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Nonlinear Behavior of Space Shuttle Superlightweight
Liquid-Oxygen Tank Under Prelaunch Loads
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The new Space Shuttle superlightweight external fuel tank � ew for the � rst time on 2 June 1998 (Space Trans-
portation System-mission 91). We present results of elastic linear-bifurcation buckling and nonlinear analyses of
one of its major components; that is, the liquid-oxygen tank. The contents include an overview of the structure
and a brief description of the � nite element code that was used to conduct the analyses. Results are presented that
illustrate three distinctly different types of nonlinearresponse phenomena for thin-walled shells that are subjected
to combined mechanical and thermal loads that launch-vehicle shell designers may encounter. A procedure is
demonstrated that can be used by structural analysts and designers to obtain reasonable, conservative estimates of
linear-bifurcation, buckling-load knockdown factors for shells that are subjected to complex loading conditions or
to characterize the effects of initial geometric imperfections on nonlinear shell response phenomena. Results are
also presented that show that the superlightweight liquid-oxygen tank can carry loads in excess of twice the values
of the operational prelaunch loads considered and that a � uid-� lled launch-vehicle shell can be highly sensitive to
initial geometric imperfections.

Presented here are � ve paperson large-scale analysesof a complexshell structure. The� rst, longerpaper, “NonlinearBehaviorof SpaceShuttleSuperlightweight
Liquid-OxygenTank Under PrelaunchLoads,” covers the structure, the analysis technique, some loadingcases, andexperimental veri� cationon the method. It is
followed by a companionpaper, “Modeling and NonlinearStructural Analysis of a Large-Scale Launch Vehicle,” which goes into greater depth on the methods,
and then by three shorter papers, “Effects of Welding-Induced Imperfections on Behavior of Space Shuttle Superlightweight Tank,” “Nonlinear Behavior of
Space Shuttle Superlightweight Tank Under Booster Ascent Loads,” and “Nonlinear Behavior of Space Shuttle Superlightweight Tank Under End-of-Flight
Loads,” covering interesting behavior under differing load cases. These papers are intended to stand on their own (and hence have some redundant introductory
material) but are complementary to one another, and so they are presented here together.

Introduction

T HE new eraof internationalcooperationin spacehascreatedthe
need for the Space Shuttle to reacha 51.6-deg,high-inclination

orbit. Until recently, achieving this orbit required the payload of the
orbiter to be reduced by approximately 10,000 lb. To recover most
of the lost payload and to faciliate constructionof the International
Space Station, NASA began development of a new, lighter-weight
external fuel tank for the Space Shuttle that is made primarily from
an aluminum–lithium alloy and that has substantially thinner shell
walls.This new design,referredto by NASA as the superlightweight
(SLWT) tank, weighs approximately 58,000 lb, which is approxi-
mately 8000 lb lighter than the lightweight aluminum external tank
previously in service.The new SLWT external tank � ew for the � rst
time on 2 June 1998 on the last Space Shuttle mission to the MIR
Space Station (Space TransportationSystem-mission 91).

An important consideration in the design of the SLWT tank was
the nonlinearbehaviorof the thin-walledregionsof the structurethat
experiencecompressivestresses.Localbuckling,globalbuckling,or
excessivestable, wrinklelikebendingdeformationsof the shell wall
can cause the thermal protection system (TPS) to separate from the
tank, which could cause the vehicle to fail. Typically, in designing a
thin-walled shell structure like the SLWT tank, the effects of small
initial geometric imperfectionson the stability of the structure must
be considered to obtain a meaningful estimate of the buckling-load
level for a given loading condition. However, the effects of small
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initial geometric imperfectionson the stability of even simple shell
geometries that are subjected to combined mechanical and thermal
loadings are not generally known and are often estimated in an ul-
taconservativeand contrived manner from known results for simple
shell geometries that are subjected to simple loading conditions. In
addition, complex shell structures like the SLWT tank may exhibit
nonlinear response phenomena that may not be represented ade-
quately by a contrived shell behavioralmodel. Certainly, the effects
of small initial geometric imperfections can be obtained for spe-
ci� c structuralcon� gurationsby using carefullydesigned,probably
large-scale, experiments.However, this approach can be costly and
can have signi� cant, undesirable effects on a production schedule.
Thus, it is bene� cial to have an analysis approach for problems of
this nature that captures adequately the possible nonlinear response
phenomenaand the effects of small initial geometric imperfections.
With these considerationsin mind, and to ensure that the SLWT tank
design does not have a shell-wall instabilityresponseor undesirable
wrinklelike bending deformations, meaningful � nite element anal-
ysis predictions of the nonlinear response of the SLWT tank were
sought by NASA.

One component of the SLWT tank that experiences signi� cant
compressive stresses is the liquid-oxygen (LO2) tank. A primary
goal of the SLWT tank study that has been conducted by NASA
was to determinehow much additional load, beyond the operational
loads for two critical prelaunch loading conditions and two critical
� ight loading conditions, the LO2 tank can withstand before buck-
ling or exhibitingwrinklelikebendingdeformationsthat can lead to
failure of the TPS. Toward that goal, this paper presents results of
large-scale elastic linear-bifurcation buckling and nonlinear � nite
element analyses of the SLWT LO2 tank that were conducted by
NASA Langley Research Center personnel for the two prelaunch
loading conditions. In addition, results are presented for two full-
scalestructuraltestsof theoriginalstandard-weight(SWT)LO2 tank
con� guration that differs primarily in shell wall thickness, weight,
and material type from the SLWT LO2 tank. These two tests were
conducted nearly 20 years ago and are the only tests available that
exhibit a buckling event in the LO2 tank. Because the SWT LO2

tank is so geometrically similar to the SLWT LO2 tank, results for
these tests were obtained to gain con� dence in the � nite element
modeling approach used in the present study and to demonstrate
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that the approach yields meaningful representations of the nonlin-
ear structural response of the SLWT LO2 tank.

A primary objective of the present paper is to illustrate a large-
scale � nite element analysis approach that is used in the present
study to show that the SLWT LO2 tank can sustain load levels in
excess of the operational load levels of the two prelaunch loading
conditions, and to provide results that can be used to gain insight
into the performance of the TPS. These results demonstrate a sim-
ple way of obtaining informationfrom the � nite element results that
can be useful for assessingthe performanceof TPS for future launch
vehicles.This illustrationdemonstratesa practicalmeans for assess-
ing or verifying the nonlinear response of complex launch-vehicle
structures, and sensitivity of the response to small initial geometric
imperfections,that could be used in some cases possiblyas a viable
alternativeto, or at least a complement to, large-scalestructuraltest-
ing. Another objective is to illustrate some of the generic aspects
of the SLWT tank analyses that could be applicable to the analysis
and design of other liquid-fuel launch vehicles. First, an overview
of the SLWT LO2 tank and intertank structure and the loading con-
ditions are presented. Then, the analysis code is brie�y discussed,
and the results of the elastic, linear-bifurcation buckling analyses
and the nonlinear analyses are presented. The number of details
used to construct the � nite element models that were used in the
present study are enormous, and as a result, many of the details are
not presentedherein.To highlightsome of the genericshell-analysis
aspects, a detailed discussionof the nonlinear response phenomena
that were exhibited by the SWT LO2 tank and encountered in the
present study is given. This discussion includes the sensitivities of
the response phenomena to initial geometric imperfections. More-
over, the signi� cance of using linear-bifurcationbuckling analyses
to characterize or represent the nonlinear behavior and the use of
buckling-load knockdown factors to represent the effects of initial
geometric imperfectionsare discussed.These two analysiselements
encompass the traditional approach that is commonly used by in-
dustry for the preliminary design of shell structures.

In analyzing the SLWT LO2 tank and the two structural tests, and
in presenting the results, a speci� c procedure is used in the present
study to articulate the nonlinearbehaviorassociatedwith each load-
ing condition. First, results of elastic, linear-bifurcation buckling
analysesare presented.Then, resultsof nonlinearanalysesof the ge-
ometrically perfect, elastic shell and the elastic shell with an initial
geometric imperfection in the form of the linear-bifurcationbuck-
ling mode are presented.This procedureis not new (e.g., see Ref. 1),
and although it is presented in the presentpaper for a speci� c launch
vehicle, it is a procedure that can be applied to large problems like
the design of future liquid-fuel launch vehicles or to smaller prob-
lems like the analysisof simple shell components that are subjected
to simple loadings. In addition to characterizationof the nonlinear
behavior, the procedure can be used to obtain reasonable, not too
overly conservative, estimates of linear-bifurcation, buckling-load
knockdown factors for doubly curved shells that are subjected to
complex loading conditions. These buckling-load knockdown fac-
tors are intended to re� ect reductions in load-carrying capacity of
a shell that are caused by initial geometric imperfections. Gener-
ally, buckling-load knockdown factors, or imperfection sensitivity
estimates, for shells with compound curvature that are subjected to
simple or complex loadingconditions are unknown.For shell struc-
tures like the SLWT LO2 tank, estimates of imperfection sensitivity
for combined loadings are often obtained by crude engineering ap-
proaches and are typically ultraconservative,which usually results
in higher cost. Thus, the analysis procedure used in the present
paper demonstrates in detail a means for eliminating unnecessary
conservatism from preliminary designs that involve shell stability.

Overview of the SLWT Tank Structure
The Space Shuttle consists of the orbiter, two solid rocket boost-

ers (SRBs), and the external tank (ET), as shown in Fig. 1. The ET
consists of a LO2 tank, a liquid-hydrogen(LH2 ) tank, and an inter-
mediate structure called the intertank (Fig. 1). The intertank trans-
mits the weight of the fuel, the ET structural weight, and the orbiter
weight to the SRBs prior to launch and transmits thrust loads from
the SRBs and the orbiter to the ET during ascent. The LO2 tank is

Fig. 1 Space Shuttle ET components.

a) Side view

b) Aft view

Fig. 2 LO2 tank components; values of XT are given in inches.

a thin-walled monocoque shell made primarily of 2195 aluminum–
lithium alloy, and is approximately 49 ft long and has a maximum
diameter of approximately 27.5 ft, as indicated in Fig. 2. The LO2

tank consists of a forward-ogive section made from 8 gore panels,
an aft-ogive section made from 12 gore panels, a cylindrical barrel
section made from 4 barrel panels, and an aft ellipticaldome section
made from12 gore panels.The coordinatesystemsused to locate the
elements of the LO2 tank and the intertank are also shown in Fig. 2.
The coordinates (X T , Y , Z ) are typically referred to as the global
coordinate system of the ET, and axial positions along the tank are
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indicatedby the coordinatevalue of X T in inches. For example, the
junction between the forward and aft ogives is indicated by writ-
ing X T D 536.74 in. Cylindrical coordinates are also used and are
given by (r , h , XT ), where a positive value of h is measured from
the positive Z axis toward the positive Y axis, as shown in Fig. 2.

The LO2 tank also has a forward T-ring and an aft Y-ring frame
that supports a baf� e that prevents the fuel from sloshing during
ascent. The slosh baf� e, a lightweight (approximately455 lb), thin-
walled structure, is supportedby two deep, thin-walled rings at each
end that attach to the forward T-ring and the aft Y-ring frame. Other
parts of the LO2 tank include a nonstructural nose cone, a forged
forward-ogive� tting and cover plate, an aft sphericaldome cap that
contains the LO2 suction � tting and a coveredmanhole, and a vortex
baf� e attached to the base of the aft dome cap. The LO2 tank gore
and barrel panels are stretch formed, chemically milled, and then
weldedtogether.The panelsare fabricatedwith substantialthickness
tailoring to reduce structural weight. The thickness distributionsof
the panels are very complex and as a result are not presentedherein.
A qualitative example of the extent of the thickness tailoring in the
aft ogive is given in Ref. 2. The panels are made 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 thickness and width along their length reduces
weight and alleviates stress concentrations in the shell that result
from abrupt changes in thickness.

The intertank is a right-circular cylinder that is made from 2090
aluminum–lithiumand7075aluminumalloysand is shownin Fig. 3.
The approximately22.5-ft-long intertank has a diameter of approx-
imately 27.5 ft and consists of six 45-deg curved panels that are
stiffened longitudinallywith external hat stiffeners and are referred
to herein as skin-stringer panels. The intertank also has two mas-
sive 45-deg curved panels, referred to as thrust panels, located per-
pendicular to the Y axis of the intertank (Fig. 3) that are stiffened
longitudinally with integrally machined external blade stiffeners.
These eight panels are assembled into the intertank with mechan-
ical fasteners and are attached to � ve large internal ring frames, a
forward � ange, and an aft � ange. Longitudinal straps (referred to
herein as roll ties) suppress lateral-torsional de� ection of the ring
frames.The main centralring frame, two thrust panel longerons,and
the thrust panels are connected to each end of a tapered beam that is
referred to herein as the SRB beam (Fig. 3). The SRB beam spans
the diameter of the intertank along the Y axis and has a maximum
depth (in the XT direction) of approximately 43 in. at its midspan.
Forged � ttings (referred to herein as SRB thrust � ttings) 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 introducedby the SRBs into the intertankand then
into the LO2 tank shell wall. The SRB beam compensates for the
eccentricityof the concentrated loads introducedby the SRBs. The
SRB beam also supports the loads normal to the intertank (paral-
lel to the SRB beam) at the SRB attachment points. The intertank

Fig. 3 Intertank components.

also has a 46 in. high £ 52 in. wide frame-reinforcednonstructural
access door located along the cylinder generator at approximately
h D 146 deg.

Critical Prelaunch Loading Conditions
Two critical SLWT tank prelaunch loading conditions and two

critical in-� ight loading conditionswere identi� ed and supplied by
the members of the SLWT tank structural veri� cation team at the
NASA Marshall Space Flight Center and at the Lockheed Martin
Manned Space Systems Division. The general characteristicsof the
critical loads are indicated in Fig. 4. These loads consist of the wind
or aerodynamic pressure loads, the structural weight or inertia, the
pressure exerted on the shell wall by the LO2 , the ullage pressure
inside the tank, the interface forces exerted by each SRB shown in
Fig. 1 (indicated by the vectors R1 and R2 in Fig. 4), the interface
forces between the intertankand the LH2 tank (indicatedby the vec-
tors F and M in Fig. 4), and the thermally induced loads associated
with the cryogenic-fueltemperatures.These loadingconditionscor-
respond to worst-case conditions, 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.

The two critical loading conditions that are addressedherein cor-
respond to prelaunch fueling conditions that occur when the Space
Shuttle is on the launch pad. Prior to launch, the LH2 tank is � lled
with LH2, and then the LO2 tank is � lled with LO2. The � rst loading
condition considered corresponds to a full LH2 tank and an empty
LO2 tank.For this condition,there is no pressureand no temperature
change in the LO2 tank. However, the lower 45 in. of the intertank
are subjected to an axisymmetric, uniform through-the- thickness
temperature � eld that varies linearly from ¡423±F, where the in-
tertank is attached to the LH2 tank, to 50±F at the top of the LH2

tank forward dome. The nominal ambient temperature of the LO2

tank and the intertank prior to fueling is 50±F. The SRB interface
forces (kips; 1 kip D 1000 lb) that were supplied by the SLWT tank
structural veri� cation team are given by

R1 D ¡224.092i ¡ 52.223 j ¡ 28.954k (1)

R2 D ¡343.624i C 48.261 j ¡ 30.754k (2)

where the vectorsR1 and R2 are shown in Fig. 4 and where i, j, and
k are standard orthonormal base vectors associated with the XT, Y ,
and Z axes, respectively. Similarly, the interface force (kips) and
moment (in.-kips) between the intertankand the LH2 tank are given
by

F D 541.593i C 9.614 j C 63.494k (3)

M D ¡310.500i C 10,715.745 j C 16,828.589k (4)

Fig. 4 Loading characteristics.
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Fig. 5 Axisymmetric temperature pro� le for prelaunch loading con-
dition with full LH2 and LO2 tanks; values of XT are given in inches;
nominal ambient temperature = 50±F.

The LO2 tank is also subjected to wind pressure that has a resultant
force given by ¡5.652 j ¡ 3.786k kips. Comparison of the magni-
tude 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 distribution that was input into the � nite element models
is somewhat complicated and, as a result, is not presented herein.

The second prelaunch loading condition considered corresponds
to full LH2 and LO2 tanks, but without ullage pressure. For this
condition, the LO2 tank is � lled to X T D 447 in. (see Fig. 2), which
corresponds to a depth of approximately 43 ft. For this case, the
hydrostatic pressure distribution in the LO2 tank is essentially ax-
isymmetric. Asymmetry in the pressure distribution is caused by
the eccentric weight of the orbiter, is relatively small, and is ne-
glected. The speci� c weight of the LO2 used in the present study
is 0.04123 lb/in.3 , and the maximum hydrostatic gauge pressure is
approximately 21 psi at the bottom of the tank. The corresponding
weight of the LO2 is approximately 1348 kips.

For the second prelaunch loading condition, the temperature dis-
tribution in the LO2 tank and the intertank is axisymmetric and
uniform through-the-thickness, and is shown in Fig. 5. The temper-
ature � eld for the LO2 tank has a uniform value of ¡297±F between
X T D 447 and 852.8 in., but varies from a value of ¡150±F at the
nose to ¡297±F at the free surface of the LO2 (XT D 447 in.). The
intertank is subjectedto a temperature� eld that varies in a piecewise
linear manner from ¡423 to 50±F and then to ¡297±F as the inter-
tank is traversedfrom XT D 1129 to 852.8 in. The temperature� eld
shown in Fig. 5 represents the changes in the temperature distribu-
tion that occur from the nominal, uniform prefueling temperature
of 50±F, and the corresponding thermally induced loads.

The SRB interface forces (kips) that were supplied by the SLWT
tank structural veri� cation team for the second prelaunch loading
condition are given by

R1 D ¡906.447i ¡ 105.605 j ¡ 30.502k (5)

R2 D ¡1035.789i C 108.128 j ¡ 32.557k (6)

Likewise, the interface force (kips) and moment (in.-kips) between
the intertank and the LH2 tank are given by

F D 568.113i C 3.014 j C 66.913k (7)

M D ¡354.488i C 11,249.318 j C 19,443.206k (8)

and the LO2 tank is subjected to a wind load with a resultant force
given by ¡5.537j–3 .854k kips.Once again, comparisonof the mag-
nitude of the wind load with the other loads acting on the structure
indicates that the wind load is also relatively small for this loading
condition. The actual wind pressure distribution that was input into
the analysismodels is not presented herein becauseof its somewhat
complicated nature.

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.3 The � nite element models of the
SLWT tank used in the present study are very complex and in-
clude many structural details and the skin thickness variations or
tailoring used to reduce structural weight; for example, see Ref. 2.
STAGS was chosen for analyzing the SLWT tank because of its
robust state-of-the-art nonlinear-equation solution algorithms and
its general user-input capability that is convenient for modeling
branched shells that are 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 from a practical perspective because the ratio of the
wall thickness to the minimum radius of curvature at each point
of the undeformed LO2 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
(Refs. 4–6). A description of the attributes of STAGS and how
the features of STAGS were used in the present study to model
the SLWT LO2 tank and intertank are presented in Refs. 2 and 7.
The � nite element modeling details for the SLWT LO2 tank and
intertank are lengthy and are not presented herein; they are dis-
cussed in Refs. 2 and 7. Details of how the applied loads were
simulated, how mesh re� nements were conducted, and how sensi-
tivity to initial geometric imperfections was assessed are presented
subsequently.

Load Simulation
A primary goal of the SLWT LO2 tank study was to determine a

meaningfulestimate of how much additional load, beyond the oper-
ational loads, the tank can withstand before buckling or exhibiting
excessive bending deformations that will damage the thermal pro-
tection system. The basic approach used in the present study to
achieve this goal is to apply all of the loads illustrated in Fig. 4 to
the given � nite element model, except for the SRB interface loads.
In the � nite element model, the nodes on the ends of the SRB beam,
where the SRB forces act, were restrainedso that the SRB interface
forcesbecame reactionsand rigid-bodymotion was eliminated.The
simple LO2 pressure distribution and the temperature distribution
were input into the STAGS models with the user-written Fortran
subroutines to provide a spatial description which faciliates � nite
elementmesh re� nement.The substantiallymore complicatedwind
load, given as a discrete force � eld, was approximatedby a Fourier
series representation that was also input directly into the STAGS
models with a user-written Fortran subroutine, to faciliate � nite el-
ement mesh re� nement. The slosh baf� e weight of approximately
455 lb was applied to the slosh baf� e support rings at X T D 744.85
and 851.0 in. (see Fig. 2) as eccentric, uniformly distributed line
loads. The LH2 tank interface force and moment were applied to the
model with the least-squares loading and moving plane boundary
featuresof STAGS.2 The STAGS least-squaresloading feature used
a least-squares � t to convert concentrated forces and moments ap-
plied at an axial location into statically equivalent shell-wall stress
resultants. The moving plane boundary feature of STAGS enforced
the geometricconstraintthat all nodeswithin the givenplane remain
coplanarduringdeformation,which is consistentwith the high stiff-
ness of the intertank at the LH2 tank interface.

Next, the applied loads were separated into two groups. The � rst
group contains the LH2 tank interface force and moment, which
were indenti� ed by the SLWT tank structural veri� cation team as
the primary source of destabilizingcompressivestresses in the LO2

tank that may occur at load levels greater than the corresponding
operational load level. The second group of loads consisted of the
LO2 pressure (for the second loading condition), the wind load,
the structural weight, the thermal load, and the weight of the slosh
baf� e located inside the barrel section of the LO2 tank. Constant in
value, the loads in the second group were identi� ed by the SLWT
tank structural veri� cation team as part of the operational loads that
are considered to be passive loads when determining the stability
margin of safety of the LO2 tank.
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In performing linear-bifurcationbuckling and nonlinearanalyses
with STAGS, two load factors, pa and pb , were assigned to the � rst
(active) andsecond(passive) loadgroups,respectively.First, a linear
analysis was conducted to verify that the SRB reactions calculated
from the applied loads were reasonablyclose to the speci� ed values
given herein. Differences between the SRB reactions computed for
a speci� c � nite element model and the corresponding forces that
were given arise, to some exent, from discrepanciesin the structural
geometrythat yieldsmall errors in thecalculatedstructuralmass and
the resultant force of the applied LO2 pressure.These discrepancies
arise, for themost part, fromthediscretizationof thecurved,variable
thicknesssurfaceswith � at � nite elementsand the use of a simpli� ed
� nite element representation of the intertank. Another source of
discrepancies arises from the approximation of the wind pressure
by the Fourier series representation.

For both prelaunch loading conditions, the i components of the
reactions, which are the largest source of destabilizing stresses in
the LO2 tank, and the k components were in excellent agreement
with the corresponding speci� ed values, with differences less than
approximately 1.5%. In contrast, the j components of the reactions
were not in very good agreement with the speci� ed values. These
discrepancies were caused inadvertently and, for the most part, by
restrainingthe elongationof the SRB beam. However, because the j
componentsof the reactionsact alongtheaxisof theSRB beam, their
effect is mostly containedwithin the central region of the intertank.
As a result, the SRB beam reactions are reasonable approximations
to the actual forces and were judged by the SLWT tank structural
veri� cation team to provide an adequate representationof the actual
load transfer from the intertank to the LO2 tank.

For the linear-bifurcation buckling analyses, the load factor for
the passive load group was assigned a value of one (pb D 1) and the
load factor for the active load group pa was de� ned as the eigen-
value. Setting pb D 1 de� nes a � xed-magnitude linear prebuckling
state that is not scaled by the eigenvalue. In particular, STAGS uses
both the prebuckling membrane stress state and prebuckling defor-
mations of the passive loads to compute the overall stiffness matrix
of a structure. Moreover, STAGS uses only the prebuckling stress
state of the active loads to compute the overall geometric stiffness
matrix. A discussion of this approach is found in Ref. 8. Thus, the
linear-bifurcationanalysisofSTAGS for structureswith a � xed,pas-
sive set of loads is not the same as bifurcationanalyses found in the
literaturethatuse only the linear,membraneprebucklingstress state.

For the nonlinear analyses, the load factors for both load groups
were increased simultaneously to a value of one (pa D pb D 1),
which corresponds to the operational values of the loads and pro-
vides the proper nonlinear prebucklingstate for the LO2 tank. Then
the load factor pa of the primary destabilizing loads was increased
until an instability was reached or the operational loads were sub-
stantially exceeded.

Mesh Re� nement Procedure
In the process of conducting the analyses for the present study,

several different � nite element models with different levels of mesh
re� nement were developed for each loading condition considered.
The goal of the mesh re� nement procedure was to identify � nite
element models that predict adequately the nonlinear structural re-
sponse, yet had as few degrees of freedom (DOF) as reasonably
possible. To identify the mesh required for a given loading con-
dition, it is necessary to determine the regions of the structure that
buckleand to determinethe characteristicwavelengthsof the buckle
patterns.Because the location of the buckled regions and the buckle
patterns depend on the loading condition, the following mesh re-
� nement procedure was repeated for each loading condition.

A series of linear-bifurcationbuckling analyses were conducted
to obtain a � nite element mesh that yields a converged minimum
eigenvalue.Starting with a uniform mesh, modi� cations were made
to models iteratively in which the buckled regions were made more
re� ned and unneeded mesh re� nement was eliminated elsewhere,
with care taken not to introduce spurious solutions. Variations in
the mesh re� nement were facilitatedby the use of the � ve-node and
seven-node rectangular transition elements available in STAGS.2,3

Convergencewas evidentwhen doublingthe re� nement in the buck-

led regions of the LO2 tank had little effect on the minimum eigen-
value. Nonlinear analyses were then conducted with the � nite ele-
ment model with the greatest re� nement in the buckled regions and
also with the correspondingmodel that had one less level of re� ne-
ment. This step was done to con� rm that there was little difference
between the nonlinear solutions for the models with the two levels
of mesh re� nement. In the mesh re� nement studies, a rule of thumb
was used thatdictatedthatthe � niteelementmesh shouldhavea min-
imum of four elements per half-wave in the bending deformations.

Geometric Imperfection Sensitivity
An important consideration in the present study is the effects of

initial geometric imperfections. Linear-bifurcation buckling-mode
imperfection shapes were used in the analysis because measured
inital geometric imperfection data were not available and because
this type of imperfection is thought to yield, if not the worst, a high
degree of imperfection sensitivity.9 This statement is rationalized
by noting that the linear-bifurcation buckling mode represents an
adjacent equilibrium state that the structure has an intrinsic af� n-
ity to deform into, provided that there are no substantial nonlinear
prebuckling effects present. Moreover, in the absence of substan-
tial nonlinear prebuckling effects, the linear-bifurcation buckling
mode is similar to one or more of the dominant, unstable non-
linear deformation states that the geometrically perfect structure
passes through at buckling, and an imperfection in the form of the
linear-bifurcationbuckling mode provides a mechanism for a rela-
tively early departure, with a preferred direction, from the primary
equilibrium path of the structure.When substantial prebucklingde-
formations are present, the linear prebuckling stress state does not
provide an accurate estimate of the stress state for higher values of
the load factor. Thus, bifurcation buckling modes obtained with a
linear prebuckling stress state may not be similar to the dominant,
unstable nonlinear deformation states and may not provide a mech-
anism for a relatively early departure from the primary equilibrium
path of the structure.

In general, the sign of the linear-bifurcationbuckling mode is ar-
bitrary and is determined by the speci� c algorithm used to perform
the calculations. For a shell structure with nonnegative Gaussian
curvature, the sign of the buckling mode (eigenvector) indicates
whether a speci� c region of the buckling mode of a curved surface
is directed toward or away from the concave side of the surface. As
a result, these two orientationsof the same bucklingmode generally
correspondto differentdegreesof nonlinear interactionbetween the
imperfection shape and the membrane compressive stresses. In the
present study, the negative of the linear-bifurcationbuckling modes
obtained from the STAGS models were used as the imperfection
shapes because it was found, for every case presented herein, that
they provide the strongest nonlinear interaction with the compres-
sive stresses in the shell wall.

Results for SLWT Tank Prelaunch Loads
Results are presentedin this sectionfor the two prelaunchloading

conditionsdiscussedearlier.First, results are presentedfor the load-
ing condition that has a full LH2 tank and an empty LO2 tank. Then,
results are presented for the loading condition that has a full LH2

tank and a full LO2 tank. For this second loading condition, results
are presented that were obtained from STAGS models that neglect
the slosh baf� e ring stiffnesses. To determine the effect of neglect-
ing the slosh baf� e ring stiffnesses,additional results were obtained
with models that include these ring stiffnesses.Comparisonof these
results shows that neglecting the slosh baf� e ring stiffnesses in the
STAGS models yields similar structuraldeformationsand the lower,
more conservativepredictionof the LO2 tank load-carryingcapacity
at load levelsgreater than the level of the operationalloads.For both
prelaunch loading conditions, results were also obtained with and
without the relatively small wind loads. Neglecting the wind loads
was found to have an essentiallynegligibleeffect on the results.The
results that are presented are for no wind loads.

Full LH2 and Empty LO2 Tanks
The models that were investigatedfor this prelaunchloadingcon-

dition range from 104,600 to 213,500 DOF. The model that was
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Fig. 6 Linear-bifurcation buckling mode for prelaunch loading con-
dition with full LH2 tank and empty LO2 tank; 146,700 DOF, pa = 3.26,
and pb = 1.0.

identi� ed as adequate for predicting the linear-bifurcation buck-
ling behavior is shown in Fig. 6 and corresponds to 146,700 DOF.
Figure 6 shows a buckle in the LO2 barrel on the negative Y -axis
side of the tank. The 104,600- and 146,700-DOF models have the
same general mesh arrangement shown in Fig. 6, but the level of
local re� nement of the mesh shown in Fig. 6 for the 146,700-DOF
model is essentially twice that of the 104,600-DOF model. The
eigenvalues for the 104,600- and 146,700-DOF models are given
by pa D 3.36 and 3.26, respectively. These values correspond to
active (destabilizing) loads that are approximately three times the
magnitude of the corresponding operational loads. Based on the
smoothness of the buckling mode shown in Fig. 6 and the 3% dif-
ference in the eigenvalues, the 146,700-DOF model is considered
adequate for representing the linear-bifurcationbuckling behavior
of the LO2 tank for this loading condition. In addition, the ratio of
the largest thicknessin the area of the bucklingmode shown in Fig. 6
to its smallest characteristic length is less than 0.1, which indicates
that � nite elements that are based on classical thin-shell theory are
adequate.

Next, the 104,600- and 146,700-DOF models were used to con-
duct nonlinear analyses of a geometrically imperfect shell. An im-
perfectionshape in the form of the correspondinglinear-bifurcation
bucklingmode with a negativeamplitude and with an imperfection-
amplitude-to-wall-thickness ratio A/ t D 0.25 was used in these
analyses. The thickness t in the ratio A/ t , the minimum wall thick-
ness for the LO2 barrel, has a value equal to 0.140 in. The results
of these analyses, shown in Fig. 7, are presented as a plot of load
factor pa vs the normal displacement of the shell wall at the largest
crest of the buckle de� ned by the coordinates XT D 787.97 in. and
h D 300.94 deg. (See Fig. 2 for coordinatede� nitions.) The dashed

Fig. 7 Convergence of nonlinear solutions for prelaunch loading con-
dition with full LH2 and empty LO2 tanks and imperfection-amplitude-
to-shell-thickness ratio A/t = 0.25.

and solid lines shown in Fig. 7 correspond to the 104,600- and
146,700-DOF models, respectively. The un� lled square symbols
and the � lled circular symbols shown in Fig. 7 correspond to the
discrete values of the load factor for the � nite element results that
were obtained with the 104,600-and 146,700-DOF models, respec-
tively. The results shown in Fig. 7 indicate that there is a small
discrepancy between the two nonlinear solutions. The solution for
the more re� ned model has larger values of displacements for some
valuesof the load factor,but thedifferencesin the load factors for the
two models is approximately5% or less for all values of the normal
displacement. This discrepancy is attributed to the fact that the less
re� ned model overestimatesthe bending stiffnessof the structure in
the region of the buckle. The relatively small differences between
the results in Fig. 7 suggest that the 146,700-DOF model is reason-
ably convergedand adequate for conductingnonlinear analyses for
this loading condition.

Results obtained fromnonlinearanalyses for a geometricallyper-
fect shell and for geometrically imperfect shells with values for
the imperfection-amplitude-to-wall-thicknessratio A/ t D 0.25,0.5,
and 1.0 are shown in Fig. 8. These results were obtained with the
146,700-DOFmodel and with the imperfectionshape in the form of
the correspondinglinear-bifurcationbucklingmode with a negative
amplitude.The � lled circles indicatesolutionsfor the geometrically
perfect shell, and the un� lled squares, triangles, and circles indicate
solutions for the geometrically imperfect shells with A/ t D 0.25,
0.5, and 1.0, respectively.The horizontal dashed line represents the
linear-bifurcationbuckling load level. The results shown in Fig. 8
are presented as a plot of the load factor pa vs the normal displace-
ment of the shell wall at the largest crest of the buckle, de� ned by
the coordinates XT D 789.939 in. and h D 301.64 deg.

The results in Fig. 8 indicate a signi� cant reduction in the appar-
ent meridional stiffness of the barrel section of the LO2 tank, where
the buckles appear, at a load factor slightly less than the linear-
bifurcation buckling load level. These results also indicate that the
barrel section of the LO2 tank exhibits stable postbuckling load-
carrying capacity for the geometrically imperfect shells and, as a
result, is practically insensitiveto initial imperfections.10 Moreover,
the shallowness of the barrel panel that contains the buckle and the
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Fig. 8 Effect of imperfection amplitude on the nonlinear solutions for
prelaunch loading condition with full LH2 and empty LO2 tanks.

presence of stable postbucklingload-carryingcapacity suggest that
the bucklingbehavior is effectivelylike that of the stable-symmetric
bifurcation type; that is, the unstable bifurcationbehavior10 usually
associated with singly curved panels is essentially benign. For this
type of nonlinear response, the linear-bifurcation buckling anal-
ysis gives a meaningful representation of the nonlinear response
phenomena and gives a reasonable estimate of the buckling load
level, especially for the smaller imperfection amplitudes. In this
case, any use of a buckling-load knockdown factor would produce
results that are overly conservative.

The buckle patterns obtained from the linear-bifurcation buck-
ling analysis and the nonlinearanalysesare all very similar in shape
and occur in the same location. The stress distribution in the shell
that causes the buckle pattern to form is shown in Fig. 9 for a geo-
metrically perfect shell and for pa D pb D 1. Contours of the mem-
brane meridional and shear stresses on the negative Y -axis side
( h D 270 deg) of the tank are shown in Figs. 9a and 9b, respectively,
in pound per square inch. These contours indicate that high merid-
ional compression stresses exist in the thrust panel directly above
the SRB attachment point, as expected. However, the thrust panels
are massive and very stiff compared to the LO2 tank shell and, as a
result, do not bucklebefore the LO2 tank. The contoursalso indicate
that buckling occurs in a region of the barrel where there are sig-
ni� cant shear stresses in the shell that interact with the meridional
compressive stresses and reduce the buckling load.

Full LH2 and LO2 Tanks
The models investigated for this prelaunch loading condition

ranged from 48,990 to 121,500 DOF. The model identi� ed as ad-
equate for predicting linear-bifurcation buckling that appears in
Fig. 10 corresponds to 99,100 DOF. A 79,950-DOF model was
investigated that has the same general mesh arrangement as that
shown in Fig. 10, but the local re� nement shown on the right side of
the ogive was used for both locally re� ned regionsof the ogive. The
eigenvalues for the 79,950- and 99,100-DOF models are given by
pa D 3.94 and 3.78, respectively, where a value of 1.0 corresponds
to the operational values of the destabilizing loads. Because of the

a) Meridional stress

b) Shear stress

Fig. 9 Membrane stress distributions in geometrically perfect LO2
tank and intertank for prelaunch loading condition with full LH2 and
empty LO2 tanks; pa = pb = 1, stress values in pounds per square inch.

smoothness of the buckling mode shown in Fig. 10 and the 4% dif-
ference in the eigenvalues, the 99,100-DOF model was used to rep-
resent the linear-bifurcationbuckling behavior of the LO2 tank for
this loading condition. In addition, the ratio of the largest thickness
in the area of the buckling mode shown in Fig. 10 to its smallest
characteristic length is less than 0.1, which indicates that � nite ele-
ments that are based on classical thin-shell theory are adequate.The
79,950- and 99,100-DOFmodels also were used to obtainnonlinear
solutions for a geometrically perfect shell. The nonlinear solutions
for these two models yield load vs normal displacement plots in
which the difference in the load factors for the two models is ap-
proximately 4% or less for all values of the normal displacement.
These solutions indicate that the 99,100-DOF model is reasonably
converged and represents adequately the nonlinear behavior of the
LO2 tank for this loadingcondition.Thus, all subsequentresultspre-
sented in this section were obtained with the 99,100-DOF model.

A short-wavelength buckle in the forward part of the aft ogive,
shown in Fig. 10, is essentially a wrinkle in the skin on the negative
Y -axis side of the tank. Here, the term short is used to indicate that
the characteristic wavelength of the buckle pattern is small com-
pared to the overall dimensions of the LO2 tank. The loads acting
along the shellmeridiansnear the SRB attachmentpoint developthe
meridional compressive stress resultants shown in Fig. 11a (given
in pounds per inch for pa D pb D 1) that caused the buckling mode
shown in Fig. 10. Insight into the formation of the buckling mode is
obtained by noting that Gaussian curvature is a geometric measure
related to how much the shell membrane stiffness participates in its
bendingdeformations.The results in Fig. 11 indicate that the merid-
ional compressive stress resultants and the circumferential tension
stress resultants increase in the LO2 tank from the tip of the forward
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a) Rotated view

b) Side view

Fig. 10 Linear-bifurcation buckling mode for prelaunch loading con-
dition with full LH2 and LO2 tanks; 99,100 DOF, pa = 3.78, and pb =
1.0.

ogive to the intertank.The magnitudeof the shellGaussiancurvature
decreases in the aft ogive, which causes local buckling to occur at
this location. In the forward ogive, there are relatively small values
of hoop tensile stresses to stabilize the shell, but the Gaussian cur-
vature is high. In the aft ogive, the meridional compressive stresses
and hoop tensile stresses are larger than in the forward ogive, but
the Gaussian curvature is much smaller. The STAGS results suggest
that the higher values of meridional compressive stresses and lower
values of Gaussian curvature in the aft ogive are the dominant fac-
tors that in� uence the locationof the bucklingmode. These � ndings
also indicate that the shortness of the half-wavelength of the buck-
ling mode is a result of the high values of the circumferentialtensile
stress resultants shown in Fig. 11 that are caused by the hydrostatic
pressure exerted on the shell wall by the LO2.

Results obtained from nonlinear analyses of a geometri-
cally perfect shell and a geometrically imperfect shell with an
imperfection-amplitude-to-wall-thickness ratio A/ t D 0.3 are pre-
sented in Figs. 12 and 13, respectively. The thickness t in the ratio
A/ t is the minimum wall thickness of the aft ogive and has a value
equal to 0.100 in. The results shown in Fig. 13 were obtained by
using an imperfection shape that is in the form of the corresponding

a) Meridional stress resultant

b) Circumferential stress resultant

Fig. 11 Stress distributions in geometrically perfect LO2 tank and in-
tertank for prelaunch loading condition with full LH2 and LO2 tanks;
pa = pb = 1, stress resultant values in pounds per inch.

linear-bifurcationbucklingmode with a negativeamplitude.The re-
sults shown in Figs. 12 and 13 are for nonlinear solutions that were
obtained by increasing the load factors pa and pb simultaneously
to a value of one and then holding pb constant while increasing the
magnitude of the load factor pa . The normal displacements along
the length of the aft-ogive shell wall are represented by the solid
lines in Figs. 12 and 13 for values of the load factor pa approx-
imately equal to 3.0, 4.0, and 5.0. Overall, negative values of the
normal displacements are indicated by the left-hand-side ordinate
for these three lines because of contraction of the aft ogive that is
caused primarily by the LO2 thermal load. The linear-bifurcation
buckling mode is represented by the dashed line in Figs. 12 and 13
with normalized amplitudes given by the right-hand ordinate of the
� gures.The bifurcationmode in Figs. 12 and13 shows the similarity
between the nonlinear solution and the linear-bifurcationbuckling
mode and indicates how the imperfection shape in� uences the non-
linear solution. The solid lines shown in Figs. 12 and 13 predict a
short-wavelengthbendingresponsein the aft ogiveover the negative
Y axis ( h D 270 deg) that is similar in shape to the corresponding
linear-bifurcation buckling mode shape, except at the ends of the
aft ogive. The overall slope of the solid lines (obtained by � tting a
straight line to each curve) in Figs. 12 and 13 is due to the outward
displacementof the shell wall caused by the increase in pressure as
pa and pb are simultaneously increased to a value of one in the non-
linear analysis. This nonlinear effect is inherently not represented
in a linear-bifurcationbuckling analysis and, as a result, the overall
slopeof thedashedlines is zerovalued.Moreover,thebendingdefor-
mations that appear at the ends of the aft ogive of the geometrically
perfectshellarenot capturedby the linear-bifurcationbucklinganal-
ysis. Thus, in a strict sense, the linear-bifurcationbuckling analysis
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Fig. 12 Bending deformations in aft ogive of a geometrically perfect LO2 tank shell for prelaunch loading condition with full LH2 and LO2 tanks;
µ = 270 deg and pb = 1.0.

Fig. 13 Bending deformations in aft ogive of a geometrically imperfect LO2 tank shell for prelaunch loading condition with full LH2 and LO2 tanks;
µ = 270 deg, pb = 1.0, and imperfection-amplitude-to-wall-thicknessratio A/t = 0.3.

does not representaccurately the nonlinear responsephenomenafor
this loading condition.

The results presented in Figs. 12 and 13 predict a stablenonlinear
response at load levels substantiallygreater than the load predicted
by the linear-bifurcationbuckling analysis (pa D 3.78). This behav-
ior shows that the use of a linear-bifurcationbuckling analysis with
a knockdown factor will yield overly conservative results for this
loading condition. As the load increases, substantial bending de-
formations (indicated by the waviness of the curves) develop and
grow in the shell wall, reducing the apparent meridional stiffness
of the aft ogive. The nonuniformity of the bending deformations is
caused by the thickness variations in the ogive and the presence of
the weld lands. The results in Fig. 13 indicate that a geometrical im-
perfection in the shape of the linear-bifurcationbuckling mode and
with a small negative amplitude will greatly increase the severity of
the bending deformations and will cause the growth of the bending
deformations to start at much lower load levels. For the load levels
considered, the von Mises stresses were well below the yield stress
of the material.

The reduction in apparent meridional stiffness of the aft ogive is
shown more explicitly in Fig. 14. In Fig. 14, the intensities of the
bending deformations (indicated by the magnitude of the normal
displacement amplitude) at X T D 637.66 in. for the geometrically
perfect shell (see x D 99.3 in. in Fig. 12) and at X T D 633.77 in. for
the geometrically imperfect shell (see x D 95.4 in. in Fig. 13) are
given as a function of the load factor pa . These locations represent
the locations of the largest bending deformations shown in Figs. 12

and 13. The amplitudeD w shown in Fig. 14 is the distance from the
maximum value of the local shell-wall displacement to the adjacent
minimum value and represents the intensity of the local bending
deformation in the response.The � lled circles shown in Fig. 14 cor-
respond to results for a geometrically perfect shell and the un� lled
triangles and squares correspond to results for geometrically im-
perfect shells with imperfection-amplitude-to-wall-thicknessratios
of A/ t D 0.1 and 0.3, respectively (t D 0.100 in.). The horizontal
dashed line shown in Fig. 14 represents the linear-bifurcationbuck-
ling load level.

The results shown in Fig. 14 indicate that the amplitude of the
greatest local bending deformation grows with increasing load and
that the amount of growth increases substantially with increasing
geometric imperfectionamplitude. The results predict that the shell
can support loads greater than the critical buckling load predicted
by a linear-bifurcationbuckling analysis. As D w increases, the ap-
parent meridional stiffness decreases, and as a result, the positive-
valued constant of proportionality between an increment in load
and the corresponding increment in normal-displacement ampli-
tude decreases. This trend is manifested by the reduction in slope
of the load vs normal-displacementamplitude curves. This type of
response is similar to the response reported by Stevens et al. in
Ref. 11 for cylindrical shells subjected to combined internal pres-
sure and a pure bending moment. The results in Ref. 11 indicate
that the amplitude of the short-wavelengthde� ection approaches a
horizontaltangentas the load increasesand that the valueof the load
for the horizontal tangent corresponds to a local collapse mode of
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Fig. 14 Effect of imperfection amplitude on nonlinear solutions for prelaunch loading condition with full LH2 and LO2 tanks; µ = 270 deg and
pb = 1.0.

Fig. 15 Effect of imperfection amplitude on local radius of curvature of largest bending deformation for prelaunch loading condition with full LH2
and LO2 tanks; µ = 270 deg and pb = 1.0.

the cylinder. Mathematically, the horizontal tangent indicates that
unbounded growth of the displacement occurs for an in� nitesimal
increase in the load.The responsedisplayed in Fig. 14 does not nec-
essarily indicate approach of a horizontal tangent as D w increases.
In fact, the response for the geometricallyperfect shell does not ex-
hibit a signi� cant change in apparent meridional stiffness at a load
factor near the linear-bifurcation buckling load level, which again
reinforces the statement that the linear-bifurcationbuckling analy-
sis does not represent accurately the nonlinear response. Unlike the
responseof a simplecylinder,substantialloadredistributionmay oc-
cur in this structure.If a horizontaltangent in a load vs displacement
amplitudecurve is approached,the regionof the shell containingthe
bending deformations becomes incapable of supporting additional
load, and the compressive load is redistributed to another portion
of the aft ogive. If other parts of the ogive cannot support the re-
distributed compressive load, the shell will collapse. However, if
other parts of the ogive can support the redistributed compressive
load, the slope of the load vs displacement amplitude curve will
increase as the loading increases. In general, geometric imperfec-
tions with large amplitudesalso could cause a similar redistribution
in load, and as a result, the corresponding slope of the load vs dis-
placement amplitude curve would increase. This effect is a result
of a reduction in the apparent membrane stiffness that occurs as
the imperfection amplitude increases. Similar curves for smaller
geometric imperfection amplitudes would approach a horizontal
tangent.

In additionto resultspresentedherein that were used to assess the
stabilityof the SLWT LO2 tank, the resultspresented in Figs. 12–14
were obtained to provide insight into the effect of the wrinklelike
short-wavelengthbendingdeformationson the behaviorof the TPS.
These results indicate that large local bendingdeformationsmay oc-
cur in the shellwall for loadsthat are much smaller than the localcol-
lapse load and may cause the TPS to debond from the shell wall and
fail. The results presented in Fig. 15 indicate approximateestimates
of the local radiusof curvaturefor the largestbendingdeformationin
the aft ogivealong the negativeY axis (h D 270 deg). These bending
deformations are located at XT D 637.66 in. for the geometrically
perfect shell (see x D 99.3 in. in Fig. 12) and at XT D 633.77 in.
for the geometrically imperfect shells (see x D 95.4 in. in Fig. 13).
The local radius of curvature q shown in the right-hand sketch of
Fig. 15 is calculated by the formula

q D [1 C (w0)2]
3
2

.
jw00j (9)

where w, the local displacement shown in the right-hand side in
Fig. 15, is approximated by

w D (D w/ 2) sin(2 p x / k ) (10)

where k is the buckle wavelength and D w is the deformation am-
plitude (see Fig. 14). The prime marks denote differentiation with
respect to the local x coordinate. At the crests of the wave de� ned
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by x D k / 4 and 3 k / 4, w0 D 0, and the radius of curvature is given
by

q D k 2/ (2 p 2D w) (11)

The values of q were calculated, for each value of X T that corre-
sponds to the largest bending deformation in the aft ogive, by de-
termining k and D w from the corresponding � nite element results
and then substituting these values into Eq. (11). The � lled circles
shown in Fig. 15 correspond to results for the geometricallyperfect
shell, and the un� lled triangles and squares correspond to results
for geometrically imperfect shells with imperfection-amplitude-to-
wall-thickness ratios of A/ t D 0.1 and 0.3, respectively.The imper-
fection shape is identical to the linear-bifurcation buckling mode
with a negative amplitude shown in Fig. 10. The results in Fig. 15
demonstrate that the geometric imperfectionamplitudehas a signif-
icant in� uence on the local radiusof curvatureof the deformed shell
wall. For example, if a given thermal protection system is known to
debond from the shell wall at a value of q D 100 in., the maximum
load factor is reduced from a value of approximately 4.8 for the
geometrically perfect shell to 3.2 for the geometrically imperfect
shell with A/ t D 0.3.

SWT Tank Full-Scale Structural Test Results
To obtain con� dence in the STAGS modeling approach used for

the SLWT LO2 tank, � nite element analyses were performed for
two full-scale structural tests with the same modeling approach that
was used for the SLWT LO2 tank. These two tests are the only
experimental data available for any Space Shuttle LO2 tank that ex-
hibited a buckling event. The two full-scale tests were conducted
approximately 20 years ago at the NASA Marshall Space Flight
Center on the original SWT LO2 tank during the developmentpro-
gram of the originalSpace Shuttle ET, and both test articles buckled
unexpectedly.Because buckling was unexpected, measurements of
initial geometric imperfections in the tank wall were not made for
either of these test specimens. As a result, these test results cannot
be used quantitatively as an absolute measure of the accuracy of
the STAGS models of the SLWT LO2 tank. However, adequacy of,
and con� dence in, the STAGS models are obtained if the location
of the buckle pattern observed in each test is predicted accurately
and the corresponding buckling load is bounded by the � nite el-
ement analysis predictions for a geometrically perfect shell and a
shell with a severe initial geometric imperfection in the form of
the linear-bifurcationmode that has an amplitude of one nominal,
minimum-gauge wall thickness. Although these two conditions do
not represent strictly suf� cient conditions for the absolute accuracy
of the � nite element models, it was rationalized by the SLWT tank
structural veri� cation team that they do represent necessary condi-
tions for the � nite element analysesand should be met. In particular,
if the � nite element models are in error to the extent that they rep-
resent inadequately the membrane and bending stiffnesses of the
structure and the internal load distribution, it is most likely that
these two conditions could not be met.

The SWT LO2 tank has essentially the same geometry as the
SLWT LO2 tank, but is made of 2219 aluminum alloy. The primary
difference between the two LO2 tanks is that the skins of the SWT
tank are thicker than those of the SLWT tank, with the thicknesses
much more uniformlydistributedover the SWT tank shell.Thus, the
modeling approach described earlier for the SLWT tank was used
to model the two full-scale SWT tank test articles, and the behavior
of the SWT tank has a direct relationship with the behavior of the
SLWT tank. The SWT tank model was generated by modifying the
STAGS userwritten subroutine3 that was used to describe the thick-
ness distribution of the SLWT tank to account for the SWT tank
thicknesses and by changing the material properties. The SLWT
tank structural veri� cation team indicated that the differences be-
tween the SWT intertankand theSLWT intertankare negligiblewith
respect to the transfer of loads from the intertank to the LO2 tank.
As a result of this information, the SLWT intertank part of the � nite
element models was not modi� ed. The two full-scale SWT tank
tests described subsequently are referred to herein as the structural
test article (STA) and the ground vibration test article (GVTA).

Fig. 16 Loads for SWT tank STA at buckling.

STA Results
The STA consisted of a SWT LO2 tank and a SWT intertank

mounted vertically to a LH2 tank load simulator and two rigid ver-
tical posts at the SRB attachment points. The LH2 tank load sim-
ulator was modeled by a self-equilibrated line load that is applied
to the bottom of the intertank and varies sinusoidally around the
circumference, as depicted in Fig. 16. A uniformly distributed cir-
cumferential line load of 1394 kips was also applied to the tank at
X T D 852.8 in. During the test, these two loads were applied � rst
and then the tank was � lled with room temperature water while an
ullage pressure was maintained in the tank. After � lling the tank
to XT D 455 in., a depth of approximately 42 ft, the ullage pres-
sure was slowly reduced.When the ullage pressure reached0.57 psi
gauge pressure, the tank unexpectedlybuckled in the forward ogive
between XT D 455 and 475 in. and between h D 253 and 277 deg
(negativeY -axis side of the tank). The SRB interface forces that are
reacted at the two vertical posts had magnitudes equal to 1295 kips
(Fig. 16).

To simulate the test loading conditions in a practical manner,
all loads shown in Fig. 16, except for the SRB beam loads, were
controlled in the analysis by a load factor pa . A value of pa D 1
corresponds to values of the loads at which the actual test article
buckled. Finite element models were constructed for the STA in
which the tank was supported at the ends of the SRB beam and the
loadsat theendsof theSRB beamwere computedas reactions.These
reactionswere foundto be in excellentagreement(differencesof less
than1%)with thecorrespondingspeci� edSRB beamloadsshownin
Fig. 16, which indicatesthat � nite element modeling details, such as
the mass distribution and applied loads, are represented accurately.

A limited convergence study was also performed with several
� nite element models of the STA. The � nal model that was used
to analyze the STA has 159,993 DOF and is highly re� ned in the
forward ogive on the negative Y -axis side of the tank. The linear-
bifurcation buckling mode obtained for the STA with this mesh is
shownin Fig. 17and is a short-wavelengthbuckle,with respectto the
size of the forward ogive. Once again, the ratio of the largest thick-
ness in the area of the buckling mode to its smallest characteristic
length is less than 0.1, which indicates that � nite elements that are
based on classical thin-shell theory are adequate. The location of
the linear-bifurcationbuckling mode shown in Fig. 17 is the same
as the location observed during the test. The eigenvalue for this
linear-bifurcationmode is given by pa D 1.14.

Next, a series of nonlinear analyses were conducted with the
159,993-DOF model for values of the imperfection-amplitude-to-
wall-thickness ratio A/ t D 0, 0.1, 0.25, 0.5, and 1.0. The thickness
t in the ratio A/ t is the minimum wall thickness of the forward
ogive and has a value equal to 0.080 in. For each of these cases,
the geometric imperfection shape was input in the form of the
linear-bifurcationbuckling mode shown in Fig. 17, with a negative
amplitude.
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Fig. 17 Linear-bifurcation buckling mode for the STA; 159,993 DOF and pa = 1.14.

Fig. 18 Effect of imperfection amplitude on the buckling load for the
STA.

Figure 18 shows the results of the nonlinear analyses of the STA.
The maximum normal displacement that occurs at the crest of the
buckle pattern is shown in Fig. 18 as a function of the load factor
pa . The buckle crest is located at X T D 457.6 and 466.6 in. for
the geometrically perfect and imperfect shells, respectively, and at
h D 267.2 deg. The � lled circles and the un� lled circles, diamonds,
squares, and triangles correspond to results for A/ t D 0, 0.1, 0.25,
0.5, and 1.0, respectively.The horizontal dashed line represents the
linear-bifurcationbuckling load level. The results for all values of
A/ t indicate a monotonic increase in normal displacementwith in-
creasingload.For each case, the load factorvs normal-displacement

Fig. 19 Predicted imperfection sensitivity of the STA.

curve approaches a horizontal tangent as the load factor increases,
which indicates an incipient limit-point or snap-through response
of the shell. The characterization of the shell response as a limit-
point or snap-through response is also justi� ed by the fact that the
value of the limit-point load factor decreases with increasing im-
perfection amplitude. At each limit point, the shell exhibited rela-
tively large inward normal displacements and substantial bending
deformations (particularly for A/ t D 1.0) at the same location of
the linear-bifurcation buckling mode shown in Fig. 17, which is
compatiblewith an incipient snap-throughbuckling responseat this
location.The actualnonlineardeformationpatternfor the limit point
(prior to snap through) that was obtained from a nonlinear analysis
of the STA with A/ t D 1.0 is shown in Fig. 18, and the ratio of the
deformation pattern’s largest thickness to its smallest characteristic
length is less than 0.1. The meridional and circumferential stress
resultant distributions are similar to those presented in Fig. 11 for
the prelaunch loading condition with full LH2 and LO2 tanks.

The values of the limit points are shown in Fig. 19 as a func-
tion of geometric imperfectionamplitude and load factor, and indi-
cate the imperfection sensitivity of the forward ogive of the STA.
The limit points that were obtained for the STA span a broad
load range bounded by pa D 1.18 for a geometrically perfect shell
and pa D 0.53 for a geometrically imperfect shell with A/ t D 1.0
(A D 0.080 in.) and a severe, linear-bifurcation-modeimperfection
shape. This load range corresponds to a 55% reduction in load-
carrying capacity of a geometrically perfect shell. The similarity
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between the linear-bifurcationbuckling mode and the deformation
pattern obtained from the nonlinear analysis of the geometrically
perfect shell, the coincidence of their locations, and the approx-
imately 3.5% difference between the linear-bifurcation-buckling
eigenvalue and the limit-load level for the geometrically perfect
shell, indicate that the linear-bifurcationanalysis characterizes ad-
equately the nonlinear response phenomena exhibited by the STA.
In addition, the small difference between the linear-bifurcation-
buckling eigenvalue and the limit-load level for the geometrically
perfect shell indicates a small stiffening effect that is caused by ge-
ometrically nonlinear prebuckling deformations. The 55% reduc-
tion in load-carrying capacity of a geometrically perfect shell that
is caused by the inital geometric imperfections considered corre-
sponds to a linear-bifurcationbuckling-load knockdown factor ap-
proximately equal to 0.46.

The dashed line shown in Fig. 19 has a value of A/ t D 0.064 for
pa D 1 (which corresponds to the buckling load of the test), which
is bounded by the analytical results for A/ t D 0 and 1. This result,
and the accurate prediction of the buckle location, suggest that the
STAGS modeling approach described herein provides a reasonably
accurate indication of the SWT LO2 tank behavior. More speci� -
cally, the results suggest that the modeling approach captures the
membrane and bending stiffnesses and the internal load path ade-
quately, and should be applicable to similar loading conditions. In
particular, the buckling-load level that is obtained for the geometri-
cally perfect structuremust be greater than thatobservedfor the tests
becauseof the inherentpresenceof small initial geometricimperfec-
tions that generally tend to reduce the buckling load of thin-walled
shells. In addition, an imperfection amplitude of one minimum-
gauge wall thickness is consideredto be at the border of amplitudes
that are considered to be small. Thus, if a large amplitude is needed
to bound the test results, it is likely that the � nite element model
has a signi� cant de� ciency. Because of the high degree of similarity
between the SWT and SLWT LO2 tanks, the results suggest that the
SLWT tank models should capture adequately the actual LO2 tank
membrane and bendingstiffnessesand, as a result, providea reason-
able representationof the SLWT LO2 tank nonlinearshell response.

GVTA Results
The GVTA consistedof a SWT tankmountedon two SRBs andan

orbiter attached to the SWT tank. The SWT tank consistedof a LO2

tank, a LH2 tank, and an intertank. In this con� guration, the SWT
tank is inclined at an angle of approximately 10 deg in the XT –Z
plane because of the eccentric weight of the orbiter. The loads that
act on the LO2 tank and intertank during the test and the inclination
angle a D 10 deg are shown in Fig. 20. These loads were supplied
by the SLWT tank structural veri� cation team and consist of two
SRB interface force components, the LH2 tank interface force and
moment, a uniformly distributed circumferential line load of 20.86
kips applied at X T D 852.8 in., and a hydrostatic water pressure
distribution that corresponds to the tank � ll level of X T D 645 in.
(a depth of approximately 26.5 ft). No ullage pressure was present
inside the LO2 tank during the test. The hydrostatic pressure distri-
bution for the GVTA was de� ned in the STAGS models with a user-
written subroutine in terms of the local axial coordinate x shown in
Fig. 20b.The pressuredistributionis given by p(x, h ) D 0 for values
of x · x f ¡ r(x) tan a cos h , where x f is the local coordinateof the
� ll level that is de� ned by the positivenumerical differencebetween
stations XT D 645 and 371 in., as shown in Fig. 20b. The symbol h
is the cylindrical coordinate de� ned in Fig. 2, and r (x) is the polar
radius of the shell reference surface (see Fig. 20b) that was calcu-
lated from the differential geometry of the LO2 tank components.
For the remaining values of x , the pressure is given by

p(x , h ) D c [(x ¡ x f ) cos a C r(x) sin a cos h ] (12)

where c is the speci� c weight of water at room temperature.
The original test plan for the GVTA was to � ll the tank with

water and then to perform a ground vibration test. However, when
the water level reached X T D 645 in., the tank buckledunexpectedly
in the forward ogive between approximately X T D 437 and 503 in.
and between h D 247 and 281 deg (negativeY -axis side of the tank).

a) Front view

b) Side view

Fig. 20 Loads for SWT tank GVTA at buckling; XT values in inches.

The test loading conditions for the GVTA were simulated in the
manner described herein for the STA; that is, all loads shown in
Fig. 20, except for the SRB interface forces, were assigned to a load
factor pa such that a value of pa D 1 corresponds to buckling of the
test article. Several � nite element models were constructed for the
GVTA in which the tank was supportedat the ends of the SRB beam
and the loads at the ends of the SRB beam were computed as reac-
tions. These reactions were found to be in very good agreement (to
within approximately 4%) with the speci� ed SRB interface forces
shown in Fig. 20a.

A limitied convergence study was performed with several � nite
element models of the GVTA. The � nal model selected to analyze
the GVTA has 252,300 DOF and is highly re� ned in the forward
ogive on the negative Y -axis side of the tank. The linear-bifurcation
buckling mode obtained for the GVTA with this mesh is shown in
Fig. 21. This buckling mode is also a short-wavelength buckling
mode similar to the one obtained for the STA. The location of the
linear-bifurcationbuckling mode shown in Fig. 21 is essentially the
same as the location of the buckle that was observedduring the test.
The eigenvalue is given by pa D 2.41.

Next, the 252,300-DOF model was used to conduct nonlinear
analysesfor valuesof the imperfection-amplitude-to-wall-thickness
ratio A/ t D 0, 0.125, 0.25, 0.5, 0.75, and 1.0. The minimum wall
thickness t for the forward ogive has a value equal to 0.080 in. For
each of these cases, the geometric imperfection shape was in the
form of the linear-bifurcationbucklingmode shown in Fig. 21, with
a negative amplitude.

The results of the nonlinear analyses of the GVTA are shown
in Fig. 22. The maximum normal displacement that occurs at the
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Fig. 21 Linear-bifurcation buckling mode for the GVTA; 252,300 DOF and pa = 2.41.

Fig. 22 Effect of imperfection amplitude on the buckling load for the
GVTA.

crest of the buckle pattern is located at XT D 466.7 in. and at
h D 267.2 deg and is shown in Fig. 22 as a functionof the load factor
pa . The � lled squares, triangles, and circles and the un� lled circles,
squares,and trianglescorrespondto results for A/ t D 0, 0.125,0.25,
0.5, 0.75, and 1.0, respectively. The horizontal dashed line repre-
sents the linear-bifurcationbuckling load level. Similar to the STA
results, the GVTA results indicatea monotonic increasein load with
increasing normal displacement that terminates at a limit point for
all nonzero values of A/ t. At each limit point, the shell exhibited
relatively large inward normal displacements and substantial bend-

Fig. 23 Predicted imperfection sensitivity of the GVTA.

ing deformations (particularly for A/ t D 1.0) at the same location
of the linear-bifurcationbuckling mode shown in Fig. 21, which is
consistent with an incipient snap-throughbuckling response at this
location.The actual nonlineardeformationpattern that corresponds
to the limit point that was obtained from a nonlinear analysis of the
GVTA with A/ t D 1.0 is shown in Fig. 22. The ratio of the deforma-
tion pattern’s largest thickness to its smallest characteristic length
is less than 0.1, which indicates that � nite elements that are based
on classical thin-shell theory are adequate. The values of the limit
points displayed in Fig. 22 are shown in Fig. 23 (� lled circles) as
a function of the geometric imperfection amplitude and load fac-
tor to indicate the imperfection sensitivity of the GVTA. The limit
points obtained for the GVTA span a broad load range bounded
by pa D 2.46 for a geometrically perfect shell and pa D 0.92 for a
geometrically imperfect shell with A/ t D 1. This load range corre-
sponds to a 62% reduction in load-carrying capacity of a geomet-
rically perfect shell. The load reduction predicted for the GVTA is
approximately7% greater than that for the STA, and is attributed to
the difference in the loadingconditions.The approximately2% dif-
ference in the limit load for the geometrically perfect shell and the
linear-bifurcationeigenvalue is again attributed to a small effect of
geometric nonlinearity. As for the STA, the similarity between the
linear-bifurcation buckling mode and the deformation pattern ob-
tained from the nonlinearanalysisof the geometricallyperfect shell,
the coincidence of their locations, and the approximately 2% dif-
ference between the linear-bifurcation-buckling eigenvalue and the
limit-load level for the geometrically perfect shell, indicate that the
linear-bifurcation analyses characterizes adequately the nonlinear
responsephenomenaexhibitedby the GVTA. The 62% reduction in
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load-carryingcapacityof a geometricallyperfect shell that is caused
by the inital geometric imperfections considered corresponds to a
linear-bifurcation buckling load knockdown factor approximately
equal to 0.38.

The dashed line shown in Fig. 23 has a value of A/ t D 0.625
(A D 0.0504 in.) for pa D 1 (which correspondsto the buckling load
of the test). Because of the accurate prediction of the buckle loca-
tion and the prediction of reasonable bounds on the experimental
buckling-load level, the results for the GVTA also suggest that the
STAGS modeling approach captures the stiffness and internal load
paths well enough to provide reasonablyaccurate indicationsof the
SWT, and hence the SLWT, LO2 tank nonlinear shell responses.

Concluding Remarks
Buckling and nonlinear analyses of the Space Shuttle SLWT

LO2 tank have been presented. An overview of the LO2 tank and
intertank structures has been presented, the loading details for two
importantprelaunchloadingconditionshavebeendescribed,and the
method used in the present study to simulate these loading condi-
tions has been discussed.In addition, the analysiscode that has been
used at the NASA Langley Research Center for linear-bifurcation
buckling and nonlinear analyses of the SLWT LO2 tank has been
brie� y described.

Results have been presented herein for the SLWT LO2 tank that
is subjected to two prelaunch loading conditions and for two full-
scale structural tests that were conducted during the development
program of the original SWT tank approximately 20 years ago.
The SWT LO2 tank has essentially the same geometry as the 2195
aluminum–lithium SLWT LO 2 tank, but is made of 2219 aluminum
alloy. The primary differencebetween the two LO2 tanks is that the
skinsof the SWT tank are thicker than thoseof the SLWT tank,with
the thicknessesmuch more uniformlydistributedover the SWT tank
shell. These results have illustrated three distinctly different types
of nonlinear response phenomena for thin-walled shells subjected
to combinedmechanicaland thermal loads that may be encountered
in the design of other liquid-fuel launch vehicles and that should be
considered in the design of a TPS. In addition, a discussion of the
applicabilityof linear-bifurcationbucklinganalysesto thecharacter-
ization of the three nonlinear response phenomena has been given.
Moreover, the results have indicated that meaningful predictions
of the response of these shells generally require large-scale, high-
� delity � nite element models. This need results from the presence
of localized, short-wavelength response phenomena in a relatively
large structure that are caused primarily by circumferential tension
stresses that are associated with internal ullage and fuel pressures.
Use of coarse � nite elementmodels for similar problems could miss
a similar response mode entirely.

For the � rst SLWT tank prelaunch loading condition, the LH2

tank is full and the LO2 tank is empty. The � nite element results
predict that the nonlinear response is characterized by a platelike
or very shallow curved-panel-likebuckling response that is essen-
tially insensitive to initial geometric imperfections.The results also
indicate that for this type of launch-vehicle response phenomenon,
linear-bifurcationanalysesyield a reasonablecharacterizationof the
nonlinear response. For this loading condition, the barrel section of
the LO2 tank is predicted to buckle at loads that are more than twice
the operational destabilizing loads.

For the second SLWT tank prelaunch loading condition, the LH2

and LO2 tanks are full. The nonlinear response for this loadingcon-
dition is characterized by a short-wavelengthbending deformation
that grows in amplitude in a stable manner with increasingload. For
this loading condition, local bending deformationsappear in the aft
ogive of the LO2 tank that do not lead to a general instability mode
but may cause failureof the TPS for load levels in excessof approxi-
mately twice the operationalload level.Results have beenpresented
in the present paper that can be used to estimate the load level at
which the TPS may become damaged. Moreover, the results predict
that the severity of the local deformations is signi� cantly affected
by localized initial geometric imperfections.For this type of launch-
vehicle responsephenomenon,the linear-bifurcationbucklinganal-
yses do not represent adequately the mechanics of the actual shell
response, and underestimate sign� cantly the elastic load-carrying

capacity of the structure. In particular, the linear-bifurcationbuck-
ling analyses did not predict some signi� cant local bending defor-
mations that develop near the ends of the aft ogive and that could
affect signi� cantly the performance of the TPS. For problems of
this type, the use of shell stability knockdown factors with linear-
bifurcation buckling results would be overly conservative.

For the two full-scale structural tests of the SWT, the nonlinear
responses exhibit local buckling of a doubly curved shell segment
of the LO2 tank forward ogive that is characterizedby a limit-point
or snap-throughbehavior.The accuratepredictionof the bucklepat-
tern locations that were obtained from the linear-bifurcation anal-
ysis and from the nonlinear analysis of the geometrically perfect
GVTA shell,and the small differencebetweenthelinear-bifurcation-
buckling eigenvalue and the limit-load level for the geometrically
perfect shell, indicate that the linear-bifurcationanalysesadequately
characterize the nonlinear response phenomena exhibited by the
two tests. The magnitude of the load level that corresponds to the
limit point has been shown to be very sensitive to local initial ge-
ometric imperfections in the LO2 tank. Speci� cally, load reduc-
tions of about 55–62% of the buckling load of a geometrically per-
fect shell are predicted for a geometric imperfection shape in the
form of the linear-bifurcation-buckling mode and with a one-wall-
thickness imperfection amplitude. The 55 and 62% reduction in
load-carrying capacity corresponds to linear-bifurcationbuckling-
load knockdown factors approximately equal to 0.46 and 0.38,
respectively.

The buckling loads that were obtained from the highly re� ned
� nite element models for both tests correspond to geometric im-
perfection amplitudes that are greater than zero and less than one
minimum-gauge wall thickness. This result implies that the � nite
elementmodels captureadequatelythemembraneandbendingstiff-
nesses and the internal load path of the SWT LO2 tank. In particular,
the buckling-loadlevel that is obtainedfor the geometricallyperfect
structure must be greater than that observed for the tests because of
the inherent presence of small initial geometric imperfections and
the fact that, in many cases, small initial geometric imperfections
are known to cause substantial reductionsin the buckling resistance
of thin-walled shells. In addition, an imperfectionamplitude of one
minimum-gauge wall thickness is considered to be at the border of
amplitudes that are considered to be small. Thus, if a large ampli-
tude is needed to bound the test results, it is likely that the � nite
element model has a signi� cant de� ciency. Moreover, the location
of the buckles was predicted to be in essentially the same location
that was observed for each test. Thus, the � nite element results for
the two full-scaletests, and the high degreeof similaritybetween the
SWT andSLWT LO2 tanks,suggest that the � nite elementmodeling
approach used in the present study should represent the nonlinear
behavior of the SLWT LO2 tank reasonably well.
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