminated. Next, the applied loads were separated into two

groups. The first group of loads containsthe LH, tankinterface force
and moment that are treated as the primary source of destabilizing
compressivesstresses in the LO, tank. This group of loads was iden-
tified by the SLWT tank structural verification team as the primary
source of destabilizing compressive stresses in the LO, tank that
may occur at load levels greater than the correspondingoperational
load level. The second group of loads consists of the wind load, the
structural weight, and the weight of the slosh baffle that is located
inside the barrel section of the LO, tank. The loads in the second
group are constant in value, are part of the operational loads, and
are considered to be passive loads when determining the stability
margin of safety of the LO, tank. In performing linear-bifurcation
buckling and nonlinear analyses with STAGS, two load factors, p,
and p,,, were assigned to the first (active) and second (passive) load
groups, respectively.

As discussedin Ref. 2, analyses were conducted with and without
the relativelysmall wind loads. Neglecting the wind loads was found
to have an essentiallynegligibleeffect on the results. The results that
are presented in the present paper are for no wind loads.

Imperfection Measurement and Shape

During construction of the first SLWT tank flight article, rel-
atively large initial geometric imperfections were found in the
LO, tank barrel section, next to the meridional weld lands, af-
ter the barrel section was welded together into a cylinder. Be-
cause of the uncertainty of their importance on the stability of
the shell, initial geometric-imperfection measurements were made
on the barrel by staff members of the Lockheed Martin Michoud
Space Systems Division (Otte, private communication cited ear-
lier). The measurements were made by placing one end of the
barrel on several evenly spaced pedestals and then surveying the
barrel with a laser tracking system. The entire barrel was not
measured. Only four sections of the barrel that surround each
of the four weld lands were measured. These sections span an
axial length of 95.651 in. and the circumferential locations are
given by 21.462<6<73.385 deg, 107.308 < 6 <158.538 deg,
202.154 < 6 <253.384 deg, and 287.308 < 0 <339.232 deg. For
each section of the barrel, a laser target was moved over a rectangu-
lar grid that had 49 points along the barrel length, 75 or 76 points
along the barrel circumference,and a 2 x 2-in. mesh spacing. After
measuring one section of the barrel, the laser setup was moved to
another convenientlocation to measure the next section. After com-
pletion of the barrel measurements, midsurface inital imperfection
data were calculated to account for the highly variable thickness
distribution of the barrel.

Synthesis of the measuredinitial geometricimperfectiondata was
done to obtain an imperfectionshape for use in a nonlinear stability
analysis of the LO, tank. The synthesis was done by staff members
of the Lockheed Martin Engineering Sciences and Services Com-
pany (W. A. Waters Jr., private communication, 1997) by using the
measured initial geometric imperfection data reduction capability
of DISDECO.>¢ This data reduction capability of DISDECO is a
modern version of the procedure described in detail in Ref. 7. To
make use of this code, which is for right-circular cylinders with a
uniform data grid that covers the entire surface of the cylinder, zero-
valuedimperfectiondata were input for the regions of the LO, barrel
that were not measured. This step was performed by using a rect-
angular grid that had 49 points along the barrel length, 521 points
along the entire barrel circumference,and a 2 x 2-in. mesh spacing.
Next, a best-fit right-circular cylindrical surface was obtained that
corresponds to a least-squares fit of the data. This analysis yielded
a best-fit cylinder with a radius r = 165.385 in. Then, points of the
imperfect-shell surface were defined relative to the best-fit surface.
Following this step, the coefficients of a two-dimensional Fourier
series representation of the imperfect-shell surface were obtained.
The series is given by

‘)

23 260
9

D, 0 =D Y {[Aklcos(le) + Bysin(16)] cos<2k7r

k=0 1=0

. [ 2km
4+ [Cricos(16) + Dysin (16)] sin
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where L =95.651 in. and w(x, 0) is the deviation of the imperfect-
shell surface thatis measured perpendicularto the best-fit surface. A
comparison of the surface coordinates of the imperfect-shellsurface
that were calculated from the Fourier series with the corresponding
coordinates of the measured data (referred to the best-fit cylinder)
yielded a difference of less than 1.2%.

The initial imperfection shape was implemented into the STAGS
analyses by using the user-written subroutine called DIMP.? In par-
ticular, the Fourierseries that was given previouslywas inputdirectly
into DIMP with a series of FORTRAN statements. The resulting
shape of the measured imperfection that was generated by STAGS
is shown in Fig. 4a. Figure 4a indicates that the maximum out-
ward and inward amplitudes are 0.270 and —0.204 in., respectively.
These amplitudes correspond to approximately twice the minimum
thickness in the region of the barrel where they are located.

Results and Discussion

The results that are presented herein are closely related to the
results that are presented in Refs. 1 and 2 for the prelaunchloading
condition with a full LH, tank and an empty LO, tank. In Refs. 1
and 2, it was shown that the LO, tank buckles locally in the barrel
section between approximately 8 =280 and 330 deg, as indicated
in Figs. 5 and 6. Moreover, results of nonlinear analyses were pre-
sented that show a benign effect of initial geometricimperfectionsin
the form of the linear-bifurcationbuckling mode with imperfection-
amplitude-to-wall-thickness ratios A/t < 1. More specifically, the
imperfection sensitivity study showed that the barrel section ex-
hibits stable postbucklingload-carryingcapability thatis commonly
associated with stable-symmetric bifurcations and weak unstable-
asymmetric bifurcations that are associated with shallow, singly
curved panels loaded by edge compression and shear loads.

The concern over the welding-induced initial geometric imper-
fections came later in the development of the SLWT LO, tank than
the stability issues that are presented in Refs. 1 and 2. At this later
stage in the developmentof the SLWT LO; tank, the thickness dis-
tribution of the barrel section had matured. This matured thickness
distribution differs somewhat from the thickness distribution that
was used to generate the results presented in Refs. 1 and 2. Es-
sentially, the matured thickness distributionis thicker in the region

Z Region of
buckling

6 =42.917 deg 6 =317.083 deg
N /

'~ ,/
N

no. 2

A=<

Weldland /| '~ 7
. 4 r =}65.1 79 in.
AN Panel
no. 4

N
6 =222.917 deg

6 =137.083 deg

a) Top view
XT =747.350 in.
) Weld lands v
XT = 843.000 in.
b) Side view

Fig. 5 LO; barrel panel layout.

wusking | *2r
it W B i T

0244 = —_—t
ol . i --Weld land

0186 0138

0.355 0.333
0.275

| - 6= 317.683 deg

28 0.138

N 0.196 0.147
0.381 0355
D.:QG
0.387 I
! XT=843.000in. |
e e e o e e i
6 =280 deg 6 = 330 deg

Fig. 6 Thickness distribution of LO; barrel in and around the buckle;
thicknesses are given in inches.

surroundingthe buckle mentioned earlier. (The matured thicknesses
in this region are shown in Fig. 6.) This matured thickness distribu-
tion was used in the analysis models that were used to obtain all of
the results that are presented subsequently.

Three different finite element models were used in the present
study to perform a limited convergence study in the analysis of
the LO, tank that is subjected to the prelaunch loading condition.
To identify an adequate model with as few degrees of freedom as
possible, linear-bifurcationbuckling analyses were conducted first.
The passive loads associated with load factor p, were applied to
the STAGS models as a linear prebuckling stress state (p, =1),
and the active (destabilizing) loads associated with load factor p,
were used to obtain the minimum eigenvalue. The models that were
investigatedhad 86,700, 104,600, and 146,700 degrees of freedom.
The model that was identified as adequate for predicting the linear-
bifurcation buckling behavioris shown in Fig. 7 and correspondsto
146,700 degrees of freedom.

The first linear-bifurcationmode (referred to herein as the linear-
bifurcation buckling mode) for the geometrically perfect shell is
shown in Fig. 7 for the STAGS model with 146,700 degrees of
freedom. The eigenvalue for this model corresponds to active loads
that are approximately 4.08 times the magnitude of the correspond-
ing active operational loads shown in Fig. 3. This buckling mode
shapeis practicallyidenticalto the correspondingmode shape shown
inRefs. 1 and 2; thatis, itis isolatedin a portion of the barrel section
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dom, p, =4.08 and p; = 1.0.

thatenvelopsthe entirelength of the barrel and extends from approx-
imately 0 =280 to 330 deg (the quadrant that contains the negative
Y-axis and positive Z-axis side of the tank shown in Fig. 5). The
large amplituderegion for this section is centered approximately on
6=310 deg. The second through fourth linear-bifurcation modes
are also localized, short-wavelength modes, similar to the mode
shown in Fig. 7, with eigenvaluesequal to 4.21,4.66, and 4.81, re-
spectively. These eigenvalues are all more than 3% higher than the
lowest eigenvalue. The second linear-bifurcation mode is similar
to the first mode and is at nearly the same location. The third and
fourth modes also have a buckle pattern that is similar in shape to
the buckle pattern of the first mode, but the buckled region extends
from approximately 8 =210-260deg (the quadrantthat containsthe
negative Y -axisand negative Z-axis side of the tank shownin Fig. 5).

The isolated nature of the first four linear-bifurcationmodes led
to the dense mesh refinement of the barrel that is shown in Fig. 7.
The mesh refinement was done by increasing the mesh fineness in
the local region containing the buckle shown in Fig. 7 and then by
eliminating unneeded mesh refinement elsewhere, with care taken
not to introduce spurious solutions. This step was facilitated by
the use of the five-node and seven-node rectangular transition ele-
ments availablein STAGS.>* The 104,600-and 146,700-degree-of-
freedom models have the same general mesh arrangementshown in
Fig. 7, but the level of local refinement of the mesh shown in Fig. 7
for the 146,700-degree-of-fredom model is essentially twice that
of the 104,600-degree-of-fieedom model. The lowest eigenvalues

for the 104,600- and 146,700-degree-of-fredom models are given
by p, =4.17 and 4.08, respectively. The smoothness of the buckling
mode shown in Fig. 7 and the approximately 2% difference in the
eigenvalues indicate that the 146,700-degree-of-fieedom model is
adequate for representing the linear-bifurcationbehavior of the LO,
tank for this loading condition. The 104,600- and 146,700-degree-
of-freedom models were also used to obtain nonlinear solutions for
geometrically perfect and imperfect shells, and in each case the
displacement results from the two models differed by 5% or less.
These solutionsindicate that the 146,700-degree-of-fieedom model
represents adequately the nonlinear behavior of the LO, tank for
this loading condition. Thus, all subsequentresults presentedin this
section were obtained with the 146,700-degree-of-fieedom model.

Contours of the meridional membrane and shear stress resul-
tants (given in units of pounds per inch) on the negative Y-axis
side (=270 deg) of the tank that were obtained from nonlinear
analyses are shown in Figs. 8 and 9, respectively, for values of
p.=p,=1 and for p,=3.91 and p, =1. Figures 8 and 9 indi-
cate that high meridional compression stress resultants exist above
the thrust panel and that buckling occurs in a region of the barrel
where there are significant shear stress resultants. The shear stress
resultants are responsible for the slightly skewed appearance of the
linear-bifurcationbuckling mode shown in Fig. 7.

Results are presented in Figs. 1012 that show the nonlinear de-
formations that were obtained from STAGS analyses of a geomet-
rically perfect shell, a geometrically imperfect shell with an imper-
fection in the form of the linear-bifurcationbuckling mode and an
imperfection-amplitude-to-wall-thicknessratio A/ t = 0.5, and a ge-
ometricallyimperfect shell with the measured imperfection, respec-
tively. The thickness? in theratio A/  and referred to in Figs. 10-12
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is the minimum wall thickness in the buckled region that is shownin
Fig.6 (t =0.138in.). For theresults showninFig. 11, the negative of
the linear-bifurcationbuckling mode was used as the imperfection
shape because it was found to provide a stronger nonlinear interac-
tion with the compressive stressesin the shell wall than the positive-
valued imperfectionshape. The results shown in Figs. 1012 are for
nonlinearsolutionsthat were obtainedby increasing the load factors
P. and p, simultaneously to a value of one, and then holding p,
constant while increasing the magnitude of the load factor p,. The
nondimensionalnormal displacementsw/ ¢ alongthe circumference
of the barrel shell wall at X7 =789.94 in. and from 6 =200-340
deg are represented by the solid lines in Figs. 10-12 for values
of the load factor p, approximately equal to 1.0, 3.77-3.91, and
4.43-4.69. The linear-bifurcation buckling mode, the correspond-
ing imperfectionshape, and the measured imperfection shape along
XT =789.941n. are given by the dashed lines shown in Figs. 1012,
respectively, with their normalized amplitudes given by the right-
hand ordinate of the figures. The linear-bifurcationbuckling mode
imperfection(A/ t =0.5), which is consideredto be relatively large
for thin shells, is also shown in Fig. 4b and has a much smaller am-
plitude than the measured imperfection. For this imperfection, the
maximum outward and inward amplitudesare 0.061 and —0.0701in.,
respectively. In addition, the linear-bifurcation buckling mode im-
perfection is similar in shape to the negative of the measured im-
perfection. These shapes along X7 =789.94 in. are included in
Figs. 11 and 12 to give an indication of how the imperfection shape
influences the nonlinear solution.

pa=4.69

Normal displacement, w

pa = 4.69

6 = 340 deg
XT =789.940 in.
6 = 260 deg
5r Load factor, p, = 1.0 + -
0 16
-w/t of
(svg,ltid 5 Pa=4.69 { 4 buckling

mode
lines) [ Pa=391 (dia_sht)ed
; ine)
12

Awit!
=10 +

-15 - Linear-bifurcation {2
buckling mode p, = 4.08

0 L L L L ! L -4
200 220 240 260 280 300 320 340
Circumferential coordinate 6, deg.

-2

Fig. 10 Nondimensional normal displacement w/t of geometrically
perfect barrel; # = 0.138 in. and X7 = 789.94 in.

The barrel section that is shown in the top part of Fig. 10 for the
geometricallyperfectshellindicatesa nonlineardeformationpattern
thatencompassesmost of panelsnumber 1 and number 4 and part of
panelnumber 2 (see Fig. 5). The deformationis the most pronounced
in the region that extends from approximately 8= 280 to 330 deg
and has a pattern that is similar to the linear-bifurcation buckling
mode shownin Fig. 7. The solid lines in Fig. 10 indicate thatbending
deformations begin to grow in the region that encloses the linear-
bifurcation buckling mode at approximately p, =3.91, which is
slightlylower in value than the linear-bifurcationbucklingloadlevel
of p, =4.08. As theloadlevelisincreasedto p, =4.69, the bending
deformations in this region become severe and additional bending
deformations start to grow in the region that extends from approx-
imately 6 =220 to 250 deg. This growth in the amplitude of the
bending deformations corresponds to a reduction in the apparent
membrane extensional and shear stiffnesses.

Results that were obtained for the imperfect shells also indicate
nonlinear deformation patterns that are similar to the response of
the geometrically perfect barrel section thatis shown in the top part
of Fig. 10. These deformation patterns encompass most of panels
number 1 andnumber4 and part of panelnumber2 (see Fig. 5). Like-
wise, the deformations are the most pronounced in the region that
surrounds the linear-bifurcationbuckling mode (6 =280-330 deg),
and these deformationshave patterns that are similar to the patternof
the linear-bifurcationbuckling mode. Comparison of the solid lines
in Figs. 10-12 indicate that bending deformationsin the region from
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Fig. 11 Nondimensionalnormal displacement w/t of geometrically im-
perfect shell with linear-bifurcationmode imperfection;¢=0.138in. and
XT =789.94in.
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Fig. 12 Nondimensional normal displacement w/t of geometri-
cally imperfect shell with measured imperfection; #=0.138 in. and
XT =789.94in.

0 =280to 330 deg are significantly more pronounced for the linear-
bifurcation buckling mode imperfection, and significantly less pro-
nounced for the measured imperfection, than for the corresponding
bending deformations of the perfect shell. This dramatically differ-
ent behavior of the imperfect shells appears to be a result of the
substantial difference in the shape of the two imperfectionsin the
region from 6=290 to 340 deg.

The results presented in Figs. 1012 also indicate stable nonlin-
ear responses at load levels greater than the load level predicted by

5
e ®
ey
4 ____42________..__*=—;:;’:’_A
ﬁ( e
Load Linear-bifurcation -
factor, | #/ buckling load level
Pa 3 #\
” Perfect shell
2
#7{ Measured imperfection
1
Linear-bifurcation mode
S mpérfection, A/t =0.
0
V] 2 4 6 8 10

Displacement amplitude, Awft, in.

Fig. 13 Local nondimensional normal displacement amplitudes A w/t
of geometrically perfect and imperfect barrels at X7' = 789.94 in.; ¢ =
0.138 in.

the linear-bifurcation buckling analysis (p, = 4.08). At the opera-
tional load level given by p, = 1, the results indicate practically no
significant nonlinear deformations. As the load level is increased,
substantial bending deformations (indicated by the waviness of the
curves) develop and grow in the shell wall, and these deformations
reduce the apparent membrane extensional and shear stiffnesses
of the barrel section. The reduction in the apparent stiffnesses of
the barrel is shown more explicitly in Fig. 13 for the geometri-
cally perfect and imperfect shells. In Fig. 13, the intensities of the
most severe bending deformations along X7 = 789.940 in. that are
shown in Figs. 10-12 are given as a function of the load factor p,.
The intensity of these severe bending deformations is given by the
nondimensional quantity A w/ ¢, which is the normalized distance
from the maximum value of the local shell-wall displacementto the
adjacent minimum value, as shown in Figs. 10-12. The locations of
A w/t that are shown in Figs. 10-12 correspond to approximately
0=312,299, and 300 deg, respectively. The filled circles shown in
Fig. 13 correspond to results for a geometrically perfect shell, and
the unfilled triangles and squares correspond to results for the geo-
metrically imperfect shells. In particular, the unfilled triangles and
squarescorrespondto shells with a linear-bifurcationbucklingmode
imperfection (A/ t = 0.5) and with the measured imperfection, re-
spectively. The horizontal dashed line shown in Fig. 13 represents
the linear-bifurcationbuckling load level (p, =4.08).

The results shown in Fig. 13 indicate that the perfect and im-
perfect barrel sections of the LO, tank exhibit stable postbuckling
load-carrying capacity; that is, the geometric imperfections do not
cause a premature bucklingresponse. Moreover, the results indicate
that the much-smaller-amplitude linear-bifurcation buckling mode
imperfectionhas a more detrimentaleffecton the nonlinearresponse
than the larger-amplitudemeasured imperfection. For the geometri-
cally perfect shell and the shell with the measured imperfection, the
linear-bifurcationbuckling solution gives a reasonable engineering
estimate of the onset of a nonlinearshell response that is associated
with a large reductionin stiffness for a small increase in load level.

Concluding Remarks

Linear-bifurcation and nonlinear analyses of the Space Shuttle
SLWT LO, tank have been presented. The loading details for an
important prelaunchloading condition have been described and the
analytical method used to simulate the loading condition has been
discussed. Results have been presented herein that were obtained
from complex, large-scale, finite element models of a portion of the
Space Shuttle. These results show the effects of actual, measured
welding-induced initial geometric imperfections on the nonlinear
behavior of the SLWT LO, tank for a critical prelaunch loading
condition. These results are importantbecause they highlighta com-
monly encountered type of initial geometric imperfection that was
measured for a large-scale launch vehicle. The effect of this type
of initial geometric imperfection on the buckling behavior of the
SLWT LO, tank was previously unknown. Moreover, this type of
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initial geometricimperfectionmay be encounteredin the fabrication
of other liquid-fuel launch vehicles. In addition, the results indicate
that large-scale, high-fidelity, finite element models are generally
required to predict accurately the linear-bifurcation and nonlinear
responses of these structures.

For the prelaunch loading condition, the analyses predict that
the LO, tank will buckle in the barrel section, where the actual
measured imperfections are located, and will exhibit stable post-
buckling behavior at load levels nearly four times the magnitude of
the operationalload level. The largest degradationin the membrane
stiffnesses of the LO, tank barrel section is caused by an imper-
fection shape that is in the form of the linear-bifurcation buckling
mode with a relatively small amplitude. The effect of the relatively
large-amplitude measured imperfection is benign.
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