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ABSTRACT The base of the geodesic dome sheltering the Amundsen-
Scott South Pole Station is distorting due to movement in the compacted
snow foundation. Determination of how much longer the dome can with-
stand ice field motion is aided by a nonlinear finite element analysis. A
description of the base ring differential displacement is obtained by a
least squares analysis of foundation displacement data. The topology
and geometry of the geodesic dome have been reconstructed, and a one-
to-one correspondence exists between the modeled and actual latticed
framework. Two alternative approaches to structural modeling, based
on the same topology, are developed and discussed.

Computational results are obtained, and then displayed and
analyzed using computer graphics. These results indicate that the
South Pole Dome can withstand twice the load currently induced by
existing foundation settlement. The structure exhibits isolated group
buckling but is in no danger of general collapse at that load level. The
actual level of settlement at which general collapse could occur could

not be calculated.
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EXECUTIVE SUMMARY

The geodesic dome sheltering the Amundsen-Scott South Pole Station
is settling into the compacted snow foundation. A structural analysis
to determine the effects of the settlement, and to aid estimates of the
life expectancy for the structure has been conducted. The analysis
strategy is to simulate the settlement process incrementally until a
collapse condition for the structure is determined.

The South Pole Dome is considered a single layer latticed dome.
Collapse analysis and particularly post-collapse analysis of such struc-
tures remains very much a research issue, and is an ad hoc procedure in
the practice of structural analysis. In this investigation, both linear
and nonlinear three-dimensional finite element technology has been
applied to the solution. Commercially available software running on a
Cray super computer was employed, and computer graphics were used to
analyze response data.

A mathematical procedure was developed to analyze field data of the
structure's settlement which was based on the method of least squares.
This procedure determined the rigid body settlement and the differential
settlement components of the field data. The latter component is of
interest to structural analysis. The maximum differential settlement
calculated is 5 inches. The maximum rigid body rotation calculated is
0.67 degrees. Rigid body settlement in the vertical direction could not
be determined for lack of a reference elevation.

For the sake of completeness, conventional loads of gravity, snow,
and wind were also considered in this study. The snow load was calcu-
lated from field data on the depth of the snow-berm accumulation on the
leeward side of the dome. In effect, this analysis resulted in a snow-
berm load condition. The snow berm extends some distance downwind from
the dome. The best physical explanation of the cause of the settlement
sustained by the dome is that the weight of the snow berm is compressing
the field of precompacted snow beneath the berm.

The full three-dimensional geometry and topology of the South Pole
Dome framework structural model was reconstructed in the absence of
design drawing information. The framework topology includes a one-to-
one correlation between the joints and member length for the structural
model and the actual dome. The coordinates of the joints agree with
known overall geometry and the lengths of the various members agree with
the available field measurement data and are consistent with overall
geometry. There are 565 joints and 1,550 members in the framework
topology including the base ring. Additionally, 915 triangular plate
bending members were used to simulate the behavior of the dome's
cladding. Overall, the structural model of the South Pole Dome possess
nearly 3,400 degrees of freedom. That is, nearly 3,400 displacements
are computed over the surface of the Dome for each load case studied.

Linear structural analysis studies of the South Pole Dome were
aimed at analyzing the condition of the structure in its present state.
Computed member bending stresses for all load cases are below 1,000 psi
and are therefore negligible. The computed structural response of the
South Pole Dome due to foundation settlement is greater than the effect
of the snow-berm or wind load cases. The response of the structure
considering the settlement load case alone is, however, well confined to

v




framework members located down low in the dome near the base ring where
the settlement displacements are imposed. Member stresses for this load
case are less that 12,500 psi.

When the foundation settlement load case is combined with the snow-
berm and wind load cases, the maximum member stresses are computed to be
about 50 percent less than yield, which is 36,000 psi for aluminum
alloy. These results tend to confirm the structural integrity of the
South Pole Dome in its present condition.

In the nonlinear analysis, settlement displacements were success-
fully simulated incrementally up to a level of twice the existing
settlement level. Behavior of the framework at this level of settlement
remained linear. The highest stressed member possessed an axial stress
of 25,800 psi. Thus, all members were stressed below yield. It was
also determined that members would not buckle in the elastic range.

Just beyond twice the existing level of settlement load, the non-
linear analysis results did indicate that group buckling occurred at
isolated locations on the leeward surface of the dome. In this mode of
buckling, a joint, into which several members frame, suddenly displaces
a small amount in a direction normal to the dome's surface. Bending
stress suddenly appeared in the connecting members. However, there was
no evidence in these results of formation of a general state of struc-
tural collapse of the dome.

It was concluded that the South Pole Dome could sustain at least
twice the existing level of foundation settlement without being in dan-
ger of reaching a general state of structural collapse. However, the
level of foundation settlement that would correspond to a general col-
lapse condition for the South Pole Dome could not be calculated.
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INTRODUCTION

Metal, shell-like latticed structures are very popular. They are
low in cost and weight, and often they can be prefabricated and erected
at remote sites. However, procedures for structural analysis of shell-
like lattice structures remain ad hoc, for they cannot easily exploit
the classical analysis methods developed for continuous isotropic shells
in the sense of Timoshenko and Woinowsky-~Krieger (1959).

Investigation of the collapse behavior potential of a single-layer
latticed dome due to base ring distortion is a particularly unusual task.
Very little information exists in the literature on the subject, as com-
pared with collapse analysis methods involving direct loading. See, for
example, the bibliography compiled by the ASCE Task Committee on Latticed
Structures (1976).

The foundation of the geodesic dome at the Amundsen-Scott South
Pole Station is settling with movement in the compacted snow foundation.
An estimate of the life expectancy of the dome is aided via a nonlinear
finite element structural analysis. The goal of the analysis is to predict
the relationship between progressive collapse of the structure and advancing
stages of foundation distortion. The structural analysis calculations
were made using a commercially available general purpose nonlinear finite
element program running on a Cray computer. The loading consists of
prescribed incremental displacements, and the analysis is fully three-
dimensional and includes the effects of large displacements in member
response. The material model used was linear elastic. The effects of
simultaneously acting wind and snow loads are included. A preliminary
structural analysis of the South Pole Dome was conducted by Shugar et
al. (1987) and Shugar and Holland (1987).

The South Pole Dome was designed to be a weather break that shelters
the scientific station communications center, crew quarters, and labora-
tories from wind and snow. Construction materials for the dome were
airshipped to the Pole in 1972, and since its construction in Deep Freeze
73 (DF 73 is July 73 to June 74) it has sustained substantial foundation
settlement according to recent onsite surveys. This is a historical
problem for structures at the South Pole site (ENR 1969 and Curtiss 1983).

The 1987 NCEL site survey data (Lunsford, 1987) is carefully analyzed
to obtain a picture of base ring settlement. Differential settlement is
of primary concern. This component is separated from the rigid body
component of the total base ring settlement to provide the basic struc-
tural loading to which the dome is subjected.

Regarding the structural model, discussion is given as to the ideal-
ization of the lattice members as either nonbending (truss) members or
bending (frame) members. The latter idealization was employed in the
model. The cladding is modeled to interact with the latticed framework,
and is idealized as a (faceted) fully bending thin shell.




Static linear and nonlinear analyses were employed. In the non-
linear analysis the strategy was to apply idealized differential dis-
placements incrementally to the base ring in magnitudes sufficient to
lead up to collapse of the dome.

The structural analysis results are presented using computer
graphics. Member stresses and structure deformations at various stages
of loading are shown and analyzed.

GEODESIC DOME CONFIGURATION

The South Pole Dome is shown in Figure 1. The structure is regarded
as a single-layer latticed dome, and as shown in Figure 2, is 164 feet
in diameter and 53 feet high at the crown. It is composed of three pri-
mary substructures: a latticed framework, an outer cladding, and a ten-
sion or base ring. The dome is constructed entirely of aluminum alloy.
The dome's spherical shell is composed of five topologically identical
72-degree sectors. The individual members of the latticed framework in
each sector are made in 12 different lengths which vary from 8 feet to
10 feet. They are exclusively 6-inch-deep WF-sections. Gusset plates
are used to join the members at the nodes.

Triangular plates, 0.050 inch thick, constitute the outer surface
cladding of the dome. The plates are attached to the framework at their
three vertices and along their three edges. The primary method of attach-
ment is by bolting at the three vertices. Along the edges, a mechanical
or articulated seal is employed instead of a continuous structural joint.
A hole in the cladding at the apex of the dome serves to bleed off heat.

The base ring is functionally a tension ring. The inner and outer
chord (outrigger chord) members of the tension ring are lag-bolted to 70
evenly spaced timber pads.

FOUNDATION DISPLACEMENT

The measured displacement of the base ring includes two types of
displacement: rigid body translation and rotation, and differential
settlement (Shugar, et al. 1987). The latter information is critical to
the structural analysis of the dome. The former is of value in under-
standing the onsite, gross motion of the dome. Because of the unique
behavior of the compacted snow material in which the South Pole Dome is
founded, the dome may not only be settling, but it also may be distort-
ing in the plane of the dome's floor.

To determine the magnitudes of the rigid body translation and
rotation, a least squares procedure was used to fit a plane through the
measured vertical displacement data of the base ring. This procedure is
illustrated in Figure 3.

The equation of the plane containing the rigid body position of the
base ring is:

z = z+0 x+0y
y X

where the coefficients define the magnitudes of the rigid body displace-
ment as follows:
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z = vertical translation from the "original" floor position
Oy = rotation about a horizontal y axis
Ox = rotation about a horizontal x axis

The data used for the least squares analysis were taken from the site
survey conducted by the Naval Civil Engineering Laboratory (NCEL) in
January 1987 (refer to Lunsford (1987) for further details).

The least squares analysis identifies the coefficients in the
equation of the plane. They are presented in Table 1.

Table 1. Computed Rigid Body Settlement of
the South Pole Dome

0.5 feet (upwards) from
surveyors arbitrary origin

Translation (E)*

SN et (cw)

y-axis rotation (Oy)

1069510 2 radians (cow)

x-axis rotation (Ox)

*The translation component is not meaningful for there was
no correct datum elevation established for referencing
vertical translation.

A snow berm has accumulated on the leeward side of the dome and it
continues downwind some distance (see Figure 1). The weight of this
berm is apparently consolidating the otherwise free field beneath the
berm. This was first discussed by Curtiss (1983). This consolidation
would only roughly explain the direction of the computed rigid body rota-
tion. Cracks have formed on the compacted snow floor inside the dome
and seem to be involved in how the dome rotates. The mechanical
properties of the compacted snow field are also probably anisotropic.
The existence of a tunnel, called the Utilidor, beneath the compacted
snow floor is also a factor in the crack pattern in the floor. These
four factors all have an influence on how the dome moves, and complicate
any simple explanation of its motion.

The differential settlement of the base ring is obtained by sub-
tracting the computed rigid body settlement of the base ring from the
total settlement. It is shown graphed about the circumference in
Figure 4. The maximum differential settlement is 5 inches.

The differential displacement data can be directly input to the
finite element analysis computer program in preparation for a structural
analysis of the South Pole Dome. Alternatively, the total displacement
data can be prescribed as input data. The same structural response
should be achievable by either method. In the present analysis, the
differential displacement data were used as input data.




The differential displacement data were smoothed to minimize
numerical difficulty before they were prescribed. The irregularity in
the data stems naturally from the measured data. Finite element anal-
ysis software has computational difficulty with large amounts of pre-
scribed displacement data that vary irregularly. This creates many
highly concentrated effects which result in equilibrium difficulty in
the complete structure. The irregularity in the data is due to measure-
ment errors and construction errors (imperfections). Since the gross
behavior of the dome due to settlement is of interest, the data were
smoothed to filter out local irregularity.

For purposes of numerically predicting collapse, it is the basic
shape of the differential displacement data, as contrasted with absolute
magnitude, that is important. Therefore, the input data are normalized
as well as smoothed. The applied displacements are prescribed incremen-
tally in steps, a method analogous to proportional loading with direct
forces or pressures. The strategy of applied incremental displacements
would then be to continue their application until the magnitude of the
displacements that correspond to a general collapse condition of the
dome is determined.

These data could then be compared to the historical rate of dis-
placement, as determined by an auxiliary analysis of the annual site
survey data, to predict the structural life span expectancy of the South
Pole Dome. This strategy obviously assumes that the shape of the dis-
placements remains constant with time. The magnitude of the displace-
ments may be assumed to vary linearly or nonlinearly with time depending
on historical data on the rate of settlement. Analysis of such data
conducted elsewhere (Lunsford, 1987) indicated that displacement magni-
tudes tend to increase linearly.

GRAVITY, SNOW, AND WIND LOADS

To obtain a complete structural analysis, conventional loads were
also considered in this study. Linear shell membrane solutions are
available for continuous domes for gravity and wind load conditions. If
the South Pole Dome is idealized as a continuous shell, these solutions,
from the membrane theory of shells, provide useful and economical in-
sight into the structural behavior of the dome, and useful background
for any proposed nonlinear analysis of shells. These solutions are
provided in Appendix A.

The conventional loads of gravity, snow, and wind acting on the
South Pole Dome are depicted in Figure 5. The basic load data for each
condition are discussed in the following.*

The corresponding uniform gravity load condition is depicted in
Figure 5(a). The spherical radius r of the dome is 90.2 feet. The
structural analysis computer program computes the gravity load,inde-

pendently; however, the value of pg is estimated to be 3 1b/ft2.

*Thermal loading in this study was disregarded. The South Pole Dome was

designed to minimize the temperature difference between inside and
outside the dome.
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Site survey data of the snow-berm accumulation on the leeward side
of the dome enables the depth of the accumulation at stations around the
perimeter to be quantified. An idealization of the snow load condition
is depicted in Figure 5(b).

The pressure of the snow berm is assumed to be active and hydro-
static; that is, pressure acts in a direction normal to the dome surface
and has a linear distribution with depth. The usual assumption is that
snow load acts vertically. However, the snow material at the South Pole
is unusually constituted of a granular structure, and would tend to
behave actively rather than passively while bearing on the dome. Thus,
the hydrostatic assumption is justified.

Hydrostatic pressure of the snow load is described by the equation:

Ps 7 (17l9) Xsnow
where ¥ is the unit weight of the snow-berm material. The mass
densitysggwthe material has been measured by NCEL personngl, and is
0.314 g/cm™, which represents a unit weight of 19.7 1b/ft”, The geo-
metrical quantities 1, m, and k define the region of the dome over which
the pressure acts. Their values calculated from the site survey data,
are, respectively, 37.6 feet, 52.8 feet, and -0.209.

This load condition is regarded as permanent, and is treated as a
dead load. Consequently, like the load of the structure's weight, the
snow load is assumed to act simultaneously with the loads from wind and
foundation settlement. This is a departure from conventional structural
analysis of expeditionary structures where wind and snow load conditions
are ordinarily analyzed independently because they are not likely to
occur simultaneously. However, it is prudent to consider the snow berm
permanent at the South Pole Dome site.

The wind load condition arises from the transfer of kinetic energy
from the free stream wind velocity to strain (potential) energy of
deformation of the dome shell surface. The free stream wind (or
dynamic) pressure is given by the equation:

p, = 0.00256 v

where V is the wind velocity in mph and p_ has units of psf. A 200-km/h
wind velocity was used in the present analysis in the absence of speci-
fic data on local weather conditions. The corresponding static pressure
normal to the dome surface is the product of the free stream pressure
and a locally varying static pressure coefficient. This is given by the
equation:

P, = P, sin¢ cosO
The wind load parameters are depicted in Figure 5(c).

As can be seen from the above equation, the pressure is positive
(inward) on the windward side of the dome, and negative (outward) on the
leeward side of the dome. On the portion of the leeward side where the
snow berm exists, the wind pressure is regarded as zero. The aero-
dynamic effect of the snow berm is unknown and is otherwise disregarded
in this analysis.




STRUCTURAL ANALYSIS MODEL

A fully three-dimensional finite element analysis model is neces-
sary to accommodate unsymmetrical load conditions and anisotropic struc-
tural conditions of a latticed framework. Obtaining a solution for a
shell problem is ordinarily dependent on the geometry, loading, and
boundary conditions. Continuous geometry, smooth loading, and idealized
boundary conditions are generally required to obtain analytical solu-
tions. Where deviations from any of the preceding complicate the
analysis, an analytical solution may not be possible and under these
conditions the analyst may resort to numerical techniques, the most
prominent of which is the finite element method.*

Since the finite element method is a bona fide three-dimensional
structural analysis method that handles discrete systems such as
latticed frameworks, it is a sound basis for collapse analysis of domes
that conveniently and systematically takes into account their structural
anisotropy.

A significant analytical effort was required to reconstruct the
topology and geometry of the South Pole Dome due to the unavailability
of detailed design drawing information. An erection manual for the dome
that contained only overall dome dimensions and code numbers used for
assembling variable-length members into the lattice work was the only
design information available. This was supplemented by actual field
measurements of member lengths made by NCEL personnel. Combining this
information, a mathematical procedure was developed and programmed for
the computer to determine the topology and geometry of the entire dome.
The principal output data of this program are the x, y, and z coordin-
ates at each joint in the dome. The results of the reconstructed South
Pole Dome topology and geometry are illustrated graphically in Figure 6.
The reconstructed topology and geometry as shown is an accurate replica-
tion of the topology and geometry of the South Pole Dome, member-for-
member and joint-for-joint. Apperatures in the dome for entry and exit
are disregarded. However, the pentagonal hole at the apex is included
in the model.

Two different structural models of the South Pole Dome framework
employing the same topology and geometry were considered: a truss model
and a bending model. Which formulation to use appears to be an un-
resolved issue in the research community. 1In practice, the choice is
often restricted to the elements available for nonlinear analysis in the
software that is being employed. This issue is reflected in Figure 7,
and is discussed below.

*As an alternative to the finite element method of analysis, it is
possible to conceive of analytical approaches which would rely more on
classical shell bending and buckling theory. Mullord (1984) discusses
two such alternatives to numerical approaches. One is based on elastic
stability, and the other is based on plasticity and is akin to yield
line theory for flat plates. Such approaches require that an equivalent
continuous shell structural model be devised by a procedure that
smoothes or averages the obvious anisotropy in a latticed dome.




In the analysis of planar truss structures it is generally assumed
that the individual struts are connected by ideal articulations, i.e.,
without bending resistance. Hence the struts are not subjected to
moments or shearing forces, but to axial forces only. This assumption
simplifies the calculation considerably since disregarding moments often
leads to a statically determinate system. The hypothesis of ideal
articulations is, however, not generally in accordance with the actual
construction of the truss structure. The top and bottom chords of the
trusses are normally continuous through several panel points. Thus, the
flexural resistance of such points is not only not equal to zero but,
because of gusset plates, is larger than anywhere else.

The applicability of the truss theory derives from another fact: if
we calculate a truss with rigid connections as a highly statically
indeterminate system by using the corresponding idealized truss as a
substitute system on which we apply the moments as unknowns, then we
obtain for these unknowns values of such small magnitude that we can
neglect them completely. Thus, as far as the final result of the
calculations is concerned, bending stresses are of secondary importance
in linear truss structures.

Thus, a finite element truss model of the dome assumes an ideally
articulated, momentless joint in spite of the gusset plates into which
each member frames, and the members develop only axial force in spite of
their bending and torsional rigidity. Such a model also assumes the
loading on the dome has only a small component normal to the dome sur-
face. A primary consequence of these assumptions is that the order of
the finite element truss model is dramatically decreased. This is
particularly advantageous in a nonlinear structural analysis setting,
but the nonlinearities and the normal load component must remain small
for the truss model to be accurate.

The type of finite element that may be specified for the dome
members in a truss model is a two-node, linear-displacement truss
element with 3 degrees of freedom at each node. It may be used in the
context of a large displacement, updated Lagrangian formulation to
capture nonlinear behavior.

While it is believed that a truss model could strike a balance
between accuracy and computational cost, there is no question that a
bending model of the South Pole Dome's framework would be more accurate,
particularly for nonlinear analyses. Such a model could also poten-
tially provide a more robust procedure by minimizing premature buckling
at the joints and numerical instability during analysis.

During group buckling a group of members framing into any one node
moves dramatically in a lateral direction. The resistance to this mode
of buckling would depend on the end fixity condition of the members. In
the bending model of the dome, full fixity is assumed in the absence of
experimental data to the contrary. The truss model, by comparison, would
assume zero fixity and is a more conservative model relative to group
buckling albeit more susceptible to premature numerical instability.

The question of whether to use a truss model or a bending model to
replicate the South Pole Dome framework's load-deflection behavior was
studied further and is addressed in Appendix B. Using models of a
representative substructure of the dome's framework, it was determined
that a bending model is more suitable. The primary loading to which the




dome is subjected, foundation settlement, may be expected to cause bend-
ing moments in planes normal to the dome's surface, and therefore
require the normal stiffness of the framework to be modeled correctly.
Only the bending model can accomplish this as demonstrated in this
study. No satisfactory results were obtained from the nonlinear truss
model. Numerical instability resulted for load steps as small as

0.025 6, and this behavior is inconsistent with the observed structural
condition of the dome in the field.

A two-node one-dimensional frame element with 6 degrees of freedom
at each node could be used in the bending model of the South Pole Dome
framework. This element precludes the possibility of local buckling
behavior of any strut in the dome unless it also possesses special
experimentally-based constitutive relations. However, the possibility
of group buckling behavior is retained. Local buckling could be
considered by subdividing each strut in the framework into two or more
of these elements, albeit at much greater cost. However, in this case,
a geometrically nonlinear implementation of this element was not
available and it could not be considered.

Solid, isoparametric two-node elements would seem to offer computa-
tional advantages over alternative two-node, solid frame elements such
as a Hermitian element. Both these elements may be used with nonlinear
analyses in ADINA. To avoid shear locking and retain accuracy, the
isoparametric formulation requires that the element stiffness matrix be
evaluated by reduced numerical integration (see Bathe 1982). Therefore,
we could specify only one-point Gaussian quadrature in the direction of
the element and thereby achieve added efficiency. In the transverse
directions we would be constrained to using four-point quadrature.

However, an auxiliary analysis using coarse models of the dome
framework showed that the Hermitian element was more accurate and
satisfatory for our purpose than two- and three-node isoparametric
elements. Thus, the Hermitian solid element formulation was used to
model the South Pole Dome framework.

Solid frame elements cannot replicate all the actual section prop-
erties of a frame member. In that event we chose to assign the prop-
erties of the frame element's equivalent rectangular cross-section
dimensions that correspond to the actual member area, and the actual
member major axis inertia. Actual and equivalent sections are sketched
in Figure 8 for the South Pole Dome. The minor axis inertia and the
torsional constant are thereby constrained to be very different from
their actual values, as shown in Table 2.

Concern arises for accurate behavior of solid frame elements
assigned equivalent section properties. Do the differences between
actual and equivalent section properties matter in the case of the
present study? This question was investigated and further reported on
in Appendix C. The investigation concluded that the solid frame element
with the equivalent section properties shown in Table 2 models the
stiffness of the South Pole Dome framework in both the tangential and
normal directions adequately.




Table 2. Actual and Equivalent Section Properties
for South Pole Dome Frame Members

Actual "Equivalent"
Section Solid Section Error
Properties Properties
Frame Member: 2 )
Area, A 3.66 in.4 3.63 in.4 0.7%
Strong Axis Inertia, I 25.11 in.4 24.95 in.4 0.6%
Weak Axis Inertia, I X 5.86 in., 0.04 in., large
Torsion Constant, J 7~ 25.78 in. 0.194 in. large
Base Ring: 2
Area, A == 7.11 in.LL S2
Strong Axis Inertia, I == 2,077 in.4 St
Weak Axis Inertia, Ixxyy = 0.11 in. ==

The cladding structure is also included in the finite element
model.* The triangular plates that constitute the dome's cladding could
be modeled as plane stress elements, where once again, bending is ne-
glected. The bending rigidity of the plate is thereby regarded as
negligible compared to its inplane or stretching rigidity. The dome's
cladding taken as a whole, exclusive of the framework, would therefore
behave as a faceted shell membrane, i.e., with the intentional neglect
of normal shear, bending moment, and twisting moment.

A linear-displacement, quadrilateral finite element could be
specified to model the triangular cladding plates. In this procedure,
two adjacent nodes are coalesced to form a triangular element. This is
a common procedure when existing, standard, three-node plane stress
elements are otherwise not available, but there is a concern for accu-
racy under general circumstances with this procedure.

The plane stress element and the truss element described above
linearly interpolate the displacement field within each element. Thus,
full displacement compatibility is thereby imposed between the struts
and edges of the plates in the structural model. In this way, the clad-
ding and the lattice framework are assumed to fully interact in resisting
load. However, this may not be desirable. Recall that this joint is
not continuous in the actual structure.

*In experimental work on a parabolic cylindrical roof structure con-
structed of cladding and arch ribs, Zhao, et al. (1984) found the
cladding can carry as much as 60 percent of the force carried by the
arch ribs. This would indicate the cladding should not be ignored in
the structural model of the dome.




In a bending model, the cladding could be simulated by plate bending
elements. These elements possess 6 degrees of freedom per node. When
assembled with the beam elements in the structural model they do not
increase the number of global degrees of freedom. Additional computa-
tion is required for the plate element matrices over and above that
required for plane stress elements in a nonbending formulation. Here
again, reduced numerical integration may be prescribed which partially
offsets their increased computational cost.

Two different plate bending elements were investigated as to their
stiffness behavior for use with the South Pole Dome model. This inves-
tigation is summarized in Appendix D. The discrete Kirchoff plate element
(see Bathe, 1982) performed well based upon an evaluation of overall
combined stiffness of frame elements and plate bending elements. This
element was used to model the effect of cladding in the South Pole Dome
model. It contributes 24 percent to the total stiffness of the dome in
the normal direction.

Size characteristics of the alternative South Pole Dome finite
element models are given 1n Table 3. These are regarded as moderate
sized models in the context of nonlinear problems depending on the
computational power of the computer employed.

Table 3. Alternative South Pole Dome Models

Truss Bending

Model Model
No. of Truss Elements 1340 0
No. of Plane Stress Elements 915 0
No. of Plate Elements 0 915
No. of Beam Elements 210 1550
No. of Node Points 565 565
No. of Degrees of Freedom 1691 2833
Half Band Width 612 677

LINEAR STRUCTURAL ANALYSIS RESULTS

The purpose of the linear structural analysis conducted in this
investigation is two fold: (1) to serve as a precursor to the nonlinear
analysis, and (2) to evaluate the structural condition of the South Pole
Dome relative to the present state of foundation settlement and con-
ventional load conditions of snow and wind. The ADINA (1984) finite
element program was used in this analysis.

As it turned out, the member bending stresses computed in the
linear analysis were less than 1,000 psi everywhere for all load
conditions and are therefore neglected. In the following discussion,
only member axial stresses computed from the linear analysis are
reported.
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Results are shown by using computer graphics that highlight only
those members sustaining stress greater than 1,000 psi absolute within
the dome framework. Tension and compression stresses are distinguished
in these graphics. The dome framework is oriented relative to the direc-
tion of prevailing weather at the South Pole site for reference. Both
plan and elevation views are shown. In the latter, the view is in the
direction of the wind, looking slightly up and under the framework.

The computed member stresses for the snow-berm load case are shown
in Figure 9. It is clear that this load case 1s not significant by it-
self, for the maximum member stress throughout the framework is only
1,460 psi compression. As expected, the response is localized to the
lower members beneath the snow berm and symmetrical about a diametrical
plane in the direction of the prevailing weather.

The above results were obtained with the displacements of the base
ring completely fixed. Thus, the computed stresses in the base ring
members are constrained to be zero. However, for the snow-berm load
condition, it might be just as reasonable to assume that base ring dis-
placements in the horizontal plane should not be fixed. This would be
consistent, for example, with a passive material model for the surround-
ing compacted snow foundation. The member stress response for this con-
dition was also obtained, though it is not shown here. The stresses in
the dome framework remain about the same, i.e., very small. The maximum
member stress in the structure is a tension stress which occurs in the
base ring for the snow-berm load condition when the base ring is free to
displace in the horizontal plane.

The computed response of the South Pole Dome due to a 200-km/h wind
load is shown in Figure 10. An interesting pattern of member stress
occurs with compression and tension occurring in the windward and lee-
ward members, respectively. This classic overall behavior is typical of
wind loading on spherical domes of uniform thickness and isotropic con-
struction. However, the detailed member response shown is not typical
and is due to the particular anisotropic construction of this latticed
dome.

The maximum stress is 2,090 psi tension on the leeward side. The
maximum compression stress is 1,680 psi on the windward side. 1In either
case, it appears that the stress is remarkably small for a 200-km/h wind
velocity. These stress levels are as insignificant as those that
occurred for the previous, snow-berm load case. The difference is that
wind load produces a uniform stress distribution while the snow-berm
load produces a localized stress distribution. As mentioned, the member
bending stresses are negligible even though displacements of the base
ring were constrained to be zero for this load condition.

A variation on the wind load case was studied where the load on the
leeward side was excluded from the surface covered by the snow berm.

The results for this partial wind load case are shown in Figure 11. The
maximum stresses are slightly reduced for this case, and fewer members
are stressed beyond 1,000 psi. The snow berm therefore does provide a
wind break on the leeward side, but the level of member stress in either
case is very low. The partial wind load case is also used in a combined
load case study which is discussed later.
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The response of the structure to the settlement loads is shown in
Figure 12. The vertical displacements imposed on the base ring are equal
in magnitude and distribution to the existing differential settlement as
calculated in this study from analysis of the 1987 NCEL site survey data.
The base ring displacements in the horizontal plane are assumed to be
unconstrained in these data, and develop as a response to the imposed
vertical displacements. These can be seen in the distorted shape of the
base ring in Figure 12(b). In this figure the displacements are magnified
for visibility and are not to scale.

It is clear from these displacement results that an imposed dif-
ferential settlement will also cause out-of-roundness in the base ring
if displacements in the horizontal direction are not constrained by the
foundation (see Figure 12a). In this analysis, we assume that they are
not constrained. This would be more consistent with a viscoelastic or
passive model of the compacted snow foundation's material behavior.

That is, if subjected to a load, the material will give way gradually
over time (creep) until the load either diminishes or vanishes altogether.

The maximum member stress due to the settlement load is 12,600 psi
compression. This is about six times greater than the maximum stress
obtained from either the wind or snow-berm load case. Thus, the settle-
ment load condition is much more significant than the conventional load
conditions. The stresses are confined to members located near the base
ring, and correspond to areas of greater differential settlement; in
this case mostly to members near the leeward edge of the dome.

The response of the South Pole Dome to combined gravity, snow-berm,
200-km/h wind, and existing settlement loads is shown in Figure 13.
Computed displacements and member stresses are both included in the
figure.

Displacements in the horizontal plane are unconstrained, consistent
with the more important load case of settlement. Thus, the effects of
snow-berm and wind loading as discussed above are not exactly superimposed
here, for they were associated with the boundary condition of fixed or
constrained base ring displacements in the horizontal plane.

The maximum member tension stress is 11,400 psi and the maximum
member compression stress is 13,200 psi for the combined load case.

These stresses are consistent with a simple superposition of the stresses
from the individual load cases. They are well below the 36,000 psi yield
stress for aluminum alloy. Thus, considering very general load conditiomns,
the South Pole Dome's existing structural integrity is established accord-
ing to the results of the present linear structural analysis.

NONLINEAR STRUCTURAL ANALYSIS RESULTS

The ADINA (1984) general purpose nonlinear finite element computer
program was also employed in this nonlinear analysis of settlement loads.
Further, solution option A was selected to predict post-collapse behavior.
An overview of computational aspects of post-collapse behavior is given
in Appendix E. It was not possible with this program to consider nonlinear
analysis of the combined load condition for the dome.

The prescribed settlement load for the nonlinear analysis consisted
of deforming the base ring to twice the value of the existing deforma-
tion as obtained from the 1987 NCEL site survey data, which is denoted

12




here as 1.0 §. Results for the load levels of 0.647 S, 1.095 S, 1.544 3,
and 1.992 6, are presented graphically for the bending model in Figure 14.
In this figure the deformed shape (enhanced for visibility) of the dome
base ring can be seen to gradually increase. The axial stresses in the
members of the dome in units of psi are indicated for members sustaining
stress greater than 2,500 psi absolute.

The results reported here were obtained from the bending model of
the dome. The base ring is assumed to be restrained against rotation.

This boundary condition, although not completely correct, better models
the torsional resistance of the tension ring (see Figure 2(b)), which is
believed to be high because it is lag-bolted to timber pads that are
embedded in the compacted snow foundation.

The bending model results show the large majority of the dome's
members are unaffected by settlement of the foundation. Only members
located near the base ring are affected. The response is well confined
to the region of differential settlement.

_The member response exhibits essentially a linear behavior up to
2.0 8. Thus, according to these bending model results, nonlinear kine-
matic effects are also expected to be slight even when the existing
foundation settlement has doubled.

The calculated mean member force is noted to be consistently near
zero. There are two reasons for this. First, the majority of the members
contain very small forces. Second, a count of the compressed and stretched
members shows that their numbers are nearly equal, so that there is a
cancelling effect when calculating the mean force. This latter observa-
tion is apparently typical structural behavior of systems possessing
topologies that are based on the triangle, whether they are simple
planar trusses, or complex, three-dimensional geodesic domes. ~

Considering the maximum stress in the members for load level 2.0 §,
the ratio of the yield stress to the maximum axial stress is nowhere in
the dome framework less than 1.40. Further, assuming strong axis buckling,
the Euler buckling stress for a typical member exceeds the yield stress
so the members will not buckle elastically. Since member stresses are
less than yield, member buckling is precluded. This also verifies the
choice made in modeling the members which implies members would not buckle.

Just beyond load level § = 2.0 6, evidence of group buckling in the
numerical computation occurs. At load level 8 = 2.19 6§, significant
bending stress suddenly appears in a few isolated members. To this point
in the loading, bending stresses have been negligible. For example, the
maximum bending stress anywhere in the framework at 6 = 2.0 6§ was *124 psi.
Now, due to a mere 10 percent increase in load level, the maximum bending
stress 1is *14,400 psi. Members sustaining bending stress and axial stress
greater than 2,500 psi absolute are shown in Figures 15 and 16, respectively,
for load level 6 = 2.19 6. At this load level, combined stresses for
certain members could exceed the yield stress, but they would be isolated
members if indeed they exist at all. Thus, the structure may be said to
be locally unstable at this settlement load level. The results do not
indicate widespread group buckling or general instability for the dome.

It would be advisable, however, to monitor future, normal displacements
in the dome's framework in locations such as those shown in Figure 15.
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Beyond this point in the numerical simulation, program execution
failed. The program was unable to assemble a stable structure stiffness
matrix. It reported 26 negative eigenvalues had been detected for this
matrix. It was believed that computation of further post-buckling con-
figurations should have been achievable with continued application of
the load using solution option A. Several attempts to adjust the compu-
tational parameters were made in an effort to restart the computation
but to no avail. The particular formulation implemented in the software
used for surmounting computational difficulty at the point of buckling
was not sufficiently robust in this instance.

Thus, it was not possible to calculate the settlement load level at
which general collapse of the South Pole Dome would occur. However, the
results do indicate that the South Pole Dome could withstand twice the
existing level of foundation settlement that it presently sustains.

This finding is made in the absence of consideration for the combined
load effects from snow and wind. However, the linear analysis showed
that these effects were small.

SUMMARY AND CONCLUSIONS

A structural analysis of the geodesic dome sheltering the Amundsen-
Scott South Pole Station was conducted. The analysis emphasized struc-
tural collapse due to foundation settlement. Three-dimensional struc-
tural models of the South Pole Dome were prepared and analyzed based on
the application of commercially available nonlinear finite element tech-
nology. The finite element model topology and geometry for the South
Pole Dome were carefully reconstructed. There is a one-to-one corres-

pondence between the struts, panels, and joints of the dome and the struts,

panels, and joints of the finite element model.

An auxiliary method for analyzing the data from the 1987 NCEL site
survey of foundation settlement was developed based on the mathematical
method of least squares. It yielded a detailed picture of the dome's
rigid body rotational displacement and the distortion in the base ring.
The latter component provided the necessary data for simulating the pre-
scribed displacement loading to which the base ring of the dome is sub-
jected in the structural analysis.

Direct specification of measured base ring settlement data could
not be accommodated computationally by the nonlinear structural analysis
software used. The measured data is too irregular. The solution was to
smooth the data and prescribe an idealized version of the differential
settlement data instead. This helped to minimize the number of inef-
fective computer runs, and provided more reasonable computed response
while also simulating the primary differential displacement pattern
inherent in the measured data.

A linear structural analysis was conducted to assess the South Pole
Dome's structural integrity relative to the present state of foundation
settlement. This analysis also included the conventional loads due to
gravity, snow, and wind. It was found that response of the dome due to
settlement alone is more onerous than due to the conventional loads.
However, the response due to even the combined load condition shows that
framework members are stressed well below yield. The South Pole Dome,
in its present state, is structurally adequate according to results from
the linear analysis.

14
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Results from the bending model of the nonlinear finite element anal-
ysis showed that the dome could sustain at least twice its existing differ-
ential settlement without significant structural consequences. At this
level of settlement, no group buckling in the dome's latticed framework
was in evidence. Further, the structure behaved linearly at this level
of loading and maximum axial stresses in the framework were less than
yield. Member bending stresses were negligible throughout the framework.
However, after incrementing the load just beyond twice the existing settle-
ment, evidence of group buckling occurred in two widely separated locations
on the leeward side of the South Pole Dome. Bending stresses for members
at these two locations increased dramatically. There is a possibility
that combined axial and bending stresses could exceed yield in these
members but their number remains small and they are isolated locations.
There is no evidence of widespread occurrences of group buckling that
would indicate a general state of structural collapse for the South Pole
Dome at this level of settlement loading.

The computer analysis was unable to follow the load-deflection be-
havior of the South Pole Dome beyond an initial, localized post-buckling
configuration. Therefore, the settlement level at which general collapse
of the dome would occur could not be predicted.
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Figure 1.

South Pole Dome.
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Figure 6. South Pole Dome finite element topology and geometry.
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Appendix A

APPLICABLE SHELL MEMBRANE THEORY

The force intensities (force per unit length) associated with the
shell membrane theory are illustrated in Figure A-1 for a spherical dome
configuration. Here N¢ is the meridional force, N0
and T is the in-plane shear force. The governing equilibrium equations

is the hoop force,

for the shell membrane theory applied to the spherical dome, as given by
Pfluger (1961), are as follows:

9 : oT flm

Y (N¢ sin¢g) + 30 N0 cos¢ + Pt T sing = 0
N

%59 i 5%— (T sing) + T cos¢ + py. r sing = 0

N¢+N0+pz.r = 0

The terms Pyts py. and P, represent applied forces per unit area in the
direction of the indicated axes. It is seen that when foundation
distortion is the only load acting on the dome (px. = py, Enpry = 0)
that the hoop and meridian forces are equal and opposite in sign

everywhere on the dome surface,

Foundation settlement may be regarded as a disturbance of the
membrane theory displacement solution causing disturbances to the
membrane equilibrium solution. It is well known that disturbances of
membrane equilibrium that are due to incompatibility with conditions of
deformation at the boundaries are normally confined to a narrow zone in
the vicinity of the disturbances. Further while in general, the mem-
brane theory cannot satisfy the conditions of deformation compatibility,
the error is negligibly small. According to Timoshenko (1959), for a




spherical dome of radius r and thickness h acted upon by gravity, the
error in the maximum stress (which occurs at the crown) is dependent on

the ratio h/r as follows:

[ bending stress] < 3.29 h/r
membrane stress|max

The ratio h/r for the South Pole Dome would be less than 0.005.

The membrane theory solution for gravity loading (see Figure 5a)

is:

- e m 3§
N0 = pg r[l T cosd cos¢]
_ 1
N¢ B pg r[l + cos¢]
T = 0

The membrane theory solution for wind load (see Figure 5c) is:

N0 = p § [c=s¢ (2 cos¢ - 3 sin2¢ -2 cosa¢)
o3
sin ¢
Ny = - P, ! 99§Q_§9§2 (2 PEIREEEe )
sin ¢
_ r sin0O 3
i~ = =mp = (2 - 3 cos¢ + cos™¢)
o3 . 3
sin ¢




Figure A-1.

Force intensity variables for membrane theory.
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Appendix B

EFFECT OF RIGID JOINTS ON MODEL STIFFNESS

A typical idealized module of the South Pole Dome's framework was
analyzed as both a space truss and a space frame. The model of this
module is shown in Figure B-1. Dimensions and member sizes are as close
as possible to actural values for the dome. The properties of the model
are listed in Table B-1. The ADINA structural analysis program was used
to perform this study, and linear behavior is assumed.

The results of the study are summarized in Table B-2. When members
have bending stiffness, the structure's latteral stiffness, in direction
3, is increased by a factor of 5. However, the in-plane stiffness, in
the 1- and 2-directions, is not affected by the addition of bending
stiffness to the members. The in-plane stiffness is 50 times the
lateral stiffness.

If loading is inplane (tangent to the dome's surface), then the
truss model is adequate. Otherwise, for lateral loading (normal to the
dome's surface), the dome must be modeled as a space frame to replicate
accurate load-deflection behavior.

Table B-1. Properties of Module Model

E 10 x 10%psi 6.90 x 10 ON/m?
y 0.3 0.3
A 3.%66 .2 0.0024 m?
i 98.5386 in. 2.50288 m
i, of 25.11 in.* 1.062 x 10™° n®
Iy B, Bomim & 2.432 x 1078 m*
J 25.78 in." 1.070 x 107> m*
r 78.5 in. 2.5 m
H 4.728 in. 0.12 m
B-1




Table B-2. Effect of Rigid Joints on Stiffness

1 2 3
1 —1.9804 0 o |
K=2 0 1.9804 o | x 10%/m
3 0 0 0.009

Space Frame Stiffness Matrix:

1 2 3 4 5 6
1 ' 1.9842 0 0 0 -0.0012 0 W
2 0 1.9842 0 0.0012 0 0
3 0 0 0.0420 0 0 0
4 0 0.0012 0 0.0379 0 0
5 -0.0012 0 0 0 0.0379 0
6 0 0 0 0 0 0.0161
B-2

X 108N/m




60°
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0.12 m *
K .

—— x
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Figure B-1. South Pole Dome module model.
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Appendix C

COMPARISON OF ONE-DIMENSIONAL AND SOLID FRAME ELEMENTS

It 1s not emphasized often enough in structural analysis by com-
puter methods that three-dimensional solid frame finite elements have a
serious limitation in being incapable of modeling all the section prop-
erties of frame members possessing other than rectangular or circular
sections. Thus, for all its advantages, the solid frame element cannot
accurately model the behavior of frame elements subjected to combined
action; axial, biaxial bending, and torsion when biaxial bending and
torsion are important.

In specifying the width and depth of a solid rectangular section,
the analyst can only capture two of the four section properties of a
frame member. For example, the cross-section area and the major inertia
of the section can be accurately replicated, but corresponding values of
the minor inertia and torsional constant of the section will, in
general, be inaccurate.

The alternative, one-dimensional frame element, does not have this
disadvantage because all four section properties (area, maximum and
minimum moments of inertia, and torsional constant) are directly pre-
scribed when using in these elements.

Advantages of solid frame finite elements applied to rectangular or
circular sections include:

Curved members can be modeled easily.
Extension to nonlinear material behavior is straight forward.
Tapered members can be modeled easily.
Shear deformation are included easily.

£H WL~

On the other hand, the above features require special handling
techniques to implement with one-dimensional frame elements. In these
elements pre-integration through the depth and width of the section,
assuming Bernoulli beam theory behavior, has foreclosed on the
special considerations listed above.

To verify correct behavior of the solid frame finite element, the
South Pole Dome member module (see Appendix B) was modeled with this
element. The member section properties prescribed for the model were
the equivalent properties listed in Table 2 of the report. The ADINA
program was used to calculate the stiffness matrix for this model. This
matrix is shown in Table C-1, and it should be compared with that in
Table B-2. It is seen that the ADINA solid frame finite element is
within 2.2 percent of the one-dimensional frame element regarding
tangential stiffness and within less than 1 percent regarding normal
stiffness of the South Pole Dome member module.

Thus, in spite of the inability of the solid frame finite element
to model all section properties accurately, it should behave satis-
factorily in replicating the South Pole Dome load-deflection behavior.



IR

Table C-1. Frame Stiffness Matrix

0 0 0 -0.0010
409 0 0.0010 0
0 0.0419 0 0
0 0 0.0372 0
0 0 0 0.0372
0 0 0 0

C-2

01 |

X 108N/m

~ .
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Appendix D

EFFECT OF CLADDING ON MODEL STIFFNESS

To determine the effect of the South Pole Dome's cladding on the
load-deflection behavior of the Dome, the cladding for the member module
(see Appendix B) was modeled by six triangular plate finite elements.
Two different plate element formulations, both available in the general
purpose program ADINA, were investigated; a four-node element with two
adjacent nodes coalesced to form a triangle, and a three-node, discrete
Kirchhoff element (see Bathe, 1982). The plate elements were added to
the member module framework which was modeled by the solid frame finite
elements discussed in Appendix C.

The computed stiffness matrices for the South Pole Dome member module

including the effect of cladding, are presented in Table D-1 for both
plate elements studied. These matrices should be compared with the
stiffness matrix presented in Table C-1 which neglects the effect of
cladding. The addition of the cladding increases the tangential stiff-
ness of the South Pole Dome module by a factor of 2. The normal stiff-
ness 1is increased by a factoriof using the 4-node plate element, and
by a very different factor of '1.24 using the 3-node discrete Kirchhoff
plate element. The latter res zS%‘much more reasonable increase in

stiffness considering the cladding , nly 0.050 inch thick and the
supporting frame members are 6 inChés deep.

Based upon this study, the 3-node, discrete Kirchhoff plate finite
element was used to model the cladding in the South Pole Dome structural
analysis model.

Table D-1. Effect of Cladding on Stiffness

Stiffness matrix using 4-node plate elements:

4.1842 0 0 0 -0.0359 0
0 4.1842 0 0.0359 0 0 8
K= 0 0 1.2143 0 0 0 x 107 N/m
0 0 0 0.7983 0 0
0 0 0 0 0.7983 0
0 0 0 0 0 0.0006
Stiffness matrix using 3-node plate elements
4.1840 0 0 0 -0.0010 0
0 4.1840 0 0.0010 0 0 8
K= 0 0 0.0521 0 0 0 x 107 N/m
0 0 0 0.0378 0 0
0 0 0 0 0.0378 0
0 0 0 0 0 0.0002
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Appendix E

OVERVIEW OF COMPUTATIONAL METHODS FOR POST-BUCKLING ANALYSIS

The external load of a structural system that produces excessive
deformations at the joints is defined as the buckling load. The
buckling load can be calculated by either a linear or a nonlinear
analysis. In the former approach, the geometric or initial stress
matrix is superimposed onto the linear stiffness matrix, and the con-
dition that buckling corresponds to the determinant of this combined
matrix being zero is used to calculate the linear buckling load. 1In the
latter approach, the member force-deformation relations consider the
current or deformed configuration of the structure. This configuration
is updated during the solution procedure for the buckling load. Though
the linear approach can sometimes give satisfactory buckling load esti-
mates, the nonlinear approach is more accurate when, as the external
loads approach the buckling stage, the changes in geometry of the
structure are very significant, i.e., when the structure is behaving
nonlinearly. Tezcan and Ovune (1966) and Tezcan (1966) discuss the
importance of nonlinear behavior and describe the corresponding nonl-
inear member force-displacement relationships for calculating the
buckling load of framed shells. They did not address post-buckling
behavior. During this early period of development in computational
methods, it was considered sufficient enough to calculate the buckling
load accurately.

Before reviewing the mainstream methods for calculating post-
buckling behavior of structures which are based on Newton-type
linearizations, the alternative, purely iterative, dynamic relaxation
method should be mentioned.

The main drawback of the Newton-type linearization is its con-
siderable computational effort in calculating the (approximate) tangent
stiffness matrix on each iteration. There is also a difficulty in
surpassing critical points, without auxiliary load step control cal-
culations, where the tangent stiffness matrix becomes singular.

Papadrakakis (1981) has demonstrated an automated dynamic relaxa-
tion method that can trace the complete load-deflection path using
displacement increments and can easily overcome critical points. The
basic method is easy to implement. Only the relatively simple truss and
frame member force-displacement relations, as given by Oran (1973) or
Jagannathan et al. (1975) for example, are needed. Formulation of the
tangent stiffness matrix is not required. The unbalanced forces at the
joints which are used in calculating the residual force vector iterate
are obtained from conditions of static equilibrium at each joint.

The dynamic relaxation method is an explicit method for the static
solution of linear or nonlinear structural mechanics problems. It is
based on the fact that the static solution is the steady state part of
the transient response to a step load. The method is especially attrac-
tive for problems with highly nonlinear behavior which includes limit
points or regions of very soft stiffness characteristics. All quanti-
ties are treated as vectors, and the method has low storage require-
ments. It is also referred to as a vector iteration method because it




requires no square matrix storage or formation. It requires very large
numbers of iterations, but it also exhibits a tenacious ability to
converge to the global solution (Shugar (1987)). The combination of
simplicity and tenacity result in an efficient solution method for
highly nonlinear problems. If the definition of robustness implies
overall analysis efficiency, this method appears very robust,
particularly the adaptive or automatic versions by Papadrakakis and by
Underwood (1983). The method has consistently produced good results
with no tendency to overshoot the solution, which is desirable when
seeking solutions to buckling problems. Key et al. (1981) have suc-
cessfully used this method for large complex nonlinear finite element
analyses.

Perhaps for historical reasons, the majority of general purpose
nonlinear finite element computer programs employ the Newton-type
linearization methods for computing the buckling loads of structures.
To calculate the post-buckling behavior, these programs use a form of
load step control. The writers are aware of no general purpose programs
that provide an option for using the dynamic relaxation solution method
to solve this highly nonlinear problem.

In post-buckling analysis, it is well known that load incrementa-
tion breaks down near a critical point on the load-deflection path. For
example, Jagannathan et al. (1975) reported, while using a Newton-type
linearization method, that numerical instability occurred during the
incremental/itertive solution process and that it was detected by a
rapidly increasing residual norm. In the past 10 to 15 years, much
research has been devoted to developing various methods of load step
control to overcome numerical instability and compute post-buckling
behavior.

One type of adaptive load adjustment technique is called a dis-
placement control method. This method prescribes the displacement
rather than the load for systems subjected to a single, concentrated
force. This experience motivated a desire to employ prescribed load
increments in the prebuckling range, and then switch to prescribed
displacement increments in the post-buckling range to safely surpass the
limit point. At first blush, a generalization of this formulation
appears to require the solution of an unsymmetrical system and is
therefore not attractive. The method was successfully generalized by
Haisler et al. (1977) by a formulation that allows a displacement
increment to be prescribed and computes the corresponding load intensity
parameter for that increment. The method is able to surpass the limit
point while retaining a symmetrical, albeit modified, structural stiff-
ness matrix. Thus, a general form of direct displacement control of
load steps was provided in which the load increment is chosen to
constrain the displacement increment to a prescribed amount.

Batoz and Dhatt (1979) extended the above displacement control
method to a fully incremental/iterative technique, common to nonlinear
solution strategies, in which iteration to equilibrium occurs at
constant displacement within each load step. Further, this method does
not require the computational burden of modifying the stiffness matrix
and is therefore more efficient.

E-2




The displacement control method has been generalized further by
Powell and Simons (1981) and by Simons and Powell (1982). In this
formulation the analyst is allowed more flexibility. The prescribed
displacement increment is formulated as a linear combination of two
displacement subincrements: one due to any unbalanced load from equili-
brium iteration in the previous load step (which is a function of pre-
scribed convergence tolerance), and the other due to a prescribed
increment of éxternal load. The method is shown to easily reduce to the

previous methods by appropriate choices of the two coefficients in the
expression for the linear combination of displacement increments.

Another method of automatic load step control within the context of
a Newton-type linearization was provided by Riks (1972). 1In this paper,
it is first demonstrated that equilibrium states do not exist in the
neighborhood of limit points at values of loads in excess of the criti-
cal value, and so standard incremental/iterative solution methods are
shown to fail at limit points. To surpass the limit point, Riks devel-
oped a method whereby equilibrium iteration occurs in load-displacement
space, and the intersection of the load-displacement path with a set of
planes perpendicular to the path is sought so that the incremental arc
lengths of the path between intersections are constant. The planes are
geometrical representations of constraint equations that require each
arc length to be constant. The method has become known as an arc-length
method for automatic load. stepycontr e ist different forms of
the constraint equation thnu;?%n ur rent arc-length
methods. Riks' algorithm is pe qps _ known arc-length
method, having been implemented’edr t ! least one widely used
general purpose nonlinedr finfte élement®P#8gr

The arc-length method employed in the analysis of the South Pole
Dome is described by Bathe and Dvorkin (1983). They found the automatic
load step control algorithm effective when two constraints are used
depending on the response and load level. These two constraints are the
spherical constant arc length method developed by Ramm (1981) and
Crisfield (1981), which they use at points on the path far from critical
points, and a constant increment of external work which they use near
the critical points.

Further information on (tangent) constant arc-length methods may be
found in papers by Rheinboldt and Riks (1983) and by Riks (1984). The
associated mathematics of parameterized nonlinear systems, critical
points such as limit points and single and multiple bifurcation points,
etc., are advanced, but Riks' algorithm is said to be easily implemented
into existing nonlinear finite element software frameworks. The method
is not entirely satisfactory and more research and development is neces-
sary to improve upon the robustness of all automatic load step control
methods in the context of Newton-type linearizations.

Further research should acknowledge that real structures are likely
to follow non-idealized or imperfection load-deflection paths. As a
consequence, their instability will be associated with critical points
that are regular limit points as contrasted with abrupt, bifurcation
points. That is, additional dimensions representing imperfection para-
meters must be appended to the load-deflection space in the mathematical
formulation of the problem. Ultimately, this would allow the engineer/
analyst more control and flexibility while interacting with the software
to determine the complete prebuckling and post-buckling response of real
structures.
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Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and
type of documents you are presently receiving. If you are satisfied, throw this card away (or file it for later

reference).

If you want to change what you are presently receiving:

® Delete — mark off number on bottom of label.

® Add — circle number on list.

® Remove my name from all your lists — check box on list.
® Change my address — line out incorrect line and write in correction (PLEASE ATTACH LABEL).
°

Number of copies should be entered after the title of the subjcct catcgories you selcct.

Fold on line below and drop in the mail.

Note: Numbers on label but not listed on questionnaire are for NCEL use only, please ignore them.

Fold on line and staple.
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DISTRIBUTION QUESTIONNAIRE

The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

SHORE FACILITIES

Construction methods and matenials {including corrosion
control, coatings)

Waterfront structures {maintenance/deterioration control}

Utilities (including power conditioning)

Explosives safety

Aviation Engineering Test Facilities

Fire prevention and control

Antenna technology

Structural analysis and design {including numerical and
computer techniques)

10 Protective construction {including hardened shelters,

shock and vibration studies)
11 Soil/rock mechanics
14 Airfields and pavements
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15 ADVANCED BASE AND AMPHIBIOUS FACILITIES
16 Base facilities {including shelters, power generation, water supplies)
17 Expedient roads/airfields/bridges
18 Amphibious operations {including breakwaters, wave forces)
19 Over-the-Beach operations {including containerization,
materiel transfer, lighterage and cranes)
20 POL storage, transfer and distribution

TYPES OF DOCUMENTS
85 Techdata Shects 86 Technical Reports and Technical Notes
83 Table of Contents & Index to TDS

28 ENERGY/POWER GENERATION

29 Thermal conservation (thermal engineering of buildings, HV
systems, energy |0ss measurement, power generation)

30 Controls and electrical conservation (electrical systems,
energy monitoring and control systems)

31 Fuel flexibility (liquid fuels, coal utilization, energy
from solid waste)

32 Alternate energy source {geothermal power, photovoltaic
power systems, solar systems, wind systems, energy stora
systems)

33 Site data and systems integration {energy resource data, ener
consumption data, integrating energy systems)

34 ENVIRONMENTAL PROTECTION

35 Solid waste management

36 Hazardous/toxic materials management

37 Wastewater management and sanitary engineering

38 Oil pollution removal and recovery

39 Air pollution

44 OCEAN ENGINEERING

45 Seafloor soils and foundations

46 Seafloor construction systems and operations {including
diver and manipulator tools)

47 Undersea structures and materials

48 Anchors and moorings

49 Undersea power systems, electromechanical cables,
and connectors

50 Pressure vessel facilities

51 Physical environment {including site surveying)

52 Ocean-based concrete structures

54 Undersea cable dynamics

82 NCEL Guides & Abstracts 1 None—

remove my name

91 Physical Security
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