
EVALUATION

of a

REFINED LATTICE DOME MDEL

bv
Thomas S. Hayes

Thesis submitted to the Faculty cf the

Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

in

Civil Engineering

APPROVED:

D S. M. Holzer, Chairman

Dr. M. P. Singh Dr. R. M. Barker

October, 1985

Blacksburg, Virginia
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Thomas S. Hayes

(ABSTRACT)

A general review of lattice dome geometry and connection details,

leads to a modeling approach, which introduces intermediate elements

to represent connections. The method provides improved modeling of

joint behavior and flexibility for comparative studies. The

discussion of lattice domes is further specialized for parallel

lamella geometry. A procedure is developed for minimizing the

number of different member lengths. This procedure is incorporated

into a program, which generates the geometric data for a specified

dome.

The model is developed from a background which considers

commercial space frame systems, static and dynamic loads, and

modeling techniques using* ABAOUS, a finite element program. An

optional output of the generation program creates input data for

ABAOUS. Modal analysis, static design loads, and earthquake loads

are used in the evaluation of the model.
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CHAPTER 1

INTRODUCTION

Most structural analyses necessarily involve considerable

idealizations. For example, the member properties may be those of

the actual members, but essentially the models of the members are

treated as one dimensional; end conditions are fixed or pinned, etc.

A major goal of this paper is to study a modeling approach which

represents actual domes as realistically as possible, and allows

flexibility in design parameters. An important secondary purpose is

to investigate the use of ABAOUS, a recently acquired commercial

finite element program. The power and extent of the program opens

research possibilities not possible with student written routines.

ABAOUS makes the primary goal feasible, although there are still

limits on cost and the volume of data that can be handled. Some

additional limits were imposed, as the system installation had not

been finalized. Due to lack of familiarity with the program, some

study and research was related to exploring the assumptions and

applications of the program. There is a large library of cross

sections, nonlinear material properties can be defined, and loadings

are applied in a convenient manner. The model is formulated such

that by varying the individual parameters, a realistic formulation

is attained, and comparative studies may be made. Design and

analysis refinements made be made by similar modification.
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Many of the comments made in this paper are true of most

structures, but they apply especially to space structures. Space

structure design frequently stresses optimization of factcrs, such

as strengthlweight and span! length ratios, even more than other

structures. As design features approach their limits, the details

of the design become more critical. This is particularly true in

single layer structures, which do not have the redundancy of

multiple layers. In the literature, it is repeatedly stated that

apparently minor details of individual members and connections can

have a significant effect on the overall behavior. Moreover, in the

manufacturing and structural design processes, many of these factors

are interrelated. For example, holes may be formed in the sides of

spherical connection or tubes for access to fasteners. Thus, the

goal of realistic modeling is not necessarily a luxury, but may be a

necessity to achieve the correct behavior.

In reviewing dome structures, more material is discussed than is

used directly in the final model. The dome chapter is largely a

sub-study on the types of components that exist, their

characteristics, and how may they be modeled. From this background

of common traits and differences, a modeling procedure is derived.

At the outset, this procedure should contain the following features.

Types of components should be identifiable. For example, crimped

ends should be modeled differently than axial bolts. The system

should be modeled with a reasonable number and complexity of

elements. For example, hollow and solid spherical connectors might
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be treated similarly. Component features should be easy to switch

for comparative studies; changing crimped to bolted ends should not

involve a major model change.

A separate chapter is included on lamella domes, which are used

for the geometrical model. A program had to be written to generate

input data for ABAOUS, and some of the background mterial is

necessary for that development. Additionally, a procedure is

derived for minimizing the number of member lengths in the dome.

This thesis is organized on a basis of successive refinement.

The early chapters give overviews of their respective subjects and

discuss a moderately wide selection of details. These chapters

serve to narrow and consolidate the particular areas of interest.

In the interest of completeness, relevant details of ABAOUS, the

physical system, and the loads are discussed, rather than taking

them as given. Theoretical background of ABAOUS and earthquake

modeling are topics too large and important to cover concisely.

These topics and their relation to the lattice modeling approach are

recommended extensions. Later chapters, particularly Chapter 5 on

model development, start with results of the previous chapters,

discussing and comparing the remaining factors in more detail.

Final models are derived from these discussions. A common procedure

in many studies is to present only the facts or components used

directly. However, this approach omits a great deal of information

that could be useful. It is important to know what alternatives

were considered, which were not used, and why. This not only
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provides additional infcrmation to readers, hut places the study in

context for future reference.

In evaluation of the modeling approach, several normal analysis

steps are included. Conclusions are to be drawn on the implications

of a detailed model and a full featured program on the analysis

process. Additional observations are made on the behavior of the

dome. Part of the motivation for this thesis came as an extension

to the study by Uliana (48), of a lamella truss subjected to a

single horizontal earthquake acceleration history. Modes of both

the members and overall structure are found for mesh refinement and

characteristic behavior; The structure is subjected to a design

static load to test the member modeling and to estimate stresses for

the dynamic loading. Finally, all three components of the El

Centro, May 1940, earthquake are used for a dynamic analysis. The

use of multiple components, especially vertical, is considered

necessary for realistic response. Due to system problems and other

constraints, this step is reduced in scope. However, much of the

developmental material is left, as the ccmpletion of this step is a

primary extension.

Many studies are very specific, which is appropriate to their

immediate purpose. However, when idealizations, assumptions (both

stated and implied), and specifics are taken into account, often

only limited comparisons and deductions may be obtained from a given

set of studies. A beneficial policy is to use, whenever possible,

analysis components, such as structures, loads, and programs, that
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have been or will be used by others. A corollary is that these

aspects of an analysis and the background material should be

adaptable for subsequent studies.



CHAPTER 2

DOHES: AN OVERVIEW

2.1 Intgcduction

Space structures have grown in size and complexity in recent

years. Lattice domes are, perhaps, the best known examples. The

advantages claimed for lattice domes, such as light weight, simple

components, large spans, etc. are certainly true, but there are

disadvantages that result from these characteristios. The number of

members and nodes grows very rapidly with size. Elastic

instability, snap-through for example, becomes a problem due to the

low deflection angles of members meeting at a joint and overall

flexibility of the structure, due to the large number of degrees of

freedom. Slenderness may lead to buckling under high resultant

axial loads andlor bending moment. Thus a "simple‘° structure can

become a very large analysis problem, in which design details become

critical. It has been research and the advancement in computer

analysis that has made the rapid growth of space structures

possible. The subject of lattice domes is much too large to cover

in any depth. This chapter reviews some characteristics, limited to

single layer construction, which either place the study in context,

or provide discussion for later reference.

In much of the reference material, terminology, concepts and

assumptions are often taken to be common knowledge, or implied by

6 .
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the material. This policy occasionally makes it difficult to fully

interpret or compare the results. This seems to be one of the -

pitfalls of literature in growing areas: most of the work is in the

form of articles of necessarily very specific scope. While

specialized collections, such as Makowski (27) and conference

proceedings (ll), (36), help provide a common basis, they lack the

unified development of a single author(s) work. To start from a

clear position, several terms are defined as used in this paper.

Several definitions apply primarily to parallel lamella domes.

Lattice structure:

"A latticed structure is a structural system in the form of a

network of elements (as opposed to a continuous surface).

Rolled, extruded or fabricated sections comprise the

elements. Another characteristic of latticed structural

systems is that their load—carrying mechanism is

three—dimensiona1 in nature.“ (21, p. 2547)

Meridian:

An arc, or piecewise linear arc, lying on a great circle in a

vertical plane, intersecting the vertical axis of the dome.

Segment:

The surface and members of the dome lying between two

meridians.
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Tier:

A horizontal layer through a dome including a ring of

horizontal members and the diagonal members leading to the

ring above.

Substructure:

A subset of the members which form an identifiable group by

configuration or purpose. Normally, these subsets occur

repeatedly.

Several authors give good overviews of domes and space

structures: Makowski (28), (29), Taylor (47), Wendel (50), Codd

(10). Also, occasional committee reports are helpful in

consolidating work that has been done, (21), (43), (44). Wendel

purports to give a general introduction to space frames, but the

book is largely geared to his own proprietary system. Still, he

makes some good observations and includes a wealth of illustrations

and details. includes a wider range of viewpoints than most

authors. A general conclusion from these works is that space

structure design is complicated by many interrelated details, some

of which will be pointed out for illustration. This conclusion,

valid for most structures, stands out for °'simple" structures,

especially given the lack of redundancy of a single layer system. A

single layer system may be considered to have low redundancy in two
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respects. For example, the individual members may be attached by

single bolts. Also, the systems do not have the redundancy of a

multi-layer system in the radial direction. In general, there may

be a big difference between the structure, considering only the

joints and bar members which constitute its relatively pure form,

and the structure as constructed. Attachments, cladding and dead

loads may significantly alter the behavior of the elements locally.

These modifications are normally excluded from the analysis. This

is justifiable as long as the omissions only involve factors, such

as the related stiffness, not factors of loading and structural

behavior.

Taylor (47) catagorizes space structures into nodular versus

modular construction. Nodular systems are frequently proprietary

systems of standardized types of members and connectors. Note that

the types are standardized, but lengths and angles of connections

often must be customized. While standardization has advantages,

there are also inherent disadvantages. Design and manufacturing

tolerances have to be very close to avoid error accumulation in the _

overall structure. Continuous members carry a portion of the load

across the joint. The use of connected elements means that the

connectors must be designed to transfer the maximum anticipated

loads, which could lead to uneconomically sized connectors.

Piecemeal construction is also labor and time intensive at the site.

Modular units are prefabricated in jigs, thus the individual element

tolerances can be adjusted out in the module. While some single
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layer domes are built in a modular fashion, the advantages are

mainly for multi—1ayered structures. An additional economic

consideration is that the preassembled units must pack relatively

tightly for shipping. Taylor shows a distinct preference for

modular construction in general.

2.2 Geometgg
There)-Rare

several ways to catagorize domes. Makowski (28) uses

the most common method: geometric patterns named for inventors or

configurations. For present purposes, these may be grouped more

generally. Figure 1 is a reference for most of the geometry

discussion.

1. Trapezoidal.

The simplest forms are projections of a grid onto a sphere. The

primary disadvantages are a non-braced grid and boundaries that are

arched or have irregular members in order to terminate in a

horizontal plane. In the more common forms, the main facets are

formed by radial ribs and concentric rings. Typical to this group

are Schwedler, Zimerman, and some plate—type domes. There is an

inherent lack of stability in the trapezoidal shape. Richter (39)

compares several domes and concludes that a Schwedler dome, without

diagonal bracing, has less than half the relative strength of one

with hracing. However, this comparison is not strictly valid, as

the domes are taken out of context. Many of the domes in this

catagory have continuous ribs and relatively stiff joints, purlins
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or cladding, which are part of the stiffness design; others add

secondary diagonal or cross diagonal bracing. Makowski (28, Fig

1.1, p. 7) shows sketches of domes with single diagonal bracing, all

sloping in the same direction. This type of detailing could lead to

a rotational action under vertical loads which could be detrimental

to the cladding. The umridional Sagmauts formed by the ribs are

similar to those of the parallel lamella dome, but the mechanics of

the bracing system is different.

2. Semi-triangulated types.

One subtype is the lamella dome with diamond facets. These domes

become triangulated when horizontal rings are added, as described

later. Another type has triangulated substructures laid out on flat

panels (30), Figure 1a. A substructure is defined by a spherical

surface or polyhedron at its boundaries, but the interior chords

between the boundaries are flat. They are called semi-triangulated

because the triangulation is in two dimensions. The advantage is an

increase in the number of regular lengths and angles.

3. Triangulated spherical systems.

The stability of the triangular form does not rely on secondary

bracing. This is important, as cladding will not be included in the

model for simplicity. Having the nodes on a spherical surface gives

a pyramidal form that provides some local stability against

snap-through and gives a more uniform structure. Within this group,

there are several major types. As a consequence of triangulation,

larger triangular patterns are found in all of the types; Figure la
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shows this pattern most clearly. Picking any apex of a triangle,

except at a substructure pattern change, and moving away from that

apex, leads to increasingly large triangles. A characteristic is

that each new base has one additional member, and each new layer

added then has two new triangles. A difference between the types is

how these larger triangular sections are shaped and how they relate

to each other. The simplest examples are the flat panels mentioned

under semi—triangulated types. Other types my have some or all

boundaries on great circles, Figure lb, and in others, the pattern

becomes distorted, so that it is not easily recognizable, Figure ld.

Where substructures are used, the pattern is broken at those

boundaries. A goal of mny systems is to mintain continuity of

direction between members which meet axially at substructure

boundaries. A typical example is the great circle pattern of the

geodesic dcme.

Three-way grids, that do not fall intc a mcre specific catagory,

my be produced from horizontal polygons divided into equilateral

triangles. This pattern is projected vertically onto the sphere.

The natural boundaries are not circular, so they have the truncation

problem at the base mentioned earlier. This form of layout is

mainly suitable for shallow domes, where the projections are not

very distorted.

Geodesic domes form a subject by themselves, Figure lb.

Substructures are formed by projecting a regular polygon (five

possible) onto the sphere. The substructures are further subdivided
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into triangles. There are many combinations of polyhedra and

triangular layouts; in some cases, different polyhedra are used

together, or even irregular shapes are used. Makowski (28) notes

that avoidance of Fuller‘s (17) patents has led to some of the

variations. The icosahedron, twenty spherical triangles forming the

sphere, each being a substructure, is particularly popular because

of the relatively small substructure and its triangular form. The

icosahedronal spherical triangles, each divided into six triangles,

is the finest regular subdivision. The outstanding feature is that

the members form great circles. There are also relatively few

different member lengths and angles. Further subdivision, or the

use of irregular subdivisicn, distorts the great circles, triangles,

lengths and angles tc some degree. As in the three-way grid,

boundaries are truncated or irregular. Popular literature treats

the geodesic dome as a special form, when in fact, it is just one

versien of a triangulated lattice dome. Several authors note that

it has relatively efficient stress distribution, and has fairly

regular member lengths in its pure form.

There are two basic types of lamella domes. They are based on

elongated diamond shaped units, called lamellas, with cladding,

purlins or horizontal bracing ccmpleting the triangulation. The

versions with horizontal rings is implied, unless otherwise stated.

A characteristic is that the joint nodes and horizontal members lie

in a ring of constant elevation, providing a natural truncation ring

at the base. The original version was created in Germany by
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Zollinger, in 1906, (28). The term Zollinger lamella will be used

for this type, for clarity; the terminology is not standard. In its

pre form, there are the same number of nodal divisions at each

level, Figure ld. At each level, the location. of the nodes is

alternated so that they are uüdway between the ones in the tiers

above and below. This produces isoceles triangles, yielding uniform

diagonal lengths for each tier, which is a large advantage. In some

cases, meridional ribs are added to the basic design. The diagonal

members form narrowing spirals as they approach the apex. In an

alternative visual description, the diagonals form two lines,

leaving a common hase node, which separate and rejoin at the apex,

The pairs of diagonals fcrm overlapping shapes similar to flower

petals, which is particularly noticeable when the tension ring is

omitted. The narrowing configuration is the major drawback of this

design. The lamella units become extremely narrow near the apex, so

that the tier heights have to be reduced to preserve proper angles

for triangulation. Conversely, if the lamellas at the top are not

crowded, the ones at the base become large for a significant span.

Moderate spans with medium size lamellas work well for timber

construction. A common cure for the density problem is to terminate

some of the diagonals near the top, switching to a larger lamella.

The problem is alleviated somewhat if a lantern ring is included, as

the denser tiers are not used.

Dr. Kiewitt developed a nmdified version, the parallel lamella,

(28). The perspective picture in Figure le shows sections removed
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as a possible boundary treatment for access. This arrangement is

not good for stress distribution. The dome is divided into

spherical segments bounded by meridional ribs. The name derives

from the fact that the diagonals are roughly parallel to the ribs.

Within each segment each level has one more node than the one above.

With horizontal rings, this increases the number of horizontal

members by one and the number cf triangles at each level by two per

segment. The pattern is a clear application of the triangulation

arrangement discussed at the beginning of this section. Thus the

density remains relatively constant, as the number of lamellas

increases with the circumference. lf the dome approaches a

hemisphere, a density problem appears. The radius increases slowly,

while the number of lamellas per tier continues to grow. Thus, the

original lamella has density advantages on the sides of a hemisphere

and the parallel lamella on the tcp. While the lamellas remin

generally the same size, the triangles adjacent to the meridians

beceme closer to right triangles as they approach the base. A

disadvantage is that there are many different lengths and angles,

particularly in the diagonals. If the segments are fairly wide,

e.g. 60D, the diagonals may transfer some of the load from the

horizontal ring in the adjacent segment at its top. In this case,

the diagonals from one segment meet the horizontal rings of an

adjacent segment at a relatively small angle. This provides the

axial continuity mentioned earlier, and may be seen in the figures.

near the top of the dome. This load transfer, plus the horizontal
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bracing of the diagonals at the meridians, should provide increased

stiffness to lateral and torsional loads.

A good combination to avoid the density problem is to switch

lamella types part way down the dome. This is easily done as each

type has uniform horizontal rings. The illustration of a

combination lamella, Figure 1c, shows three tiers of a parallel form

before the change to Zollinger. In the bottom parallel tier, an

extra meridian member is added for a density change. The two

patterns are very similar when arranged in this manner. The same

triangular substructures (segments) of the parallel lamella are

found on the sides of a Zollinger lamella. The difference results

from the fact that in the latter case, the triangles overlap, rather

than being adjacent. The combination dome is essentially a

variation of the geodesic dome, Figures lb and 1c. Comparing the

triangular substructures at the top and the pattern in the lower

region on the matching drawings, the main difference is the use of a

great circles, instead of horizontal circles for the rings.

Both types of lamellas may be triangulated by the use of uniform

horizontal rings, and both terminate in a regular complete ring at

the base. Hakowski (28) notes that lamella domes have performed

very well subject to wind and seismic loads, and fire. This

accounts for their popularity in Japan where a number of variations

are used, (30). He further concludes that the three-way grid,

geodesic and parallel lamella domes have the best load distribution,

presumeably because they are triangulated. At this stage, lamella
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domes are chosen as the type to be used. This is for the reason

just stated, and the fact that the behavior of the other two types

is highly dependent on the design at the boundary. It could be

difficult to separate the effects of mesh and boundary without a

number of comparative runs, which would sidetrack the main purpose

of this paper. Lamella domes are discussed further in a separate

chapter.

2.3 Failures

Failure analysis is not a direct concern of this paper, other

than determining, if possible, which modes seem prevalent. Also,

one of the largest areas of previous research on lattice domes has

been failure analysis. Coments will be restricted here, and

elsewhere, to the effect of design details on stress levels and

potential failures. The two primary areas of research on failures

seem to be Euler buckling and snap-through. Failure may occur on

several levels. First, there may be a local failure of an

individual member. Several authors discuss possible brittle

failures of parts, such as cast spheres, and bending stresses in

connections, especially bolts. However, they generally conclude

that, while these are important details, they dc not usually lead to

failure in practice. Euler buckling of individual members is more

apt to occur. This is usually the result of secondary moments,

resulting from axial loads, and bending in the member or relative

lateral deflection of the ends. Partial fixity, not included in



20

most analyses, may provide significant additional stiffness.

Spherical curvature is approximated by the polyhedron formed by a

node and its attached members. Snap—through occurs when loads and

deformations are such that the polyhedron reverses itself, so that

the apex points inwards. This may be caused by local loads that

deform or flatten the polyhedron. Member buckling may be a partial

cause or effect of snap-through. Thus, this form of instability is

dependent on the individual members, substructure, and stiffness of

the main structure as a support for the substructure. A major area

of concern is the propagation of local failures into global ones.

McCutcheon and Dickie (32) study a Schwedler dome vith rigid joints,

developing some theoretical background, and test one segment. While

their test results are not conclusive, their basic premise is that

overall buckling failure must be caused by the propagation of local

instability. Makowski (29) says that double grid. domes in full

scale tests shcw great resistance to total collapse despite local

failures. This redundancy adds a large factor of safety over single

layer domes and may result from factors not included in the

analysis, such as partial fixity.

A number of authors point out that detailing is often the key to

failures; in particular, design errors, unauthorized changes,

detailing errors, and construction errors, (29). While these are

factors in any structure, space frames may be more subject to

critical small errors and unknown, or unaccounted for, variations.

This is due to the small sizes of the members and low redundancy on
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a local level, e.g. a joint and member may be joined by one bolt,

not a splice plate with several bolts. As most systems have a vast

number of different member sizes and angles, some statistical

quality control would be appropriate. Loose tolerances and errors

(e.g., switching similar size members) lead to initial stresses

which may become critical under service loads. Even the process of

construction leads to residual stresses other than the theoretical

ones. Iwata, et al (24) state that they use a jack down procedure

to redistribute these stresses, to achieve the stress pattern

originally designed.

Beles and Soare (7), (45) studied the global snap—through failure

of the National Economy Exhibition Pavilion, in Bucharest. The

three-way grid was formed by overlapping three continuous tubes,

which were fastened together at the nodes by U-shaped bridles. The

main holding force at these points appeared to be friction, although

additional rigidity was provided by cladding. The failure

conditions were brought about by cold, heavy snow, and gusty winds.

The snow load was not large on the average, but was concentrated in

some areas. Incidently, snow and high winds are the primary loads

causing major failures in latticed roof structures, (21).

Deformation and axial loads caused some of the tubes to slide

through the bridles. This altered the geometry of the design, but

might not have been so disasterous, if the tubes could have regained

their original configuration. Presumeably, many of these displaced

nodes became friction locked in their new positions. Even if the
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original load were removed, the next load would be applied to the

deformed structure. Sliding of the joints also allowed local

failures to propagate. The physical mesh was fine, which led to a

design assumption of axial loads only, for the tubes. This may have

been the reason for accepting the bridle system as sufficient.

Shell analogy was used in the original design, and Soare remarks

that this form of analysis is difficult to apply, when behavior such

as elastic instability is involved.

Rashed, et al (37) conclude that the realistic evaluation of a

truss ideally needs to complete the history through ultimate and

post-ultimate strength to collapse. This type of analysis naturally

implies the inclusion of large deflections, plasticity, post

buckling behavior, yielding and local failures (e.g. bolts). While

this position is extreme, relative to normal design practices, it

emphasizes the fact that simplifications mst be realistic relative

to the actual structure. Otherwise, the relied on factors of safety

may exist, but are uncertain.

2.4 Longitudinal Members

There is a preponderance of tubular members in space structures.

They have a high bending stiffness/weight ratio; the cross sectional

properties are the same in all directicns; they can be adapted to a

number of connection umchanisms at varying angles. In short, they

are particularly well suited for the purpose. Historically,

aluminum has been the material of choice, due to its high
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strength/weight ratio and corrosion properties. However, several

authors note that steel is increasing in prevalence, particularly in

Europe (29), (15). Weight has been a primary deterent in the past,

however the higher modulus of elasticity and available yield

strength could allow adjustments to member sizing. The dead load of

the members is often not large compared to the total dead and live

load, so the proportionate increase in weight is not great. Also,

the increased dead load and rigidity may help in some vibrational

problems. Advances in material technology, in the way of alloys and

surface treatments, have helped the corrosion and aesthetic

drawbacks.

Other shaped members appear largely in two circumstances. Deep

members, timbers, and steel or aluminum sections, are used to span

greater distances without ‘using multi-layer frames. Channels,

angles, rectangular tubes, etc. are sometimes used for

non—proprietary construction or due to compatibility with other

elements in the design, such as cladding. Because of its common use

and uniform properties, tubular members will be assumed in the

balance of this paper. The main variation is the adaption of the

end to make a connection.

2.5 Connections

There are a great number of nodal connection umchanisms. They

may be modificatiens of standard framing schemes, or custom designed

for the individual structure; others are proprietary and
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specifically designed for space structures. The proprietary group

includes a wide variety of member and connection types, which tend

to be more straight forward for modeling purposes. A common goal of

these systems is minimization of eccentricities at the node,

particularly for single layer systems. Eccentricities could cause

rotation of the connector and subsequently finite displacements and

moments. Although some systems, which use this rule, then fasten

cladding such that it creates rotational loads on the joint. A

basic difference between the systems is the physical configuration

of the connector. Several types will be discussed with brief

comments on modeling them, see Figure 2 for discussion in this

section.

The term connector is used in a subsystem sense. The subsystem

consists of the nodal point center, where the lines of force come

together, the ends of the bars, and the connection between the node

and the bar. Arciszewski (4) takes this approach several steps

further. He lists the connection system parts as: the joint

element, the end—piece of the joint element, and the end-piece

ofthebar. This produces the connections: joint element to joint

element, joint element to joint end, joint end to bar end, and bar

end to bar. In Figure 2a, the connector would correspond to his

joint end-piece. He then establishes tables of typical

characteristics to classify systems. While not all of these

catagories fit in a particular case, many of them may be needed for

a realistic representation. There are a number of good discussions
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of the interrelated details of connection design and analysis:

Zetlin (52), Wendel (50), Fastenau (14), and Yunsun (51).

A general type of system uses standard or built up parts, such as

steel angles and rectangular tubes. The ends of the bar are welded

to angles or plates, which are then bolted to other similar

subsystems or to continuous main members. The connections my be

reinforced with flange plates welded in the corners of the angles

and bars. The bar ends then have anisotropic or orthotropic

properties, and are stiffer than the main member. Richter (40)

sites difficulty in modeling joint stiffness. In particular, the

added stiffness at the reinfcrced ends of bars showed up in tests as

greater than calculated full fixity. The connection was virtually

rigid with a net reduction in central member length. Particular

examples are not discussed, as the variety is limited only by the

ingenuity of the designer. As the ends of the bars are in close

proximity, the connector can normlly be considered a point with

rigid connections. The end section of the bar with flanges forms an

intermediate element, with different geometric properties than the

min bar, and is rigidly connected between the node and the min

bar. A possible model would be a bar connected at an auxiliary

node, to an intermediate element, which terminates at the main

intersection node. Each element would be a beam section, forming a

continuous whole. .

Crimped pipe ends, i.e. the tube is flattened on the end, are

comon, notably in the Triedetic System, (13). The crimped ends are



28

fixed into slots in solid cylindrical connectors. The resulting

cross section has an increased mement of inertia and virtual fixity

about the axis perpendicular to the cylinder. The crimp is cut at

an angle on the end, to change from the chord to the radial

direction. In simpler domes, the crimp is turned vith the flat side

in the tangential plane; the ends are stacked and joined by a single

holt. In this case, the crimp is bent about an axis in its plane to

allow for the angle change. Codd (10) proposes a “low technology"

variation on this theme. The flattened ends have a stepped profile,

half of the flattened pertion is higher, so that they my be

overlapped. The overlapped portions are bolted together and to a

central plate. Taylor (47) also uses members crimped at locations

in the midsection to preserve continuity. He states that the

alteration of bar geometry is partially compensated for, by the

combined stiffness of the joined parts. However, the net effect of

these trade—offs is far from determinate. A flattened box shape or

rectangular intermediate element could be used to model the crimp.

Failure or deformtion is apt to occur at the flattest portion of

the crimp, where the section is the weakest, or along the bar where

the arm is significant. Therefore, it should not be necessary to

model the actual tapered section between the round and flat

portions. A goed approach to removing the uncertainties in the

section properties is to mke the design such that the weak point is

explicity known, (33). The basic connector is a star shape with

rectangular arms. At the base of each arm is a reduced section,
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that allows plastic bending to 8°. While the physical construction

of this system is different than the Triodetic, it is similar for

modeling purposes. Fatigue, hysterisis and permanent deformation

are of particular concern with crimped ends.

The Triodetic joint may be treated as a point node for most

single layer construction. However, for more complex structures,

the joint is extended in a radial direction, two cylinders are

stacked on end, such that tangential rotation could occur. The

crimps of Codd's system could be combined with the plate as a single

element. The individual unit should be examined for possible

rotational tendencies about an axis lying in the plate. In all

cases, there is the problem of defining different rotational

properties of the crimp in orthogonal directions. The simplest way

is to have a directional hinge. The most realistic way is to make

the crimp element continuous with the bar and give the crimp

appropriate bending properties, i.e. partial fixity in one

direction, rather than pinned. Both of these methods bring up a

practical point. Most of the_ members of a dome are in different

orientations in space. Yet, the abeve rotational directions must be

defined. Ideally, the members can be defined in local coordinates

and transformed later.

Typical of many proprietary systems is a collection of

standardized parts which resemble Arciszewski's scheme (4). There

is some version of a spherical connector, an intermediate piece, and

various means of attaching these together and te the bar. First to
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be discussed will be the sphere. Wendel (50) lists properties for

good connectors. They should be solid vs. hollow, extruded (forged)

vs. cast, single vs. multi—component, have no eccentricities, and be

loaded concentrically. There are naturally contrary opinions on

some points, but these represent some of the key variations.

There was one brief comment found in the literature countering

the usual stand on eccentricites at the node. Unfortunately, the

referenced article could not be found as listed. (A partial

reference for the original research paper is: Smith and Morgan,

‘°Behavior of Some Joint Designs in Space Trusses", IEA Paper C131.4,

Nov. 1980.) The comment was that there are some disadvantages for

concentric arrangements at the connectors and that there may be some

advantage for eccentricity, if some continuity is provided across

the connection. While the article is not available, some merit may

be found for the statement. For example, consider a spherical

connector, with bars attached to it with universal joints, such that

all longitudinal axes pass through the center. If the sphere had a

radius of zero, it would be a true space truss. Given a finite

radius, the connection has an unstable equilibrium with reference to

axial loads. Any variation of a bar axis, with a compressive load,

will cause the sphere to rotate. Now all loads become eccentric.

If the net loads are compressive, the sphere will rotate until the

joints become physically locked. The new geometric state has

reduced distances between nodes, causing the connector to move

radially inward, with the danger of snap—through.
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In practice, few connectors are designed to be truely pinned, and

these are used in multi—layer domes. However, the principle of

unstable equilibrium still exists. Actual equilibrium is

established by designs, in which the theoretical node and the bar

ends are very close (not spheres) or partial fixity exists. As a

variation, the bars could be attached such that their axes still

meet at a point, but not the center of the sphere. In this case,

any tendency to rotate the sphere by an axial load on one side would

cause a resisting axial load frcm the members on the opposite side;

i.e. stable equilibrium against rotation. Many systems use very

exacting machining to prevent eccentricities, others would be

questionable under high loads. Saka and Heki (42) used theory and

experiment to examine the effects of joint rigidity and joint size.

They conclude that while partial joint rigidity may increase the

buckling load capacity over pin joints, there are limitations. If

the joint has finite dimensions and the rotational rigidity is not

sufficient, the buckling capacity may actually reduce.

The objecticn to cast members is the lack of ductility. Zetlin

(52) has a good discussion of this problem and uneven stress

concentrations in connection details. With careful testing and

design, cast members may be suitable and economical, but not

conservative. Multi-component connections generally refer to plates

which are bolted together, as discussed earlier. Solid spheres have

the advantage of truely continuous connections and positive screw

action of the bolts. However, they are distinctly heavier and more
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expensive, particularly for large sizes. The majority of the

systems use a hollow sphere. The bolt may be screwed in directly,

as in the solid case, or bolted through the wall. Iwata (24) notes

that combined orthcgonal tension and compression create higher

stresses. Taylor (47) and Yunsun (51) both discuss the issue of

size, and remark that a hollow sphere may be drilled so that

continuous chords may run through. The latter developed this

approach into a "mine shaped" connector (their descriptive

terminology), one piece with the shape of an intersecting cylinder

and sphere. The large chord members connect inside or pass through

the cylinder, rather than having an extremely large sphere to

accomodate the size and loads of the chords. The smaller struts

then fasten to the reduced sphere. Fastenau (14) has an interesting

discussion of some unusual mnufacturing processes. The sphere is

molded in a two stage process, first into a bowl shape, which is

then closed up. The end adapters for the bars are attached by

friction welding.

Several systems mintain the universal member concept through the

use of a reduced section solid bolt connection; MERO (12), PG, IHS,

TH (24), Züblin (14). There are several means used to make the

transition between the tube and the holt, but this is not. the

critical part, as the transition is often reinforced by the overlap

of the connecting parts. One difference is the amount of rotational

restraint. MERO has a distinctly exposed reduced section of partial

fixity. Reduced dimensions, in some part of the connector, allow
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greater deformtion, which effectively acts like partial fixity for

the rest of the member. PG and 1% bolt so that the pipe end is

flush with the connector, giving increased but less clear fixity.

Zetlin (49) has a detailed discussion of flush ends, concerning edge

deformtion and stress concentratiens. An area of concern is the

detailing of the connections. It must be ensured that movement of

the frame does not cause a gradual unscrewing action or local

deformtion which could change the end fixity, or increase the

effective member length. This can be ensured by various positive

locking mechanisms. Yunsun (51) used a special nut so that all

turns of the bolt were loaded uniformly. Tests had shown that only

3-5 turns ordinarily carry the load, which could lead to

deformation, fatigue and fracture. Zetlin states that tests show

that bolt failure does not tend to be a problem in practice. This

type of problem is primrily one of mnufacture and construction

rather than modeling. It is mentioned to point out that actual

details my have to be considered to uncover failure mechanisms

which my be significant in a particular case.

2.6 Conclusion

A parallel lamella dome will be used due to its good load

distribution, concentric base ring, and relatively equal panel sizes

for a shallow dome. Bar members will be tubular. It my be

concluded that the mjority of the connection schemes my be modeled

using a central node at the intersection point, the bar element, and
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a connecting element between the two. The connecting element may in

fact be modeling part of the bar, the joint, an actual intermediate

piece or some combination. The connections may be hinged, or more

realistically, rigid, allowing the connecting element to model the

degree of fixity. While this arrangement requires the addition of a

node and element at the ends of each member, there is a large gain

in modeling realism and possibility of variation.



CHAPTER 3

LAMELLA DOMES

3.1 Introduction

This separate chapter on lamella domes is included for reference

by later chapters and as development for the program LAMELA,

Appendix C, required to generate data for ABAOUS. Initial

discussion refers to Figure 3. All lengths are normalized by the

spherical radius for convenience and generality. Actual lengths may

be calculated by rmltiplying the corresponding term by the actual

radius. One deviation in notation will occur in this paper. In

reference to domes, the vertical angle 4) is measured from the

zenith, which is a natural reference; ABAOUS measures from the x-y

plane. Tier t includes a layer of diagonal and meridional members,

and the ring of horizontal members at its base. Tiers are numbered

from the apex (effectively tier 0) outward to tmx. An optional

tension ring is included where appropriate. Some discussion will

apply to Zollinger domes, as well as parallel, but normally

meridional members exist only for the parallel configuration. The

term "diagonal" refers to all of the diagonally running members

between rings, excluding the meridians, which are a special case.

Spherical coordinates are generally used, with the origin assumed at

the center of the dome curvature for convenience. The program

includes an adjustment to set the base elevation.

35
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4) measured from z, B from x

x = sin tb cos B

y = sin ¢ sin B

z = cos 4)

3.2 Hember Lengths

Positions can be expressed in Cartesian coordinates, but for

general discussion, it is clearer to use spherical coordinates.

Consequently, it is useful to have expressiolns for lengths in the

same coordinate system. As lengths tend to vary widely in most dome

configurations, knowing lengths in normalized terms is helpful

during planning stages. Lengths are ordinarily calculated from the

differences in the end point coordinates. For completeness, this is

done in Appendix A. However, the horizontal (h) and meridional (m)

bars lie in planar circles, which makes their derivation easier.

Each is at the base of an isoceles triangle and the length is found

from the right triangle formed by the chord and its perpendicular

bisector, Figure 3c.

sin CX/2 = chordl2
radius

Consequently, with the appropriate substitutions:

rt = sin (Dt horizontal radius at tier

ht = 2 * It *sin=

2 * sin ¢t sin Bt/2

mt = 2 * sin Atbt/2
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The diagonal lengths (d) are calculated from the end coordinatee

in the Appendix, only the final equation is repeated below. ABM is

the horizontal change in angle between the ends cf the diagonal.

The derivation is valid for both types of domee; the substitutions

fer specializing the expression are given later, as those for the

parallel lamella are more complicated. In fact, the variation in ABQ:

is indicative of the main problem with those domes, the great

variety of diagonal lengths. When possible, expressions are reduced

to terms involving t only. However, dt becomes unwieldy and it is

simpler to use the given substituticn.

dt = [Z * (1 — ein ¢t sin ¢t_l cos Aßt - cos ¢t cos ¢t_l)]%

where ¢t_1 = ¢t - A¢t

3.3 Lamella Dome Characteristics

Zollinger Lamella:

n = number of nodes per ring; parameter - constant for dome

t = tier number

Bt = 360°ln included angle for horizontal bars - constant

Aßt = ÜtlZ angle change between diagonal ends - constant

ht = length of horizontale — constant for tier, but must vary

with tier as the only variable in its definition is

¢t, which varies by definition. n per tier

dt = diagonal length - constant for tier, forming isoceles

triangles. Zn per tier
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Totale:

tmax * n horizontal bars with tension ring

No. members = (3*tmax
— 1) * n without tension ring

add n for tension ring

No. nodes = n * tmax + 1

Parallel Lamella:

s = number of meridional segments; parameter - constant for

dome

B8 = 360°Is included horizontal angle per segment

t = tier number

= number of horizontal bars and number of pairs of diagonals

in segment for tier t

Bt = B8/t = 360°ls*t

ht = horizontal bar length - constant for tier, but depends on

two variables as opposed to one in the Zollinger case.

t per segment, s * t per ring

mt = meridian length - constant for tier, varies only with ¢t

1 per segment, s per tier

imax = t—1 number of different diagonal lengths in a segment or

tier. There are two of each length per segment.
uuu—1

NTT = E 1 = tun} (tur 1)/2 total number diagonal lengths
1-1

This formula is used regularly, especially in the program.

Aßt = horizontal angle between diagonal ends - varies within the

segent, required for the length.
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Totale:

No. members = s * (tmx + 3 * NTT) without tension ring

add s * tmx for tension ring

No. nodes = s * (tmx + NTT) + 1

3.4 for Parallel Lamella Dome

Refering to Figure 4 of adjacent tiers, where the unprimed i

indicate the individual diagonals numbered outwards from the segment

bisector. Table la shows the total angles from the mid—segment

line. ASU is found by substituting Bt_1 = Bt * tl(t—l) and taking

the absolute value of the difference. The resulting expressions are

simple, as shown in Table lb. The meridian is naturally the

shortest diagonal in the tier and has been separated as a special

case. The table my be simply extended to formally include the

meridian by making imx = t. Then for both odd and even cases:

Jiu: = t — imx = t — t = 0; therefore, AB4. = 0 for the meridian.

However, having two cases is not convenient. The expressions my be

further simplified.

Of particular interest for planning purposes are the shortest and

longest diagonals in a tier. It is useful to consider the order of

sizes. From Table lb, the following facts are evident. For t odd,

the even numbered diagonals become progressively larger and the odd

numbered progressively smller. The opposite is true for t even.

In both cases, the lengths get more extreme, progressing outward

from the center line. Thus for both cases, the longest diagonal is
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i = imx = t-1 and the shortest, which shares a vertex with the

longest, is i = imx—l = t—2.

Now that the angles have been defined, the relationship may be

greatly simplified by reordering. The original order was based on

increasing angles. Refering to Table lc and the new index i', the

coefficients are placed in increasing order by size. This

corresponds to starting with the meridian as member 0, and counting

across (primed numbers in Figure 4), skipping every other member.

The relationship is such that the constants in the extreme terms of

J'i will always differ from t by 2, Thus the sequence may be

formed:

J'i =2*i={2,4,6, ···· 2*imx}

Aöt = =· Bt
2 * (t —- 1)

= .1.. * Bt (1)

t - 1
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Table 1

Derivation of Aßt

(a) Horizontal angles from Mid—segment

: odd : even

Bar i Bbo:1 Stop: Bbotx Btopx

1 1/2 Bt 0 O 1/2 Bt_l

2 1/2 Bt Üt_1 Bt 1/2 Üt_1

4 3/2 Bt 2 Bt_1 2 Bt 212 8t_1

s 5/2 Bt 2 Bt_1 2 Bt 612 Bt_1

Yh8IB = *

'(b)Ji : ABM = Ji * Bt/2(:-1) (absolute value)

Bar i 1 2 3 4 5 6

: even (t=6) : :-2 :+2 :-4 :+4

t odd (:=7) :-1 :+1 :-3 :+3 :-5 :+5

(c) J'i : ABM =
J‘i

* Bt/2(:-1) (absolute value)

Bar i' l'
2‘

3' 4' 5' 6'

: even (t=6) :-4 :-2 t :+2 :+4

: udd (::7) :-5 :-3 :-1 :+1 :+3 :+5
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3.5 Qptimized Parallel Lamella Dome

There are many ways to optimize a dome, but any scheme is apt to

be less than cptiml for different criteria. The computational

costs would probably make some procedures, such as fully stressed

design, prohibitive. Comon approaches are minimum weight, minimum

total length of bars, and minimum number of different lengths. The

latter is related to shop costs and possible errors at the job site,

and is the basis of this procedure. As all cf the segments are

identical, the subtotals of the numbers of components my be

referenced tc cne segment, rather than totals for the whole dome.

Note that as there are the same number of meridional ribs as

segments, a segment is ccnsidered tn have meridians on one side

only, to mke the segments identical.

Standardizing the meridian lengths to be equal is done by making

all A¢t between tiers equal. This is frequently done in models

because of its simplicity and round ¢ numbers for angles are

convenient. However, there are only tmx meridians that can be mde

the same. The diagonals can not be standardized in a tier and it

would be difficult to standardize the lengths between tiers. This

restriction does not hold for some configurations, as shown in the

comments on Walker below. The possibility of standardizing more

diagonals than horizontals does exist for Zollinger domes. The

horizontals, however, are already equal within a tier and give the

possibility of tmx*(tmx—l)l2 equal lengths in a segment, or

(tmx-1)/2 times the number of meridians that can be equalized. For
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a dome with three tiers and no tension ring, the number of meridians

and horizontals is the same. For any larger configuration, the use

of this procedure becomes increasingly advantageous. Therefore, the

goal is to mke all horizontal members in the segment, and the dome,

the same length.

J. Kolosowski (25) pursues a similar goal. A basic difference is

that his "horizontal" bars lie on great circles, rather than

horizontal circles, He appears to handicap himself by making Ad)

constant along the meridional line bisecting the segment. The result

requires the meridional borders to be bowed in towards the middle of

the segment. This creates a gap between segments necessitating a

second rib, connected by additional bars. Elurthermore, these

connecting spaces are trapezoidal rather than triangular. It is

possible that this gap could bave been avoided by omitting the

constant A¢ constraint, as Ad) is the key to the procedure below.

He repeats the development including a lantern with similar

results.

Walker (49) also uses similar spherical triangular substructures,

but minimizes the number of different diagonal lengths. He assumes

members that are bent to the spherical curvature. He uses a

location reference similar to the first one in the derivation of

Aßt. All diagonals in the segment, with the same position relative

to the segment bisector, have the same length. There are still the

same number of different lengths within the tier as in the parallel

lamella. While these common lengths simplify manufacturing, they
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are of limited help in assembly. Adjacent diagonals and triangles

use different member lengths, so the bookkeeping problem still

exists. With equal horizontale, all triangles have a common length

side. The horizontale can be stacked in one group without regard to

their eventual location. Within one tier assembly, which is the

usual order of construction, the bookkeeping for the diagonals is

the same.

To have equal length horizontal bars in adjacent tiers of a

parallel lamella:

ht = nt_1 ht = 2
·— sin ¢t ein Btrz

where Bt = 360°ls*t A$t = $t - $t_1

sin $t sin Bt/2 = sin $t_1 sin Bt_1l2

sin $t = Ct * sin $t_1 where Ct = gx;_§_t_1Q_
sin Bt/2

Once the parameter s is set, Ct is a fixed sequence depending

only on t. Therefore, $t is also a sequence uniquely defined by $1

and s. Successive substitution bases all $t on $1.

sin $t = Ct * (Ct_1 * sin $t_2)

= * * * ein ...

= [1-[1t Ci] * ein $1 where C1 = 1

lat Kt = Hlt Ci tier coefficient

The successive product of Ct is one way to develop Kt in a table.

However, substituting in the individual terms leads to a direct

formula for Kt through cancellation.
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Kt = äälilß.sin
92/2 sin 93/2 sin Bt/2

= @1..5.1LZ. (2)
sin Bt/2

sin $t = Kt * sin $1 (3a)

=
@1/2 sin Q1

sin Bt/2

= h/2 (3b)

ein Bt/2

The set of formulas (2) and (3a) is easier and more direct than

using Ct. If Ct is needed, it is convenient to compute it through

the inverse process; Ct = Kt! Kt_1. Equation (3b) is the original

definition of the bar length h, except any t is valid as h is now

constant. This provides a check on the derivation and gives an

alternate coefficient. The program in Appendix C, which generates

dome geometry for constant h, uses h/2 rather than Kt. For the

discussion that follows, Kt is used.

Most designs will start with a given base angle $mx rather than

$1. Consequently, the first step is to find $1 from $mx, then to

find the remaining angles from $1. Kt could have been formulated

from $max but then there would be a set of coefficients for each

tmxr rather than just one set. Notice that the initial selection

of the parameters s and $mx, in turn uniquely determine Bt, Kt, $1

and $t. An example, shown in Table 2, should make the process

clearer and point out the relationship to the equal meridian design.
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Table 2

Example: Use of Tier: Coefficieuts

let s = 6 then Bt/2 = 360°/(2*6*t) = 30°/t

let tmx = 6 $mx = 30°

sin $1 = (sin $max)/Kmx

t Bt/2 Ct Ct' Kt $t A$t

1 30 1.0 1/1 1.0 5.0 5.0

2 15 1.93185 2/1 1.93185 9.69317 4.69317

3 10 1.49048 3/2 2.87939 14.53405 4.84088

4 7.5 1.33037 4/3 3.83065 19.50342 4.96937

5 6 1.24871 5/4 4. 78339 24. 63902 5.13560

6 5 1.19933 6/5 5.73686 30.0 5.36098
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Ct is not necessary but is included to show the complete process.

Let primed coefficients be approximations. Solving equation (3a)

for $1, results in a round 5° by chance, as $1 = $6l2.

The approximation Ct' leads immediately to Kt' = t by successive

multiplication. In other words, all meridians are equal. The

fractions in the table may be derived more formally using the first

term in the expansion of sin x, (x in radians).

sin x ¤¤ x — xs/3! + xSl5! ·······

Ct = =sin
Bt}2 sin (21:/st)

,_„ 2M|s(t—1)|

2Mst

¤ it; =
cg-_‘

t - 1

To see the errors resulting from approximating the sine:

let Ri(x) = (ith term)/(lst term)

R2(x) = x2/6 R3(x) = x‘/120

For many cases A$t s 10° = 10Ml80 radians

R2(lO°) = 0.5x R3(10°) ¤= Ox

For the example $mx = 30° = M6

R2(30°) = 4.57% R3(30°) ¤= 0.06%

To see the effect on the computations, use equation (3a) with the

original Kt but dropping the sines, so that $2 = 9.65925°, an error

of 0.35%; but $6 = 28.6830°, an error of 4.39%. Thus the error

grows with t. However, the ratios Ct have an error that reduces
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with t. C2 has an error of 3.53% and the error in C6 is 0.06%.

This is due to the fact that 8t/2 reduces with t. Any approximtion

for large angles should include the second term. As either Ct or Kt

uses a large angle at some point, it is just as easy to use the

exact method, which may be set up in tables or computer procedures.

Using the first term approximtion for all tiers leads to 8t =

[tI(t-1)] * 8t_1, which is the constant meridian case.

Examination of equation (2) leads to
K‘t,

another approximation

of Kt. For large enough s and t, Bt/2 is small, so in radians.

sin Bt/2 z Bt/2

8t/2 = 1:./st so
Kt‘

¤= (SCIII) * sin 81/2 = k * t where

k = (sln) * sin 81/2

Thus Kt' becomes approximtely linear in t after a few terms.

For the example:

Kt' = k * t ¤ 0.95493 * t

It was seen that the sine approximtion of 8t/2 = 10° leads to a

0.5% error. If s = 6, then 81/2 = 30° and 30° lt = 10°, which means

the error is relatively smll for t z 3. As ¢1 is determined

directly from tbmax, that only leaves the second term with an error

that my exceed roughly 0.5%. A warning goes with this type of

estimtion. A smll percentage error in a multiplicative factor my

lead to intolerable absolute errors. As the original formulas are

easy to incorporate, any approximations are primrily for academic

or estimation purposes. A 1% error in l0° causes approximtely the



51

same error in the sine and consequently in the length of h. For a

100 inch bar the error is 1 inch, which may not be within tolerance.

When using any such approximations, account must be taken of the

maximum error and its effect when scaled to actual dimensions.

Using the above k in the example yields K6' = 5.72958 and $6 =

29.95804, an error of 0.14%. The error is smoothed out if k is

used, rather than Kt', to establish the whole series from $mx. The

only error over 0.39% is the predicted second term with 1.02%.

The effects of horizontal bar standardization vary with the dome

parameters s, tmx and $mx. Increasing the number of tiers reduces

Aßtux/2 such that the approximation is very good for the added

tiers. The Kt sequence is not changed, just more terms are added.

For a fixed included angle $mx, $1 and A$t become smaller, mking

the triangles flatter vertically. Having flat triangular panels is

not good for radial loads. The meridians vary with A$t' so they

tend to become shorter as tmx increases. However, A$t incraases

in magnitude and rate of change of magnitude after the second tier.

Therefore, the net result is that the meridians still grow longer in

the lower tiers. A possible rule for triangulation would be to keep

the diagonals adjacent to the meridian at greater than 45° to the

horizontal bar; this means mt z ht. As the other triangles in the

tier are narrower and mt grows with t, it should not be critical if

the worst case, the shortest m, slips below the h limit; in the

example mg = 0.94 * hg. Being too conservative is apt to cause

excessively long meridians and diagonals lower on the dome.
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Increasing the number of segments reduces the horizontal member

length, by reducing Bt. Having a smller B1 improves the

approximtion Kt'. Doubling s to 12 makes B1/2 = l5°, K2 = 1.98289,

K6 = 5.93358. Therefore, the configuration approaches the equal

meridian case, which is verified as the linear approximtion
Kt‘

is

better. Thus, there is less variation in the meridian length, and

balancing the triangular shapes is easier.

$mx is the main source of trouble for parallel lamella domes.

For shallow domes the variations are fairly regular. For example,

in U1iana‘s dome (48) with equal meridians, the three horizontal

lengths are 10.73, 10.70 and 10.45 feet. However, for large $mx,

the tiers become high to allow a conetant h. Increasing tmx would

reduce those magnitudes, but the effect would still exist. For the

original problem with $mx equal to 90°; $1 =¤ 10° and $6 ¤ 30°.

Reducing to $mx = 60°; $1 = 8.7° and $6 ¤ 13.8°, which is a more

reasonable range.

For a fixed gmx, increasing s for large $mx makes the problem

slightly worse, rather than better, as would be have been expected.

While Kt becomes more linear, sin $1 is larger and less linear than

for smller $mx. So tmx and s my have to be increased together

for large $mx. Using approximations, the ratio of the first tier

angle $1 for two different $mx is about the same as the ratio of

the sines of the $mx. $1) ¤ $21 g sin $mxb / sin $mxa. The

relationships between A$t are not as simple, but increasing $mx

from 30° to 90° also tripled m, while going to 60° only increased m
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by 5025. A general conclusion, with or without standard horizontale,

is that a parallel lamella is not particularly suitable for tbmax >

60°. Lower tiers should switch to a Zollinger pattern.

If the tiers get too far apart at the base, there are several

obvious solutions; first, return to the equal meridian design;

second, increase the number of tiers and possibly segments. If the

horizontale are too long, increase the number of segments or tiers.

When a tension ring is not used, a constraint is removed; the chords

at the base are no longer fixed. The height of the base tier may be

defined independently. Then the upper tiers are designed as if the

top of the base tier were the defining base with a tension ring

included at that level. The configuration of the base tier is also

not strictly constrained. Thus, the base tier may be a single
‘

Zollinger tier, reducing the number of diagonal lengths and

simplifying layout of the foundation.

3.6 Some Practical Considerations

The program LAHELA was initially written in terms of the

variables used in the derivation. The primary parameters are number

of segments s, which determines horizontal angles Bt, number of

tiers tmx, included vertical angle fbmax, and spherical radius R.

In practical design, typical parameters are apt to be span and

height at the apex. The latter height may be set by other design

criteria, such as minimum height at a set radius. With the

horizontal chord lengths being defined as constant, it might be
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convenient to specify this distance relative to commercially

available nnterials. However, the span Db and chord length H are

not independent.

H = 2 * R * sin ¢t sin BtI2 for all t; Bt = 360°Is*t

= 2 * R * sin ¢u¤x sin (180°Is*tmax)

Db = 2 * R * sin ¢max

H = Db * sin (l80°Is*tmax)

Since s and t are integers, there are a limited number of

practical combinations; and both H and Db cannot be round numbers at

the same time. However, H is the total distance between nmdel

nodes. The actual tube length will be shorter due to finite

connecting node size, end connectors and detailing. The final tube

length is dependent on detailing and is not a good geometry

parameter.

R and are still available to adjust the height of the dome.

From the geometry of the triangle formed by the apex height A and

span:

tan ¢u¤x I2 = 2 * A I Db

Solving for ¢max and using the span equation yields the

spherical radius R. The program takes span and apex height

parameters as alternatives to and radius.



CHAPTER 4

MODELING WITH ABAOUS

4.1 Introduction

As was pointed out in the introductory chapter on domes, in

practice, there is a great variety of dome construction. details.

The types vary from continuous umridional timber ribs to tubular

space trusses. The analysis of many structures is reduced to highly

idealized models, which do not closely resemble the actual details

of the structure. In the case of lattices, the similarity of the

model and the structure tends to be closer. More exact nmdeling

with finite elements, through mltiple element types, nonlinearities

and partial end restraints, is constrained by computer core,

available programs, and budget limits. A lattice of tubular

elements with nodal connections is used in practice and is

relatively close to the usual idealizations. For this reason, it is

the basis of the model used. However, there are many specific

characteristics of the structure which need to be established. It

is the purpose of this chapter to discuss these characteristics in

reference to the program ABAOUS.

ABAOUS is a very large and powerful finite element program

created by the firm Hibbitt, Karlsson and Sorensen, Inc., of

Providence, RI. It is particularly noteable because it was written

from scratch with the benefit of years of experience, research and

55
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computer advancements, whereas many programs are merely new versions

of outdated procedures. It has a vast array of elements and

'procedures designed for the commercial market, with regular

extensions and improvements. It is particularly strong in nonlinear

analysis (16). There is a great deal of documentation, (1), (2),

(3), but possibly for propietary reasons, there is sometimes a lack

of information coupling some of the theory and implementation. The

other weak point of the documentation is application of the program,

which is left to the user. At times, even seemingly simple cases,

such as a pinned end beam, require some creativity. Overall, the

documentation is more complete than for most programs. The main

requirements are storage, dollars and experience.

4.2 §g_g._mg_

ABAOUS defines beam cross section and longitudinal

characteristics separately, each with a large library. The

available combinations make it particularly easy to model variable

cross sections and nonlinearities. In any discussion of ABAOUS,

terms in all capitals refer to actual ABAOUS names for the

corresponding section, element or procedure. The members in the

model are composed of three parts — the main bar, connectors, and

the interface between the two.

Tubular bars (defined by outside radius and thickness) are used

in the model as they are common in practice and represent an

idealization of the general case. There are three methods of
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defining the cross sectionlelement combination with different

methods of handling nonlinearities. The most exacting combination

for local buckling failure is the ELBOW section/element which

includes ovalization and warping. A note of clarification is needed

for the term ELBOW. Elbows are defined in various programs, mainly

for the purpose of modeling bends in pipe systems, where ovalization

of the cross section is a result of the elbow geometry. In modeling

the vicinity adjacent to the actual bend, it may be desireable to

use the same "elbow" type of element for a straight section. This

"straight elbow" is the use intended here. As concluded later, this

is a relatively extreme modeling approach. There is an ELBOW cross

section and an ELBOW element which must be used together. In most

other cases for beams, section types and element types can be mixed.

While input as a beam, the combination allows relatively complex

behavior using Fourier interpolation and shell theory. The Theory

Manual 4.41 (2) has a good background discussion of various

approaches to handling ovalization and severe inelastic behavior.

The ELBOW element is a specialization to capture this behavior

reasonably economically. ELBOWBIB, a simplified version that does

not include warping, might be sufficient for most cases. The use of

elbows as general elements would be computationally prohibitive in a

space structure. If the critical members have been determined in

prior analyses, they could be replaced by elbows for subsequent

runs. However, some care must be exercised in modeling identical

physical members with different element types, as the numerical



58

behavior may be different prior to buckling. A comparative test run

of the two elements should be run prior to the substitution. In

addition to handling failure, elbows account for the large increase

in flexibility and strain due to ovalization. The primary use of

these elements would be failure analysis of local regions in the

structure and subsequent comparison with experimental results.

There are also PIPE beam elements which could be used, but which are

primarily intended to include internal pressure; therefore, normal

beam elements are used. However, PIPE cross sections are used to

model tubes.

There are three ways to define a beam element/pipe cross section

combination, depending on elasticity and linearity. For each, the

beam element definition is similar. There are seven combinations of

2 or 3 nodes, linear to cubic interpolation, and a hybrid option for

very slender elements. Linear and quadratic interpolation allow

elastic shear deformation, while cubic is restricted to

Euler-Bernoulli beams. There are assumptions made by ABAQUS

concerning the two beam theories. For Euler-Bernoulli, only axial

strain and torsional shear are represented in the virtual work

statement (2). Also, as usual, cross sections normal to the axis

remain normal. Shear deformations are assumed to be purely elastic;

therefore, only axial, bending and torsional strains can be made

nonlinear with these elements. For both theories the cross section

does not deform or warp; warping may be modeled by ELBOW elements.

Hybrid versions of some elements are provided. These are intended
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for very slender members with a large axiallbending stiffness ratio.

The axial force, and transverse shear force if appropriate, are

treated as independent unknowns. Various distributed loads can be

conveniently associated with the elements. Section forces,

stresses, and strains are output for all integration sections along

the element.

If the BEA}! SECTION declaration is used for the cross section,

the material properties are given in a separate declaration, which

can include a wide variety of nonlinearities, including user defined

piecewise linear curves. Those properties are used in the

integration over the cross section; the default is trapezoidal rule

integration over eight points at mid—thickness for PIPE sections.

This approach is used if inelastic material behavior is expected,

and for more accurate solutions.

For linear and nonlinear elastic behavior, the BEA}! GENERAL

SECTION declaration may be used, thereby avoiding integration over

the cross section. For linear section behavior, the section

geometry may be defined as a standard section and elastic properties

are given, which may be nonlinear with temperature. An alternative

is to define the section as GENERAL, the cross section geometry is

not defined, and give the section properties.

For nonlinear behavior, geometric and material response can be

combined in an empirical approach. This is useful if experimental

test data is available. Stiffness curves may be defined for axial

force, two bending moments, and torque, or each may be declared
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linear. In each case, temperature variation may be included for

linear or nonlinear behavior. Dependent variables in curves become

constant outside of the defined range. Several precautions are

given for this approach. Elastic behavior may not be reasonable if

strain reversals occur. Also, the nonlinearities are not coupled

directly, which could be a problem with combined axial load and

bending.

Two nodes are sufficient to define the location of each element.

As bending is to be considered and the members are slender, cubic

interpolation of displacement my be needed. Shear deformtion is

minimal in slender members so Euler—Bernoulli beam theory should be

sufficient. In example problems in the manual, the B33 two

node—cuhic element gave better overall performance than the B32

three node-quadratic element. These factors are discussed in more

detail in Chapter 5. If the applied loading conditions are such

that some members approach failure, B32 Timoshenko beam or elbow

elements could be substituted to better model the behavior.

4.3 Connections

The advantage of using an intermediate connecting element, as

discussed in Chapter 2, Domes, is that it can model a variety of

cases. The addition of intermediate members is a large improvement

over the use of uniform elements. ABAOUS includes a variety of

standard elements and cross sections, so that local regions can be

refined easily. For example, cri.mped ends are similar to the BOX or
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RECIANGULAR sections. L-sections are available for the angles often

used in built-up systems. The various circular connections can be

modeled with the solid circular section. Where firm pipe end—joint

contact is ensured, the intermediate member may be omitted, as long

as deformtion of the pipe ends is not expected.

Adjacent elements often must be linked to provide continuity.

ABAOUS offers MPC‘s - }iulti—point constraints, which may be used to

tie elements together by constraining matching nodes. The program

condenses out the redundant degrees of freedom. Three are of

particular interest for this study. No. 6 is a pinned rigid link,

which maintains a constant distance between nodes. No. 7 is a rigid

beam which matches displacements and rotations of the nodes. This

provides continuity between components, which may be modeled

separately along their axes; for example, the web and flange of a

T—beam. No. 9 is a pinned joint which equates displacements but

leaves rotations independent.

The only way to model a bending member with pinned ends is with

the use of HPC 9. An additional node is defined for the member end

at the site of the pin. The two nodes are then constrained

together. In a lattice, there would be a central node with

additional nodes at the end of each member, constrained to it. The

central node would need to be fixed against rigid body rotation.

Comparative runs for fixed and pinned ends may be accomplished by

switching the constraint between 7 and 9, rather than having two

separate models with different numbering systems. User defined
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constraints are also possible. A continuous space member with

pinned ends is capable of rigid body rotation about its longitudinal

axis. Consequently, the rotation about this axis must be

constrained at one end. This is easily done in orthogonal grid

structures. However, for a dome, this means the member must be

defined in a local coordinate system first, to have the proper

constraint specified. A TRANSFORM command is available to make the

coordinate changes. As most of the members have different

orientations, this can be a large task, unless this step is included

in the data generation program. This feature is not in the program

LAMELA, but could be added easily.

One tenet of this thesis, from the introduction, is that details

are significant in critical design structures, such as lattices.

While the variety of possible physical details is vast, many may be

modeled by a limited library of elements when intermediate elements

are used. The results sought in this analysis are of general

behavior. Elements with strong localized behavior (e.g. crimping)

are not desireable as they might obscure overall characteristics. A

typical component with generalized behavior, but actual

implementation, is the MERO joint. A wide range of end fixity can

be set through the diameter of the end element. A multiple element

heam, with separate end elements fixed at the joint, puts the

flexibility in the neck as the actual case.
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4.4 Co@tational Constraints

The use of additional elements in the bar model certainly

increases the computational cost, and might be prohibitive in a

large model. However, too simple a structure will not show the

response, characteristic of a lattice dome. A three tiered dome

should be a lower limit, with any increase over that being an

improvement. When models are limited in size, structural

characteristics are being imposed which are not always obvious. The

significance of the imposed restraints is reduced in larger models.

ABAOUS has an unusual procedure which is not in the

documentation. Extra internal nodes and elements are added, which

greatly increase the degrees of freedom. For a structure using B33

elements, the new number of nodes is defined as the old number of

nodes plus the number of elements. The degrees of freedom are equal

to six times the new number of nodes. This means that constrained

degrees are not subtracted, therefore a penalty method may be used.

Additional elements are created, but the numerical relationship for

how many is not clear. How these extra components are used and how

they affect computation is not stated. It takes a vast amount of

storage just to activate the program, even for small problems.

However, for the capability, the run costs are reasonable.

The volume of output is a potential problem. For the beam

element B33, four points on the cross section are output for each of

three integration sections. With the default output, each element

takes almost two pages. There are options which control the ouput.
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One is to specify the section points, however the number of cross

sections can not be limited, except by omitting elements from the

output. A tabular format similar to the one used for nodes would be

helpful, but the variety of possible outputs makes this impossible.

Even the input echo and problem statement section tends to be quite

long.



CHAPTER 5

MODEL DEVELOPMENT

5.1 Dome Geometgg

Prior to the selection of a final dome geometry, Uliana's basic

lamella dome (48), was considered for several reasons. This dome

has three tiers of ten Sagmauts. The included angle of each tier is

10° for a total of 30°; the span and radius are each 100 feet.

Uliana also considered just the first two tiers as a smaller model.

In consideration of this dome and the final version, some factors

are accentuated, which might be minimized in an actual design, such

as member bending. The goal is structural behavior which will

clearly show the mechanisms being studied. For example, a study of

slenderness effects would not be based on a short stocky member.

1. This thesis is partially an extension of Uliana‘s, i.e.

earthquake loads on a lattice dome, but with more acceleratien

components and bending. Any similarities would increase the amount

of comparable data and consequently extend the ccnclusions.

2. Three tiers is a minimum to get dome—like behavior, other

than snap-through. More tiers would increase this behavior but add

more degrees of freedom. However, having a larger model, restricted

by gross idealizations to conserve cost, is no real improvement.

Any additional degrees of freedom would best be used to improve the

quality of a smaller model.

65
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3. The addition of the vertical component matches the dome

geometry in several respects. The horizontal ring contours of a

parallel lamella should make the vertical response clearer. As

previously discussed, the arched boundaries of geodesic domes and

three-way grids might obscure the mechanisms.

4. The dome is shallow, increasing the relative lever arm of the

vertical loads, relative to the supports. So vertical response is

greatly enhanced relative to horizontal due to the stiffness in the

latter direction.

5. The spherical radius is reasonable for a single layer dome.

The l0° deflection angle between tiers should be small enough, for

snap through tendencies to be evident. In subdividing the tiers,

the chord defined by a meridian is replaced by two chords, inscribed

in the same arc. The resultant deflection angle is therefore

smller.

6. The members are relatively long which accentuates bending

behavior.

There are also disadvantages to the design. Primarily, some of

the members are unrealistically long, 17.5-19.5 feet; the shorter

members are 10-ll feet. These lengths do allow a large span dome

with relatively few members, but directly counter the objective of

realism. The geometric layout comes from Richter's comparative

study (39). However, the models he used were somewhat contrived for

the comparison. They were identical in radii, number of nodes,

member cross sections, total weight and loading, in addition to
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other problem parameters. While this is a good way to formulate a

comparative study, it does not lead to realistic individual designs.

Refinement of Uliana°s model was also considered. Doubling the

number of tiers would cut all member lengths approximately in half.

Extremely short numbers are also not desireable, as they are not

economical and tend to be relatively stiff. This refinement would

give the smaller dome four tiers, which is above the lower limit of

three. However, it may be shallower than desireable, so that the

horizontal load components are largely transferred axially, without

generating sufficient overturning moments for testing. The larger

dome would become a fairly complex model, but have better

proportions. The reduced deflection angle between tiers should make

surface deformations more prominent. The shorter members could have

a smuller cross section. This would reduce the dead load while

maintaining slenderness. As the lamellas are relatively narrow, m ¤

l.67h, a possible additional modification is to decrease the number

of meridional divisions from 10 (36°) to 8 (45°), making horizontal

lengths 6-7 feet. This would reduce the number of added members and

nodes, and nuke the lengths more compatible. A practical nunimum

number of divisions should be 6 (60°) to support radial loads. This

degree of modification limits the comparability of the studies, but

some general conclusions might still be drawn.

The real problem with these modifications is the increased

degrees of freedom, especially considering the internal degrees of

freedom added by ABAOUS. The final model will have more than one
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element per member. If there are M members with e elements per

member, there are M*e elements. These elements add M*(e—1) internal

nodes. As the internal nodes are in continuous members, the

increase in degrees of freedom is six times the increase in nodes.

Keeping the original three tiers, the degrees of freedom would

increase from 120, by 558*(e-1). If the number of tiers were

doubled, the degrees of freedom could become prohibitive. Even with

one element per member, modeling partial fixity would increase the

degrees over the truss model.

It may be concluded that adaptation of Uliana‘s model would

involve undesirable physical or modeling characteristics, and

possibly change the behavior enough to lose the comparability. The

final model will also have three tiers (tmx = 3), the stated

miniumm, and ¢mx = 30° to allow the horizontal forces to have

effect. The number of meridians will be reduced to eight (s = 8),

for several reasons. The dome is cyclically symmetric at 90°,

allowing direct comparison of orthogonal motions. The number of

members and nodes is reduced. And, there is a better balance of

horizontal and diagonal lengths. The member lengths should still be

fairly long, 8-12 feet, to allow bending action. The main drawback

of the model is the small overall size, however, this allows

detailed member modeling. Member lengths may be used to find a

suitable radius. Constant horizontal lengths will be used, which

may be defined for any tier. Only three diagonal lengths exist

other than the meridians.
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Parameters

s=8 tmx=3 $mx=30°

Bt = 360°/s*t = 45°lt

B1 = 45° B2 = 22.5° B3 = 15°

ABM : [1/(:-1)] * Bt 1 S r. - 1 t 1 2

i=1 i'.=2

AB21 = B2
1:1,2 t:a

AB31 = B3/2 AB32 = B3

Kt = (sin B1l2)I(sin Bt/2)

K1 = 1.0 K2 = 1.96157 K3 = 2.93185

sin $1 = (sin $max)lK1mx

$1 = 9.8190 $2 = 19.5440 $3 = 30.00

h = h3 = 2 * sin $3 sin B3l2 = 0.1305262

mt = 2 * sin A$t/2

m1 = 0.1711687 m2 = 0.1695219 m3 = 0.1822417

dti = [2 * (1 - sin $t sin $t_1 cos ABt1 - cos $tcosdm

= 0.1934505 d31 = 0.1899315 d32 = 0.2112127

The normalized lengths have the form I2 = LIR, where capitals

represent actual lengths. The radius may be estimated by R = L/12

for suggested values of L. H = 8 ft gives R = 61.3 ft; D == 12 ft

gives R = 56.8-63.2 ft. Let the spherical radius be 60 ft, which

conveniently makes the span 60 ft. The height at the apex is 96.462

in = 8.039 ft.
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H: 7.8316ft

M1 = 10.2701 ft M2 = 10.1713 ft M3 = 10.9345 ft

D21 = 11.6070 ft D31 = 11.3959 ft D32 = 12.6728 ft

For later use the total length of members is:

L=8*=

12,117 in

Surface area = 2 * n * R * Apex

:466,664 inz

The final decision on the geometry is omission of the tension

ring. The base nodes will be set in a rigid plate, so that all

undergo the same motion. This omission is not merely to reduce the

degrees of freedom. A tension ring is one component of many

possible boundary conditions. The purpose of the study is to relate

prescribed boundary conditions to response. At this stage,

introducing a boundary model between the components of interest

would make the relationship less clear. Realistic modeling of the

foundation would be an excellent extension.

5.2 Beam Element Selection

ELBOW elements could be useful for localized buckling. However,

from the failure modes that seem most prevalent, severe pipe

buckling is apt to occur as a result of other failures or geometric

changes, rather than be the cause. These elements would be used to

model failure history, rather than the initiation of failure. As

the main interest of this study is overall response characteristics,
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rather than completing a full failure history, these elements are

rejected as being too complex for the purpose. PIPE elements are

likewise too specialized. The choice is then from the standard

space beam elements. While there are seven elements, the relevant

decisions are: linear, quadratic or cubic interpolation;

Euler—Bernoulli or Timoshenko deformations; hybrid or standard

formulation. The hybrid formulation is not necessary. In the

ABAOUS Cantilever Beam Example 1.2.1 (1), the comment is made that

hybrid elements are generally only needed for slenderness ratios

above 1000. On the other hand, the members will be relatively

slender, so that shear deformation should be negligible unless large

deformations occur. Linear interpolaticn is inadequate to get any

realistically sensitive bending configuration. These considerations

reduce the choice to B33 — two node, cubic interpolation

Euler-Bernoulli elements, or possibly B32 — three node, quadratic

interpolation Timoshenko elements. There is a computational

tradecff with B32; there is an extra node, but there are only two

cross sections to integrate instead of three.

ABAOUS Example 3.1.1 (1) is an eigenvalue analysis of a simply

supported beam. Eigenvalues were calculated using different beam

elements and varying the number of elements used. The comment is

made that the beam is long enough that the choice of beam theory

should not make much difference. The rectangular beam measures 2 x

2 x 80 in. Three modal frequencies and the percent errors from the

exact Euler—Bernoulli solution are calculated. This is done for
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four and eight element models. The present discussion refers to

Table 3, which is adapted from the example results. It is apparent

that while B33 is a little stiff (frequencies are high), the overall

accuracy is better. In fact, for the first two modes, the four

element B33 is better than the eight element B32. Surprisingly, B31

compares favorably with B32, as long as enough elements are used;

however, it is not as economical since fewer higher order elements

can be used, while maintaining good results. As stress levels are

not known until after the model is formulated, it is best to have an

element and mesh that is reasonably accurate over a range of

conditions, yet is economical. On the basis of the above example,

B33 will be used.

5.3 Tube Sgecifications
T

As described in Domes, a variety of structural systems can be

modeled by including a connecting element between the main member

elements and the joint. The extra elements can represent part of

the joint, part of the member, an actual connecting member, or just

model the local behavior. Frequently, only the possibilities of

pinned or fixed ends are considered, when in fact, the actual

condition may be partially fixed. With the more detailed model,

fixity can be varied or entirely different connection schemes

compared, by altering the parameters for these elements. The member

model will consist of several (to be decided) tube beam elements

continuous with the connector elements at each end. The connectors
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Table 3

Summary of Tables 3.1.1-1 and 3.1.1-2 ABAOUS (1)

Percent Errors from Euler-Bernoulli Modal Frequencies

Mode Four Elements Eight Elements

QL Q2 Q2 Q2 ä EQ.

1 -0.12 -0.31 0.02 -0.09 -0.13 0.00

2 -1.09 -0.39 0.40 -0.38 -0.48 0.03

3 -3.21 1.63 1.92 -0.97 -0.86 0.15
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will be fixed to the joint nodes, so that the partial fixity will be

represented by deformation in the connector. Thus, there will be a

minimum of three elements and two internal nodes per member.

Aluminum alloy 6061-T6 drawn tube is used, as Uliana°s alloy was

not listed in the manual used (46). From the specifications in this

manual, Table 3.3.27, the allowable extreme fiber stress is 24 ksi

in tension. In compression, the allcwable depends on the

slenderness ratio of the mid—thickness radius Rb = (r°+ri)I2 to the

tbickness t. The allowable is 25 ksi for Rh/t 1 28, and

39.3—2.7*(Rb/t)»é for Rb/t 1 81. From Table 3.3 1a, yield strengths

are 35 ksi in tension and compression. The compressive modulus of

elasticity is 10.1 ksi; 10.0 ksi is used for deflection.

Fastenau (14) discusses the range of sizes used by Züblin, which

are converted to inches for comparison. The standard diameter tubes

are 2.36-5.12 in, with smaller ones down to 1.10 in, and high

compression tubes from 6.26-8.62 in. Bolts run from 0.55-2.04 in

with compression collars for heavy loads. The joint spheres vary

from 2.36-8.62 in. As a side note, the uuximum tube lengths are

about the same as Uliana's maximum diagonals, verifying the extreme

length, especially for compression. Member sizes from two sources

were considered. The first source is Appendix B, where figures are

adapted from Uliana. Uliana‘s outside diameter is 6 in, which is

larger than standard, but probably not too wide for the length,

considering bending.
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In contrast to U1iana‘s design, is Fentiman‘s dome (15), which

was designed for high snow and wind lcads, and seismic activity.

The dome is larger than Uliana‘s: radius = 117.6 ft (vs 100 ft),

span = 185.0 ft and Omx = 51.9° (vs 30°). The high profile must

carry much higher dead loads and lateral live loads. A Zollinger

pattern is used with a density reduction at about ¢ = 15°,

therefore, the member lengths vary widely, scaling a range of 3.5-12

ft. The tubes are 8.5 in steel, with 0.150 in thickness (vs 0.1875

in). These dimensions seem excessive for a 3.5 ft member, and are

near the maximum of Züb1in's range. The cross sectional area is

somewhat higher, 3.95 inz (vs 3.42 inz), but the moment of inertia,

34.75 in4 (vs 14.47 in4) is much greater, especially considering the

higher modulus of elasticity of steel. The end ccnditions are not

specified.

These two examples use large tubes. Fentimn's seem overly

stiff, but a diameter less than five inches might be slender for

long members. As stated at the beginning of this chapter, the

design should be reasonably responsive to the loads. One way to

estimate a size is a rough design according to published allowable

stress, using moderate design loads'. Dead loads include the weight

of the members plus an allowance for mullions, eladding and

spherical connectors. The distributed loads will be transferred to

the tubes to maximize bending, whereas some systems use stand—offs

to direct the loads to the nodes. Stand-offs are short members

fastened to each joint. An auxiliary framewcrk for the cladding is
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supported by these members. Thus, much of the dead load is applied

to the joints as concentrated loads. However, this type of system

may introduce rotational loads. The weight, other than the spheres,

will be distributed over the members. Spheres will be applied as

point loads and masses, while the dead load is input as lb/in over

the members. For dynamic steps, these loads are also input as mass

per cubic inch, with the distributed mass added to the section mass.

Mullions or other attachment mechanisms, will be allowed for, by

adding 50X to the tube weight. Because of the large panel sizes,

relatively stiff cladding is used. From Wendel (50), 0.250 in

acrylic weighs 1.50 psf = 0.0104 psi. The weight per length of tube

is calculated as the distributed load times the surface area,

divided by the total member length: load = 4538.4 lb for 0.50

lb/in. This approximation would not work for a deeper dome, as the

live load would be transferred from concentrations in the center to

the larger surface on the sides. Uliana‘s tubes weigh about 0.335

lblin, adding an allowance for mechanical details, gives 0.50 lb/in.

The dead load is approximated as 1.0 lblin, the live load is 6.22

lblin, Assuming pinned ends the maximum moment is 41.7 k-in for the

longest member of 152.1 in. Then solving Ua = M*r°lI for the

section modulus I/ro = M/Ua. For an allowable of 24 ksi (maximum in

tension), the ratio is 1.74. The ratio for the tube used in initial

tests is 2.41, which is conservative. Checking the compression

stress for that tube, the slenderness Rh/t = 31.5, which is higher

than 28 but less than 81. Using the intermediate formula listed
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earlier, the allowable is 24.1 ksi. The tube adapted from Uliana in

Appendix B is then too conservative by these criteria.

A new design is estimated from the required section modulus and

using rclt ¤ 30. This yields rg = 2.6 in, t = 0.0865 in, which

makes the load used high. Trying rg = 2.5 in, t = 0.125 in avoids a

very thin wall; this makes Rb/t = 19.5 and the maximum stress 18.3

ksi < 24 ksi. The actual dead load would be somewhat smaller due to

the smaller tube section. The above calculations ignore axial force

components of stress. For a rough estimate the total live and dead

load divided among the base members gives axial stresses of about 1

ksi. On this basis, it will be temporarily assumed that secondary

effects will not be large. The fixity of the end connectors will

reduce the primary moments. The dead load for the tube is 0.1874

lb/in, including attachments 0.25 lblin and a total of 0.75 lblin

with cladding. The combined effective mass density becomes 1.015e—3

(lb/inlsz)/in3 The tube specifications are:

ru = 2.5 in t = 0.125 in

Area = 1.914 in2 I = 5.691 in4

E = 10.1E6 psi UY = 35 ksi

5.4 Connector Specifications

The relative stiffness of the umin tube to the end connector

needs to be defined, such that a pinned end assumption would be

reasonable. Partial fixity of the connection could be modeled by

defining stiffness properties, such that deformation of the
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connector would yield the desired behavior. High stresses are to be

expected in the connectors under high loads. In an actual design,

allowable stresses would have to control. Here, nuximum stresses

near yield would indicate the behavior desired to demonstrate this

model. Frequently, steel connectors, such as bolts, are used with

the aluminum tubes. A yield stress of 50 ksi will be assumed for

steel connectors. The factor in the bending stiffness resulting

from the moduli of elasticity will be at most of the order of

magnitude of 3, e.g. 10.0 ksi for aluminum and 29.0 ksi for steel.

Therefore, the majority of the difference will result from the cross

sections represented by the sectional moments of inertia. If the

same material is used throughout, the relative stiffness will simply

be a function of I. If steel connectors are used with aluminum

tubes, the effect of E and I are opposite in EI; large E with small

I, and visa versa. Therefore, for the same relative stiffness, the

ratio of the I's must be about 3 times that of the case with the

same material. For the uniform case, arbitrary limits would be a

tube stiffness of ten times that of the connector, but less than a

hundred times to make the fixity worth modeling. For the

aluminum—steel combination, the limits would be 30 and 300.

Let the tube be reprasented by its moment of inertia Ib,

thickness t and inner and outer radii, ri and rc. The connector is

generally solid and nay be measured relative to the tube by radius

ra = ro/c and IB, where c is a proportionality factor.
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Ib = (nI4) * (r¤4 — ri4) rc = ri - t

= (#/4) * [rf — (ro - H4}

= (n/4) * (4 * roa * t — 6 * raz * t2 + 4 * ro * t3 — n4 )

Ia = (n/4) * (rofc)4

RI = xb 1 xa = G4 — [4=~u;a - 6·~:21:a2 + 4*t3/r°3 - :41;a4}

The fraction (t/r¤)“ << 1 n > 1

RI = (4 * t/ro) * c4 (4)

The literature does not generally contain explicit sizes, but

from the illustrations, ra = 0.3 * ro. From this estimate, a range

for c of 3 to 4 should be tried. Using the tube just specified, RI

= 0.20 * c4. For c = 3, RI = 16.20 and for c = 4, RI = 51.20. For

this particular tube, a good midrange stiffness ratio would result

from using c = 4, ra = 0.625 in for the uniform model, and c = 5, ra

= 0.5 in for the steel connector model. Including the elasticity

factor of 29.0/10.1 = 2.87 for the latter case, the relative

stiffness is 38.6. Steel connectors are common and will be used.

Unthreaded 1.0 in bolts weigh 0.222 lb/in and have an area of 0.7854

in2. To match the tubes 0.25 lb/in will be used but the cladding

weight will not be added. An exposed length of 3 diameters or 3

inches will be used. The total dead load applied the tubes becomes

1.0 lb/in. Given partial fixity and stiffness of the cladding, the

design stresses should be conservative. Four inch solid aluminum

spheres will be used at the joints. Relevant figures are:

Connector:

r = 0.5 in Length = 3.0 in
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AIBA = 0.7854 1112 1 = 0.04909 1114
E = 29.0E6 psi GY = 50 ksi

Sphara:

Diamater = 4.0 in V = 33.51 ins

W = 3.28 lb Mass = 0.0085 lbf(i11/sis)



CHAPTER 6

EARTHOUAKE MODEL

6.1 Introduction

There is a general lack of evidence that earthquake loads are

critical to lattice domes. Holzer, et al (21) site the lack of

failures and literature on the specific subject. However, they note

that it is not clear whether domes are inherently stable during

earthquakes, or that the wrong combination of structure and load has

just not yet occured. Lack of failures gives some measure of

empirical reassurance but does not provide a known safety factor.

Dome failures are often sudden. Studies are needed to decide if

earthquakes do provide a threat, under what conditions and what can

be done. Wendel (50) observes that the light weight reduces the

inertial forces, and that the natural frequencies of domes tend to

be out of the frequency range susceptible to earthquakes. Only

general statements were found concerning the natural frequencies of

domes; a systematic study is needed. However, the localized forces

caused by actual concentrated loads or distributed loads such as

snow may produce propagating failure, (48). In an analysis of a

dome on poor soil, the dome held with part of its perimeter

foundation subjected to liquification. The deflections were large,

but the frame also supported part of the light spread foundation

(40). This test verifies the bridging capability of the dome.

81
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The corrected accelerogram history, commonly referred to as El

Centro, May, 1940, is used. The title requires clarification. El

Centro is a recording station, which is located in Imperial Valley,

CA, where the epicenter was located. This record was used as it has

been used in many other studies, noteably ones in Civil Engineering

at this institution. ABAOUS Example 3.1.2 (l) uses the El Centro

earthquake and comments that only modal frequencies below 33 Hz are

generally significant for earthquakes. A Verification of this fact

is that the response spectra tend to zero above this frequency.

However, a general rule such as this is often associated with

standard structures rather than domes. Spectra vary with the event,

location, distance, and direction (41). Consequently, design

spectra are often created from the data for a number of events.

As lattice structures are generally light, the inertial forces

may be small. The model may be made somewhat more responsive by

increasing the distributed mass and increasing the flexibility of

the material properties. These modifications should be done to

increase the response without being physically unrealistic. This

adjustment applies when only dead loads are used. The increase in

mass from added dead or live loads lowers the response frequency

toward the earthquake range (41). The process of matching the

structure and loads is recommended here to promote a more clearly

defined response for study. Design uses the reverse procedure,

loads are picked as worst case trials for the structure.
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The use of multiple component accelerations should also produce a

more realistic response. The largest unsupported moment arm for the

structure, in comon shallow domes, is from the edge to the center

of mass. Therefore, the vertical acceleration component may produce

more critical responses, even though the component magnitude is

smaller than the horizontal, (48). In an analysis of a long span

roof, the vertical response was approximately ten times that of the

horizontal (41). Given sufficient time for analysis it would be

interesting to compare the vectoral sum of separate horizontal and

vertical runs with the combined load. While the component histories

are different, their character may be similar (41). The presence of

two horizontal components may produce torsional effects about the

vertical axis of the dome. If the structure has a large deflection

of its center of mass in one direction, a large acceleration in the

perpendicular direction may produce some torsional loading. As

these deflections are generally small, these effects are probably

small compared to those of other loads.

Rotational components are not part of the recorded earthquake

data (38). However, they represent a significant part of the actual

load input, particularly for flexible foundations. l*icCown (31)

refers to several studies which derive rotational components from

the translational components. The rotational acceleration about an

axis is related to the principal acceleration components in the

plane normal to it, by }icCown‘s equation 3.3.
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The indicies i, j, k permute with 1, 2, 3 and the prime denotes a

principal component. This is a basic formulation for rotation of an

infinitesimal element. This concept is discussed further in the

next section, concerning changes of acceleration using discrete

data. Given a formula for these components and the location of the

boundary nodes, the translational components could be umdified to

represent the six components. A major problem with this approach is

that each boundary node would have a separate acceleration history.

While these extra components are not included in this study, their

use would be beneficial in a critical design.

For a dome, rotational accelerations about the horizontal axes

may have less effect than rotation about the vertical axis. In the

former case, the input accelerations enter the dome at. an. acute

angle to its surface. The effects are largely carried axially

across the surface in a mode where the dome is strong. For rotation

about the vertical axis, the only resistance is the corresponding

rotational inertia of the structure. Because of the relatively low

angle of the diagonals adjacent to the meridians, a parallel lamella

dome should be particularly resistant to this type of loading.

6.2 Time Span

An important decision was how much of the acceleration history to

use. Too uany time steps greatly increase the computer cost and

output. Since three components of acceleration are used, the

combined effect must be considered, as well as the individual
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components. As not much research has been done relating domes and

earthquakes, an empirical approach to selecting the time frame is

used, based on discrete recorded data. Some of these criteria are

experimental, the time history should indicate whether they are

valid. The components will be referred to by the positive direction

on the accelerogram record. Values will often be expressed as

approximate fractions or percentages of the peak values. First, the

complete record was examined and peak values noted. Most of the

peaks occur fairly early, with the last being at 11.44 seconds,

except for the West component. This component is the smaller of the

horizontal components and should not control. The data after 12

seconds generally stays well below the early peaks. To simplify the

data, the first 20 seconds, of 53.73 seconds total, was run through

a program VECTOR. The output was, for each time, the three

components, the resultant horizontal mgnitude and direction, and

the three component resultant magnitude. The North-South and

East-West components appear on Figure 5. The horizontal resultant

mgnitude and the vertical component are shown on Figure 6. Figures

5-7 are placed together at the end of the chapter for easy

comparison. Note that the graphs show only the first six seconds;

most of the discussion is in reference to the 20 second period. The

horizontal and vertical characteristics of a shallow dome are

different, so the two are considered individually. Consequently,

only the horizontal resultant is shown on the graphs. The vertical

component does not affect the long term results very much. Most



86

large vertical positive and negative values occur during a time

period from 0.86 to 1.16 seconds, with the maximum magnitude of

-81.2 in/sls at 0.98 s. There are few values above one half the

maximum, until around the positive peak at 3.32 seconds, and none

after this point. South, the strong direction, has its positive and

negative peaks at 2.12 s and 2.44 s respectively The negative peak

is approximately 752 of the positive. After that, the values

approach two-thirds of the mximum only a few times. The negative

peak for West is at 1.90 s, while the positive is not until 11.44 s.

So, mny of the peaks are within the first two and a half seconds.

Note that the peaks for the vertical and secondary horizontal

components are nearly the same, 70 to 80 inlsls.

As the vertical component drops off, there is generally little

difference in the two and three component resultants after about 3.5

seconds. The last resultants at 752 of their maximum are at 4.82 s.

In fact, there are only sporadic occurrences of 502 maximum after

five seconds. The only exception is a half second period around the

West positive peak. In this range, the resultants are sometimes in

the 50 to 702 range. The primary goal is maximum response, rather

than a full history. As there is a large delay between the early

peaks and the last one at 11.44 s, the only reason to continue to

that point would be to check if early deformation would lead to

failure during a secondary peak. Thus, the first five seconds

contains most of the accelerations above 502 and is twice the time

span needed for the early two peaks. This should be enough time for
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the effect of the peak acceleraticns to affect the structure. On

the basis of resultant peaks, critical times are in the vicinity of

0.98, 1.72, 2.12, 2.44, 3.32, 4.48, and 4.82 seconds which have

values over 100 inlsls. Some of these times are more evident from

the three component resultant (not shown).

The above observations, based on maximum resultant peaks, are

overshadowed by the single large positive peak in the North-South

direction. The secondary N-S negative peak, which is still larger

than the other components, is only 75% of the positive. The only

mgnitudes above 100 inls/s are five consecutive ones around the

positive peak and the single negative peak of -103.6 in/s/s at 2.44

s. These component values naturally control the resultants at those

times. A single spike impulse may be largely absorbed by the system

and may be overemphasized. It is the accunmlative effect of

relatively large inputs that may be of greater importance. This

fact may be taken into account in design response spectra (38).

Similarly, in some cases velocity my be a better measure of an

earthquake, as it is related to the energy input (35). The period

of high velocities ends at about 5.5 s for the N-S component. The

N-S component was reviewed using 100 in/sls as a rough peak value,

which is still larger than the other component peaks. The only

other value of this mgnitude is 96.7 in/sls which leads to the

resultants of 100 inls/s at 4.8 s mentioned earlier. With the new

scale, 75% values extend to 5.30 s with 75% peaks at 5.64 s and 8.58

s. Otherwise, aside from a few values at about two-thirds, the
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magnitudes are 50% or less until the delayed peak around 11.5 s.

From these facts, the time range for horizontal effects should be

extended to 5.5 s, with 6.0 s as a maximum.

It is clear from the raw data, that local peaks of different sign

frequently occur close together. The output of VECTOR was

reprocessed by DIFFER to output the differences between successive

values in time increments. The difference is basically an empirical

piecewise linear time derivative of the acceleration. As the mass

is constant, these differences are then proportional to the time

rate of change of inertia force, and reflect very approximately the

power, energy or impulsive input. This is a trial indicator, that

may or may not correlate well with the behavior. Values are in

units of (inlsIs)l.02s. As the accelerations are already piecewise

linear, the differences increase the contrast and make different

peaks stand out. The change between two moderate values of

different sign may well be larger than that of a high peak and

adjacent values of the same sign.

The results are very different than those of VECTOR. The

vertical component, Figure 7, now has the largest single peak

magnitude of -149.3 with two peaks just over -120 at 1.18 and 3.34

s. Considering values from 60 to 70 as 50%, there are only

occasional occurences in this range, and one value of 80 near the

other peaks. The maximum coincides with the peak acceleration,

shortly followed by another peak. The last peak is not until 3.34

s. An important fact is that all of the vertical differences over
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50%, except one, are in the negative direction. The one exception

is 64 at 9.14 s. This umkes sense physically, as it is easier to

change accelerations with, rather than against, gravity. But the

consequences for peak vertical loads could be significant; the major

impulsive inertial action is downwards which tends to relieve,

rather than increase inertial dead loads and snow loads.

The West component, however, only has a peak change equal to its

peak acceleration of 80, although at a different time, 4.14 s,

corresponding to a lower peak acceleration of 60 inlsls. Beyond

that, there are only two values above 50% of 80. The South

component is similar to the vertical, with a umximum of 138.7 and

three peaks around 120. Again, there are only sporadic values above

50% with one at 96.7. On the average, this component is still the

most influential by magnitude. Overall, the activity by this

criterion is nünimal after 4.86 s, where South equals -120.7. One

time point becomes apparent, that may be critical in a dynamic

analysis. At 3.34s, South has a peak of -117.0 and the vertical has

a peak Of -120.7. These values correspond to changes from 80.3 and

75.0 (the positive maximum) inlsls respectively.

Initially DIFFER output a time difference for the the resultants.

This approach gives relative intensities, but is misleading, as only

magnitudes are considered. The difference of equal magnitudes with

a direction reversal would be zero. The program was rerun to output

the vector resultant of the differences. See Figure 7, which shows

the horizontal difference resultants and the vertical differences.
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These differences include the effect of change of direction. Thus,

the above case of zero change becomes two times the magnitude. From

this criterion, the critical points occur in the vicinity of 0.98

and 1.18 for vertical changes, 2.18, 2.44 and 4.86 s for horizontal,

and 3.34 s for both, with no large values after that time. These

times generally are not the same as those produced by the

acceleration peaks.

The formula given by McCown may also be implemented as a

proportional indicator for discrete data, although its practical use

is questionable. For this discussion, only the rotation about the

vertical axis will be considered. The rule would be to take the

successive differences Si - Wi. But (S2 — W2) - (S1 - W1) = (S2 -

Si) — (W2 ·- Wi), where the latter differences have already been

taken by DIFFER. The remaining step would be the numerical

difference in the South and West columns. The original formula is

for rotational acceleration about a point. If these accelerations

are applied individually to points around a boundary with a fixed

configuration, there is no net effect; they must be applied with a

finite arm. As an indicator these differences ndght show where

rotational effects should be included. The vector differences used

from DIFFER does not account for rotation directly. It merely

states that an acceleration has an impact on a structure through its

change in direction. Any effect on torsion is relative to the

deformed state of the structure.
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Pure direction changes were also found. Direction changes are

only critical when combined with large accelerations. Major changes

near 180° are already evident from the difference calculation. The

only additional values that may be important, are near 90° which may

relate to torsional effects, as discussed earlier. 70-110° was

picked as an arbitrary range. From occurences in this range, cases

were noted with moderate to high horizontal resultants; high peaks

were at 2.44 and near 3.34 s, moderate ones at 1.64 and 3.46 s. The

effect is not clear but high vertical peaks with these angle changes

occur at 1.18 and 3.34 s. For torsion 2.44 and 3.34 s are critical.

For all the criteria, five seconds is sufficient to include the

most significant input, although additional time must be allowed for

the structure to respond fully. The time should he extended to six

seconds to give a umre complete reaction history where horizontal

effects are of primary concern. For shallow domes, the vertical

component may be the controlling factor. If this is the case, 3.34

s plus reaction time should be used, 3.5-4.0 s.
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CHAPTER 7

ANALYSIS

7.1 Intoduction

Preliminary studies were made to gain familiarity with the

procedures of ABAOUS. The members used for these studies were

adapted from Uliana (48), as the model design had not yet been

finalized. The results of some of these studies are included in

Appendix B. Some steps of the proposed analysis were limited by

practical constraints. Several features of ABAOUS were not yet

functioning and required modifications in the system installation,

in particular, parts of RESTART and RESPONSE SPECTRUM. RESTART

allows the storage of an analysis at a specified point, so that it

may be resumed in a later run. This allows processing of the

previous stages, so that decisions may be made concerning the future

steps. Not having this capability meant that, either decisions had

_to be made without the benefit of the intermediate results, or that

the early steps had to be repeated to get to the final steps. The

repetition problem was made more severe by the fact that running a

procedure was sometimes required to learn more about it or to

clarify the documentation. The various causes of repetition were a

major consumer of computer and research time. Controlling the

volume of output was a bigger problem than expected. Occasionally,

desired results had to be sacrificed to limit the total volume, or

101
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since other unwanted ouput could not be selectively cut off. A

similar problem exists for storage space, if RESTART is used.

The loading, geometry and member specifications have been

developed in previous chapters. All beam elements were of type B33,

and for most steps the more accurate BEA}! SECTION specification was

used. The only variation of the section was in a second dynamic

run, in which an entirely linear elastic assumption was made. The

steps in the analysis of the final model are as follows. A modal

analysis was made on an average length member, using different

numbers of PIPE elements to model the main tube. Results of this

step were used to decide a final member mesh density and study the

characteristic behavior of the member. With the mesh density

finalized, the actual model could be generated. There is a brief

description of the numbering system. }!odal analysis is also done

for the final structure, to examine the behavior patterns.

Unfortunately, a planned response spectrum step, using the frequency

results, could not be completed. Some general observations are made

on this subject. The static design loads used to size the members

are imposed. This step yields information on the effectiveness of

the partial fixity modeling, and relative load and stress levels of

the members. Again, due to various installation and cost constraint

problems, the dynamic runs with the earthquake loads had to be

limited. A preliminary run was mde with dead loads and three

acceleration components. A second run with linear analysis had

installation problems. A final partially linear run was made with
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vertical accelerations only. This step, to be done properly, is

complex and large enough, that it should be a separate project.

7.2 Member Mesh Refinement

The tubes and connectors have been specified. An analysis was

made to determine the number of PIPE elements needed to accurately

model the member behavior. The refinement, at which there is little

further improvement, is the optimum choice. FREOUENCY, the

eigenvalue routine, was used to find the first ten modes. This same

process was used on the preliminary PIPE section, but without the

end connectors, Appendix B. As in that case, lateral nodal motion

was prevented to reduce the output of symmetric modes. An eleven

foot member was used to model the average member length. The ends

were fixed to represent the restraint of adjacent members. The end

fixity stiffens the member, so axial motion was allowed to lessen

the effect, and represent the fact that axial constraints are not

full in the actual structure. The distributed dead mass was

included in the density.

One conclusion of the earlier study was that four elements

provided a good nmdel for longer nmmbers and that three might be

sufficient for shorter ones. With the addition of the connectors, a

reduction to two PIPE elements seemed possible. Consequently, a set

of tests was made, using one to four elements for the tube section.

The results are shown in Table 4. Under the deformation column,

peaks refer to the number of maximum local deformations of the given
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Table 4

Member Modal Frequencies (Hz) by Mesh Density

Mode Number of Tube Elements Deformation

1. 2 .3 5.

1 21.932 19.249 19.171 19.158 Bending, 1 peak

33.146 *

2 98.721 75.194 68.697 68.173 Bending, 2 peaks

90.635 *

3 112.73 105.80 104.69 104.31 Twist, 1 peak

134.59 177.58 *

4 183.75 162.94 150.86 Bending, 3 peaks

185.35 *

5 189.58 189.58 189.58 189.58 Axial, 1 peak

267.92 ? _

6 269.11 283.87 Bending, 4 peaks

7 333.62 333.62 307.35 298.84 Twist, 2 peaks

Notes:

Further modes become unclear or redundant, except the 4 element

model has a bending mode with 5 peaks at 440.61 Hz.

* Nodes remain on the axis, but the member rotates at the nodes

to a configuration that should have a higher frequency.

? Configuration is unclear.
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type, with successive peaks having opposite signs. Spurious bending

modes occur, marked by asterisks, especially with the coarser

models. In these modes, the nodes remain on the longitudinal axis,

but the elements rotate about the nodes. The configurations are

defined only by these rotations at the nodes. These configurations

are higher bending modes with an associated frequency that is too

low. The source of this error seems to be that rotational stiffness

of the section is not properly represented, relative to the bending

stiffness involving nodal deflection. It is uncertain whether these

modes would become active in a dynamic load analysis. If the lower

spurious modes could become activated, those mesh densities should

be avoided. Increasing the density causes these modes to appear

only in higher modes. A special study of this problem should be

made to determine its cause and possible effects.

The one element model already shows a ten percent error in the

first mode. Given this fact and the spurious mode nearby, one

element appears to be too few, Note, however, that in all cases,

the first axial mode is represented with identical accuracy. The

three and four element models are generally very close, so the

coarser mesh is good as predicted. The variations of the two

element model are below ten percent, except for the fourth mode,

which should not be a needed configuration. There is a lower

spurious mode, but its frequency is four and a half times the first

frequency, so it should not have much effect. To check the effect

of the member modal shapes on the structure, eigenvalues were found
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for the full dome model, using both the two and three element

models. The dome has a great number of modes in a narrow band, and

the modal differences between the two models was negligible, so the

coarser mesh was picked. The same conclusion might not hold for a

structure with more separation in its modes.

In addition to the two sets of tests previously mentioned, a

third intermediate set was run (results not shown). This set used

the six inch section, without the added distributed mass, but did

include end connectors. The member length was slightly shorter, at

ten feet. The final model has lower frequencies, only about a third

of the larger section. The mss, length and flexibility differences

contributed, but the observation is that design detail changes may

have significant side effects on behavior. Considering all three

sets, the rotational stiffness of the larger cross section causes

the twisting modes to shift to higher frequencies.

7.3 Final Geometric Model

The geometric and section parameters developed were input to

LAMELA to generate the model. The normal formt output is listed in

Appendix C, after the program listing. A view, from an angle of 30°

above the horizontal, is shown in Figure 8a. Due to the short

connector lengths, numbering of nodes and connectors becomes crowded

on a plot. Figure Bb shows the joint nodes and midpoint nodes

between the tube elements. The missing nodes between the tubes and

connectors are numbered one below and one above the midpoint nodes.
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Joint and Hidpoint Nodes
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Figure 8c

Tube Elements
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Member nodes are in increasing order from the apex outward for

meridians and diagonals, and counter clockwise for rings. In a

similar manner, Figure 8c displays the tube element numbering. The

connectors are in sequence at the ends of each pair of tubes.

7.4 Structural Modes

Eigenvalues were found for the dome for two reasons. The first

was to find its basic mode shapes and frequencies for qualitative

understanding. The second reason was as a required step to use the

RESPONSE SPECTRUM procedure. Due to an installation problem, this

second analysis could not be completed, but usable information was

derived in the process. A single layer dome may be deformed into a

larger variety of shapes than multiple layer domes or orthogonal

structures. It was expected that there would be a number of modes

with similar frequencies. In fact, there are at least fifteen modes

with frequencies in the range 10-12.5 Hz, including symmetric modes.

Due to the large number of degrees of freedom and the closeness of

the eigenvectors, only three modes would converge without a large

number of iterations. However, the convergence criterion is no

variation in five places, and most of the other values were close

enough to convergence to be useable. The procedure uses the

requested number of eigenvalues to calculate the modal values. This

is done even if not all have converged, although a warning message

is printed. However, RESPONSE SPECTRUM only accepts fully

convergent modes or it will terminate. To use that procedure, the
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requested number of eigenvalues must be at or below the number

FREQUENCY will find. This may involve an extra run to find that

limit. Somewhat better convergence rates can be achieved by

requesting more iterations and the use of more eigenvectors, at a

computational cost.

The first three modes are shown in Figures 9a, b, c. Actually,

the first two form a symmetric pair, thus Figures 9a and b give the

same mode shape from orthogonal viewpoints. The plotting routine

assigned slightly different magnification factors to these two. The

foundation supports are not fixed against rotation. However, ABAOUS

makes equal rotations for all beam elements connected to a node. It

might be expected that the first mode would be purely vertical, as

it would be for a round plate. However, such a deformation creates

radial loads, which are constrained by the fixed perimeter. A model

with a soft tension ring might have such a first mode. The mode is

a flattening cf one side, coupled with a corresponding bulging of

the other side. In places, the configuration of the joint nodes is

obscurred by the greatly exaggerated bending of the longer members.

The shorter horizontal members have little discernable bending. It

appears visually that the rings still lie on planes, but have been

tilted. The third mode, or second distinct one, has a sine wave

effect around the lower ring with each horizontal member spanning a

quarter cycle; i.e. four full cycles in the ring. However, the

amplitude on one side is quite small and very large on the other;

this may be a combination of two other modes.
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From these mode shapes, it appears that it may be difficult to

predict the behavior of the dome, or even to know where to look for

critical points. In some structures, a given point at the top or in

the midspan can be monitored for deflection to reduce output (41).

It appears that the apex is not the key point, except possibly for

high vertical loads. For a symmatric load, such as the static

design load, symetry of the structure is helpful. Only the members

in one segment need be considered. However, for the dynamic run

with two horizontal components, any direction may become critical

and the direction will change with each time step. The third mode

indicates that a limited number of deflections and stresses will not

define the configuration and stress pattern of the structure. These

are practical points which are discussed further in the dynamic

step.

A response spectrum is a graphical representation of the maximum

response of a single degree of freedom system to dynamic input (35).

It is found. by integrating the time history for each frequency.

While the assumption is linear elasticity, modifications are

sometimes made for ductility, partial nonlinearity, etc. It is most

suitable for use with structures which have clearly separated modes

and orthogonal properties. No final conclusions can be drawn

without the analysis data. The clustered. modal frequencies and

strong coupling of the directional responses should make domes

unsuitable for this approach. However, the modal frequencies for

this particular model were well within the 33 Hz range, contrary to
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expectations. Live loads would further reduce the frequencies.

Actual domes often have shorter members and auxiliary stiffening,

through cladding that might raise the response out of this range.

One question is what characteristic length to use for deflection of

the assumed one degree of freedom. From the dynamic run, it would

not appear to be the apex height, as the apex is restrained by the

axial fixation at the boundaries. A logical point would be the

center of mss, about the height of the lower ring, which is likely

to have greater lateral motion than the apex. However, higher

domes, with less lateral rigidity, might respond more like a tall

structure, with increased deflections at the top.

7.5 Static Desigg Load

The static design load was specified in the chapter Model

Development. The dead load, 0.75 lb/in, consists of the member

weights plus an allowance for cladding and other dead load elements.

The live load is 26 psf over the plan area, which is relatively

high. The total 7.0 lblin is distributed as a uniform load over the

members. The results are shown in Table 5. The figures shown are

for cross sections adjacent to the midpoint of the member for tubes,

and adjacent to the joints for connectors. These are the locations

of the maximum stresses, which coincide with those for maximum

bending moments in a fixed end beam. Even with unbalanced end

moments for the member, the maximum stress for the tubes was close

to the center of the member. As the output includes four stress
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Table 5

Static Design Load Results (kips, in)

Layer! Stress Bending Axial
Element Maximum Tension Axis Moment Force

Tier 1
Meridian

Top Conn. -42.3 29.8 -6.25 3.54 -5.00
Bot. Conn. -51.7 39.0 -6.35 4.45
Tube -6.80 1.58 -2.61 9.54

Ring 1
Conn. -32.0 14.5 -8.75 2.28 -6.86
Tube -6.02 -1.14 -3.58 5.55

Tier 2
Meridian

Top Conn. -23.8 9.23 -7.29 1.62 -5.82
Bot. Conn. -56.1 41.0 -7.55 4.77
Tube -7.28 1.20 -3.04 9.65

Diagonal
Top Conn. -38.7 30.8 -3.95 3.41 -3.20
Bot. Conn. -46.9 38.5 -4.20 4.19
Tube -7.42 4.07 -1.68 13.07

Ring 2
Conn.

by Meridian -27.9 9.54 -9.18 1.84 -7 22
by Interior -28.0 9.64 -9.18 1.85

Tube -6.40 -1.14 -3.77 5.99

Tier 3
Meridian

Top Conn. -19.5 11.0 -4.25 1.50 -3.45
Bot. Conn -15.5 6.05 -4.73 1.06
Tube -7.54 3.96 -1.79 13.09

Long Diagonal
Top Conn -45.4 36.5 -4.50 4.03 -3.78
Bot. Conn -12.1 2.17 -4.97 0.70
Tube -9.35 5.40 -1.98 16.78

Short Diagonal
Top Conn -48.3 35.9 -6.20 4.13 -5.08
Bot. Conn -19.4 5.96 -6.72 1.25
Tube -8.51 3.20 -2.66 13.32



118

points around each section, the approximate axial force and bending

moment could be calculated.

As would be expected, the maximum stress and bending moments for

tubes occur in the long diagonals at the base. However, the range

of maximum stresses in the tubes is only 6.0 to 9.35 ksi. The

shorter diagonals, rather than the meridians, carry the larger part

of the axial load to the foundation. The ccnnectors behaved as

designed, with maximum stresses around the yield point. In a final

design, a slight increase in connector size or reduced live load

would bring these stresses down. The moments in the connectors is

much smaller than that at the member midpoints, which indicates that

the effective end fixity is closer to pinned than to fixed, in shich

case the negative moments would be larger. The relative sizes of

the tube and connector can be adjusted to get the degree of fixity

desired, and adjust the proportional moments. The ring members

carry the largest axial force. This results from the hoop member

density being less than the radial member density.

As a dome is subjected to vertical loads, the tcp flattens and

the lower sections are forced outwards. As the boundaries are

fixed, the lower tiers rotate toward the vertical. The resultant

shape tends towards that of a cylinder. Where the top portion and

the sides meet should be an area of high bending moments. In Table

5, the high bending moments in a member are at the end towards ring

two. The moments generally decrease in tiers away from this ring.

Thus, high stress areas should appear on the sides of the dome.
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7.6 Qggmic Analysis

The dynamic run was hampered by installation problems, computer

cost and output volume. The standard output for one time increment

could be several thousand pages. The plan was to run the analysis,

obtaining the minimum amount of output necessary to find the most

highly stressed time frames. Then the analysis would be rerun to

get a full analysis at the most critical time. Several factors made

limiting the output and selecting the desired information difficult.

A major limitation was to print out only every other step. The

problem is that it cannot be determined if one of the omitted steps

is more critical than a printed one. In fact, the most critical

step could be entirely missed. This would depend on the rate of

stress response of the structure, which is a desired conclusion,

rather than known input data. The structure is effectively

isotropic horizontally, the vertical and horizontal responses are

coupled, and three components of load are used. This means that it

is impossible to limit the output elements to one side of the

structure, and difficult to pick the vertical locations or the

particular elements to monitor. Decisions were based on obvious

factors, such as length, and the results of the static design loads.

Regardless of unbalanced moments, the mximum tube stresses remained

near the midpoint. Consequently, only one tube element of a pair

was included. Similarly, one end connector could sometimes be

chosen. No ring members were used, as the short length limited
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bending and the modes showed relatively little deformation of the

ring structure.

Given that major preliminary decisions had to be made to limit

output, one problem discussed in a previous chapter became a major

obstacle. Frequently, the location of the critical cross section is

known, e.g. maximum moment. Once an element is selected for output,

the variables and points on the cross section can be specified, but

all three interpolation points are printed. This triples the output

for the element. To make up for this added volume, desired elements

or cross section points must be cmitted. As long as the highest

stresses are produced on the vertical section axis, two points on

that axis can be specified and section forces calculated. When

large horizontal components are included, the critical stress points

may not be on this axis. A full analysis would require eight cross

section points to be printed.

The final output for the initial run was one section point for a

limited number of elements spread around the perimeter. Only the

stress component variables were included. The nodal output, which _

is more compact, was limited to deflections and accelerations for

the main joint nodes. This limited dynamic run terminated due to

time constraints. However, the ouput did include the early vertical

peak accelerations. The deflections were small enough that firm

conclusions on that subject are not warranted. The apex generally

had less deflection than many of the other nodes. While this was

partially due to lateral stiffness, the horizontal loads were not
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yet effective. However, it might be concluded that nonlinear

geometry is not necessary for primarily vertical loads, below

failure levels. The magnitude of the stress peak indicates that the

dome might endure the later time history without yielding. This is

not conclusive, but linear material properties should be valid for

all but the worst peaks. The stress is high enough that addition of

live load could have severe effects.

Part of the results of run one will be discussed here, the

balance is saved for comparison with run three. The magnitude of

the horizontal components was low during the first 1.4 seconds.

However, some conclusiens can be drawn, concerning the effect of

directional horizontal loads, High stresses were found in two

locations, the end connectors at the lower end of tiers one and two.

The latter elements had the highest stresses, especially during the

early period with low vertical accelerations. During periods of

greater activity, the connectors of tier one sometimes had higher

stresses. Frequent stress levels from 8-9 ksi occured, the highest

peak was 11.6 ksi in tier one at 1.24 seconds. Unfortunately, low

stress levels occured next to high ones, which indicates that some

peaks may have been missed. No consistent verificaiton could be

found fer the indicators developed in Chapter 6.

Stresses were compared for three key element locations. The two

mentioned above and the top connector of the long diagonals in tier

three. The peak values and direction at each time step were noted.

For the first 0.8 seconds, the direction of the horizontal component
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had little effect. Stress levels during this period were mostly in

the range 4-7 ksi. After that time, the high stresses were on the

same side as the positive direction of horizontal acceleration, with

no apparent time gap. This result is important. It might be

reasoned that acceleration of the base in one direction would cause

overturning moments on the opposite side, increasing the axial

loads. This much is true, however, the acceleration adds inertial

bending stresses on the positive side and tends to reduce those on

the other side. The net result is that the greater stresses are on

the side of positive acceleration. Magnitude differences between

opposite sides were less than 12%. Maximum compressive static

stresses, for the three connectors examined, ranged from 5.16 to

5.99 ksi. Therefore, local peak stresses were about 50% higher than

static levels, while the maximum was about double.

A second dynamic run was made using all linear options to save

computer time. The sections were redefined, using PIPE and CIRC

geometric sections as before, but with the BEAM GENERAL SECTION

declaration. This avoids the numerical integration across the

sections. One other change was made in effect. One input

requirement for the first run was a residual equilibrium tolerance

for convergence. This had been estimated as one pound, 10E-3 to

10E-4 times the expected forces, from consideration of the static

run and mass. In the first run, two iterations were required at

almost every time increment. The second iteration could have been

avoided at most steps by using a five pound residual. While this
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change would bring a large computational savings, there would be an

accuracy penalty, as the residuals decreased by a factor of about a

thousand, for the second iteration. The second run cost

approximately half as much per time step. While using a linear

model contributed, the bulk of the savings was from requiring only

one iteration. A valuable step for future analyses would be a short

dynamic run to set the tolerances so that only critical steps

require extra iterations. While the second run completed the four

second span, the results are suspect. The section properties did

not echo as input and there were error messages relating to the

internal degrees of freedom imposed by ABAOUS. The assumptions used

by the program, as a result of the warnings is not known. The

section forces and their variation did not seem correct, so the

output was not used.

Several factors from previous runs led to the specifications for

the final run. The BEAH SECTION declaration was used, as in the

first run. More computer time can be saved by raising the

equilibrium residual for the iteration criteria, than by using all

linear specifications. To limit costs and for comparison to run

one, the time span was limited to 1.5 seconds. From run one, the

effect of the horizontal components is minimal during this period.

By limiting the input to vertical accelerations, symmetric stresses

are produced. Consequently, the entire dome could be represented by

half of one segment. Also, primary stresses occur on the vertical

cross section axis. Results were output for each step, because of
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the cost savings of the above specifications, and to avoid the gaps

created by outputting alternate iteration. Considering the static

design load run, those loads were apt to produce failure conditions.

The live load was reduced to 16 psf over the first tier, including

the first ring members. The load was applied uniformly over the

faces, and assigned to each member by its tributary area.

Consequently, the ring members received loads from one side only.

To approximate a triangular distribution on the members, two-thirds

of the assigned load was applied as a uniform load, and one-third as

a concentrated load at the midpoint. The rings received 1.5 lb/in

plus 66 lb at the midpoint, while the meridians received 2.25 lblin

and 132.2 lb; these are the live load components only.

Periodic displaced mesh plots were made, but all were very

similar; consequently, only one is included, Figure 10. One feature

appears clearly, despite the heavy bending in the first tier, the

connectors at the apex maintain their original configuration. Had

these ends been pinned, a snap-through situation might have arisen.

This shows the added safety margin of partial fixity. This is

important, as some tests have shown snap-through for uniform loads

below the calculated values, (40).

Discussion of this run and its comparison to run one refer to

Figure 11. Because of the concentrated load at the top, all peak

stresses occurred in the connectors in the meridians of tier one,

rather than at ring two. Tube stresses reached_a maximum of about 7

ksi for tier one, and were much less for the rest of the dome. The
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stresses were monitored for each end of these meridian connectors at

each time step. In most cases, the lower end had somewhat higher

stresses, although occasionally the apex end had higher stresses.

No consistent conditions were found, although the most extreme cases

were around 1.0 second, after a period of high activity. Note in

Figure 11, that this is a period of low stress. The low stress

period is the condition closest to consistent for this phenomenon.

The cause may not be a transfer of loads, but merely a reduction of

load on the bottom connector. The large variations at this end are

partially attributable to the fact that it is located at a load

discontinuity and support point. The central portion acts more like

a flexible plate.

Load redistribution in the dome depends on the load distribution.

In run one, with dead loads uniformly distributed, the supports at

the bases of the meridians take 30% of the total load. In run

three, the supports take 37.5%. This is due to the fact that the

central load is applied to the meridians. Loads applied between the

meridians would tend to the diagonal supports. Again, deflections

are not significant. The static load deflection of the apex is 0.25

in and varies only from 0.10 to 0.47 in, during the run. Generally,

in both runs, large deflections were associated with high stresses.

This should be true, as both occur when there is maximum vertical

deformation. On the other hand, large support reactions are

associated with high positive vertical accelerations. In both runs,

maximum reactions were about 20-25% higher than static. This
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represents the effective increase in gravity from a constant

acceleration plus some dynamic effect.

The most apparent result of the runs is the frequency of the

structure in each case. This is clearly shown in Figure 11. For

run one, there are two cycles for each 0.2 seconds for a frequency

of 10 cps, as calculated by ABAQUS. Note that the cycles come as

uneven pairs, with one period about two-thirds of the other. The

live load run has a clearer oscillation of 5 cps. The total mass

was approximately doubled for this run with a corresponding halving

of the frequency. Since the dead load is low, the live load easily

dominates the frequency and amplitude of the response. This also

shows why the indicators of Chapter 6 were of no direct help. The

system responds primarily in its own modes, the input affects the

response only indirectly.



CHAPTER 8

CONCLUSIONS AND EXTENSIONS

This chapter will follow the order of the development of the

paper. Conclusions and extensions concerning a given area may be

given together, as the latter is often a consequence of the former.

This thesis uses a different approach than many. Often the topic

boundaries are very narrow, and needed components from outside that

boundary are adopted with a minimum of development. The intent of

this paper was to develop background material and to analize a given

model. Therefore, a broader view of the subject is given,

developing some of the peripheral topics when necessary. There are

advantages and disadvantages to this approach. Each area covered

involves a significant amount of preparation time. This

distribution of time and coverage means less in-depth development of

the primary subject matter. On the other hand, the exercise of

bringing together different fields that affect the subject is very

educational. The synthesis brings out relationships that would not

have been found otherwise. The study is also placed in a context

which makes it easier to relate to other studies. In particular,

the background on the decisions made and factors considered is

valuable additional informtion. Outside of the pure volume of

background material, the chief difficulty is presenting the material

so the important facts are there, but maintaining a reasonable

129
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length. Some areas could be developed under their own title. In

the final analysis, the purpose decides the approach.

Much of the second and third chapters involved geometry. Many

studies concentrate on specific configurations. Further work could

be done on dome geometry in a broader scope, with the different

configurations treated as variations of a central theory, rather

than as separate subjects. The Formex formulation is a major step

in this direction (27), (36). The development for parallel lamella

domes can be extended to Zollinger lamellas. This could include a

relationship such that all diagonal heights for the dome are equal.

A combination of the two developments should lead to criteria for

the change point in combination domes. A brief consideration was

given to the relationship between the dome parameters and the

resulting configuration, this should be expanded. A great deal can

be done on domes. Of particular interest here, are the

interrelationships between dome types, parameters, frequencies, and

modes of behavior. Better modeling of the foundation and boundary

conditions would affect the response, as assuming fixed relative

positions in the base increases the frequency and reduces

snap-through tendencies (41). The relationship of some parameters

to rigidity is discussed in (50). Also, some slenderness ratios may

have severely reduced capacity past peak loads.

The program has two areas in which it could be expanded. The

Zollinger pattern could be added, with provision for a combination

dome and possibly a lantern. Die to the similarity of geodesic and



131

combination domes, geodesic domes might be included. The other

major direction is for use with ABAOUS. It would be useful to

generate a fine mesh model and later downgrade the mesh, while

maintaining some of the numbering system for comparison. All joint

node numbers, connector numbers and some of the internal node and

tube numbers would be the same. The original model would be stored

in a data file for subsequent modification. Provisions could be

included for the use of MPC's and the calculation of local

coordinates for constraints. The program was written as a utility

for this study, it may be upgraded for efficiency. The value of an

efficient program is shown by a paraphrase of Prof. H. B. Harrison

(29). The only task worse than preparing the data for a large three

dimensional structure is verifying the data.

Closer examination of construction details is an area that will

demand greater attention as space structures continue to grow in

size and complexity. A common stance has been that since there is

limited understanding of, and data on, details, such as joint

flexibilty and cladding, that analysis should preferably be done by

means other than modeling these details, e.g. shell analogy (8).

Such reasons my mke the other modeling techniques necessary, but

the results must be used with great caution, as different structural

mechanisms are assumed than actually exist. Analogies,

approximtions, and rules of thumb have been time and cost saving

tools when applied appropriately. When the assumptions are not

valid, the results can be disasterous (45). A great deal of
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research has been done on numerical analysis and nmdeling

techniques. There is a need for systematic study of physical

detailing. Experimental tests should be made with commercially

available parts, in conjunction with matching computer models.

Several studies have been done on systems created by the associated

authors. These studies are an excellent learning tool, although

they have less practical use for the profession. From a systematic

background of research, conclusions may be drawn concerning the

conditions under which various approximations and idealizations are

valid and the degree of influence of different types of detailing.

Finite element modeling of cladding combined with the lattice

structure is an area in which there needs to be more research (20).

The design of joint details is one of the major factors in space

frame manufacturing, construction and performance, yet is frequently

the object of severe idealizations. An increasing number of

detailed studies are being made in this area (36). The proposed use

of an additional element to model this region is a large improvement

over the common pinned/fixed end assumptions. The element can be

used to model a variety of features of the connections, and changing

element parameters allows comparative studies. This ability is

particularly valuable in successive refinement of a model. There is

an initial increase in the degrees of freedom, but this may be

partially compensated, as coarser meshes or simpler elements may be

used in the rest of the member. This ability would be used directly

in both design and analysis. Simpler models and assumptions would
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be replaced as needed, during successive steps of development. This

process concentrates the modeling refinement where it is needed. In

the final model, the intermediate elements might be of different

types, modeling different mechanisms. During such a development, or

as a separate study, the effectiveness of this approach could be

tested by oomparing the results of different models. In support of

this approach, Mullord states that a single cubic polynomial can not

approximate buckled rigidly connected members. He recommends a

minimum of two elements, or special elements with internal nodes.

The capacity of a strut depends on the end conditions, geometry and

stresses in the adjacent members. Rigid joints must be included for

nonlinear analysis, as contrasted with assuming pinned ends (34).

The key point is the greater accuracy and flexibility in modeling

the physical mechanism.

ABAOUS is a powerful and useful tool which should open new

research possibilities. A general lesson may be learned from the

analysis steps in this study. Hajor projects should not be

attempted with analysis tools that have not been thoroughly tested

or there is not a local source of expertise on its use. An

extension, which should have preceded this work, is an in depth

study of ABAOUS. Articles which develop the integration theory used

are being added to the documentation, (5, 6, 16, 18, 19, 22, 23,

26). Some notes and interpretations have been added to the manuals

but there is a need for a user's quide of practical hints, warnings,

and techniques. While there is a lot of documentation of theory and
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definitions, the practical application is not well documented.

Because of the cost and storage required, benchmark tests should be

done on the various options and procedures. This would be helpful

for cost effectiveness in later studies. The primary use of ABAQUS

will probably be for detailed studies of small systems, particularly

in conjunction with experimental work and failure analysis. Another

major use would be as a benchmark for comparing the results of other

programs. Normally, results are used from other studies. It would

be helpful to be able to match the two cases as desired. Having a

powerful analysis tool allows the researcher to spend less time on

debugging and more on conceptual work. Also, a commercial program

is apt to have numerical procedures that are accurate beyond the

capability of the researcher‘s programs.

The combined approach of detailed modeling and powerful computer

programs has advantages and disadvantages. While accurate analysis

is more likely, cost effectiveness must be addressed. In, many

cases, simpler analysis procedures are easier and reasonably

correct. When there is a good possibility that more accurate

analysis is needed, this approach can be initiated with the simplest

assumptions. Then the model can be upgraded as necessary, without

switching models and programs. The type of model and loads make a

difference. In this study, a detailed model was used for a time

step dynamic run. Each required a great deal of computer time. One

might have to balance the complexities of model, loads, and program.

Refinement of each affects the final results; it may not be
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necessary to use the most accurate version of all three, rather the

most cost effective ones should be used. However, any

simplification should be chosen with care. Using only part of the

model may alter mechanisms, and it may not be valid to extend the

results. Also, it was found that nonlinear programs vary in

accuracy, with some errors being nonconservative (40). Time

histories are particularly expensive. Tests could be run to find

the validity of bypassing part of the history. This might be done

by starting at a low load point and creating an artificial set of

steps to initiate the run and connect to the entry point of the

actual history. In mny cases, it is qualitative results that are

sought, rather than the exact results to a given history.

In a time when there is increasing use of limit designs and

increasing costs and liabilities, analysis procedures must be

upgraded to a similar level. The academic ccmmunity has always been

a primary source of research for the engineering professicn. But

there is a need for renewed focus on experimental and analytical

research on physical systems as implemented in the commercial

market.
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APPENDIX A

MEMBER LENGTH DERIVATIONS

Refer to Figure 3

A11 cases are normalized to radius = 1.

x = sin ¢• cos B

y = sin tb sin B

z = cos ¢

Horizontal Bars

End a set Ba = 0 ¢a = (Db = ¢t = constant

End=Ax

= sin <1>t cos Bt - sin ¢t cos 0

= sin ¢t (cos Bt - 1)

Ay = sin ¢t sin Bt - sin ¢t_ sin 0

= sin ¢t sin Bt

Az = cos ¢t - cos (Dt

= 0

ht = [sing ¢t (cos Bt — 1)2 + sinz ¢t sinz Bt]%

= sin ¢t [1 — 2 cos Bt + cosz Bt + sinz 8t]%

= sin ¢t [2 (1 — cos Bt)]%

= sin ¢t [4 * (1 - cos Bt)]%

ht = 2 sin ¢t sin Btl2
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Maridizms

End a SSC Ba = ab = O ¢a = ¢t_l

M): = $: ‘ $:-1

Ax = sin evt cos 0 - ain cos 0

4 = sin (bt - sin ¢t_1

Ay = sin (bt sin O — sin ¢t_1 sin 0

= 0

Az = cos (bt — cos ¢t_1

mt = [(ain cbt - sin ¢t_1)2 + (cos (bt — cos

¢t - 2 sin ¢t sin ¢t_l + sing 0t_1

+ cosz COB COS CO82

[(sin2
(cos COS

(2 * (1

(4 · % ·(1mt
= 2 sin A¢tI2
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Diagonal

Note: AB': depends on member for parallel domes

Enda set, Ba=0¢a=Ax

= sin ¢t cos ABt - sin ¢•t_1 ces 0

= sin ¢t cos Aüt - sin ¢t_1

Ay = sin (bt sin ABt - sin sin 0

= sin ¢t ein Aßt

Az = cos ¢t - cos ¢t_l

dt = [(sin ¢t cos ABt — sin (sin ¢t sin ABt)2

+ (cos ¢•t —cos=

[sinz ¢t cosz ABt — 2 sin ¢•t_ sin d>t_1 ccs ABt

+ sing ¢t_1 + sinz ¢t sing ABt + cosz tbt

- 2 cos ¢t cos c¤s2 ¢t_l]%

= [sinz ¢t (sinz Aüt + cosz Aüt) + (sing ¢t_l + cosz ¢t_l)

+ cosz ¢t - 2 sin ¢t sin ¢t_1 cos Aüt

- 2 cos ¢t ccs ¢t_1 ]%

= [1 + (sinz 4)*; + cos2 2 sin ¢t sin ¢t_l cos ABt

— 2 cos ¢t cos ¢t_1]%

dt = [2 * (1 - sin tbt sin ¢t_1 cos ABt - cos ¢t cos ¢•t_1)]%



APPENDIX B

TESTS WITH PRELIMINARY SECTION

Uliana (48) derived some of his specifications from the

ccmparative study by Richter (39). These are used for preliminary

studies. Using the 6 in. outside diameter as a given, Uliana's area

and inertia figures lead to different thicknesses. He possibly

altered the figures to allcw for the effect of cladding. For this

study a comprcmise was used setting the thickness to 3/16 in.

(0.1875 in.), area = 3.424 in.2 (7.7% high), cross sectional inertia

= 14.474 in.‘ (7.5% low). These figures are of the right order and

accentuate bending effects. The unterial properties for T60-6011

aluminum are also used, yield strength = 35 ksi, modulus of

elasticity = 10,300 ksi. Mass density was derived from a specific

gravity of 2.71 for aluminum.

B.1 Member Mesh Refinement

An early step was to establish some limits on mesh refinement for

the beams. This step was done before the test dome gecmetry was

finalized. Consequently, test runs were made on the members adapted

from Uliana as described earlier, without end connectors. A length

of 17.5 feet, 210 in., was used, which approximates the shorter of

his longer members. The extreme length increases the flexibility,

lowering the higher modes, so they are more apparent. Models with
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two, three, four and eight elements were used with both pinned and

fixed ends. In both cases, constraint of the rotation about the

longitudinal axis at one or both ends was necessary to prevent a

singularity This rigid body rotation would be constrained by other

members in a full model. As three dimensional elements were used,

some of the eigenvalue solutions came in symmetric sets which were

the same but rotated. Consequently, some of these were eliminated

by preventing lateral horizontal motion at the nodes. Without this

restriction, these pairs were often not oriented horizontally and

vertically but at an angle to the vertical. Even with the

constraint some modes include rotation about the vertical axis when

the nodes are not displaced. Ten modes were calculated, with some

still being rotated duplicates. Enough modes were included to show

how the information received degenerates in each case. Notation is

included to describe the behavior. The eight element model is used

as a standard for comparison. All references to mode numbers refer

to the eight element models and all discussion refers to Tables 6

and 7. It is interesting that in some cases, e.g. pinned model,

that the direction of the deflection for the eight element model is

opposite to the others.

For comparison, all types of deformation should be considered —

bending, twisting, and axial. The first axial mode is the same for

all cases, pinned and fixed, with the exception of preference for

ccmpression or tension. Therefore, even though this mode appears as

low as mode 6, it should be prcperly represented. The first
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Table 6

Pinned End Frequencies (Hz)

Mode (8) Number of Elements Deformation

Q Q 4 Q

1 14.809 14.762 14.754 14.750 Bending, 1 peak

2 +*65.485 59.719 59.237 59.015 Bending, 2 peaks

3 7*124.88 +*147.34 135.27 132.92 Bending, 3 peaks

4 152.62 150.48 149.73 149.01 Twist, 1 peak

5 171.03 *204.98 -—— 236.95 Bending, 4 peaks

6 239.89 239.89 239.89 239.83 Axial, 1 peak

7 7+*358.68 7278.82 +7261.94 372.26 Bending, more peaks

7*319.65

7*408.65 7*421.17

8 533.16 492.14 472.35 452.80 Twist, 2 peaks

9 541.08 Bending, more peaks

10 719.67 Axial, 2 peaks

NOTES: for Tables 6 and 7

In modes 4, 8 pinned and 5, 6 fixed, the sight element model

showed some additional small deflections from the ideal

configuration.

* Includes rotation out of the vertical plane.

+ Double eigenvalue

7 Exact shape difficult to discern from displacements, or type of

shape evident but details are not, e.g. number of curve

reversals.
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Table 7

Fixed End Frequenoies (Hz)

Mode (8) Number of Elements Deformation

Q Q Q Q

1 34.044 33.579 33.482 33.439 Bending, 1 peak

2 +*124.88 94.279 93.066 92.228 Bending, 2 peaks

3 *204.98 185.17 181.13 Bending, 3 peaks

7220.61

4 239.89 239.89 239.89 239.89 Axial, 1 peak

5 328.09 311.26 305.24 299.46 Twist, 1 peak

6 720.66 7*319.65 300.61 Bending, 4 peaks

1224.8 7*408.65 7351.22

7 1873.4 7461.34 7*499.50 452.31 Bending, 5 peaks

3151.7 7594.11

8 695.99 656.19 610.48 Twist, 2 peaks

9 638.28 Bending, 6 peaks

10 9352.8 719.77 719.67 Axial, 2 peaks

NOTES: for fixed ends

1. Curvature means the number of zero slope points other than the

ends.

2. In mode 4, elements 2, 3 are extension and 4, 8 are compression.

3. Below mode 5, all curvatures in 3 and 4 are obsoure, and all

modes of 2 are axial or reverse axial.
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twisting modes ooour at a frequency roughly 9-10 times the first

bending mode. The variation (from the eight element figures) for

the pinned cases are less than 1.8%, and for fixed: 9.6%, 3.9%, 1.9%

for 2, 3 and 4 elements respectively. Host of these figures are

reasonable for a frequency factor of 10. It should be noted that

increasing the elements from 3 to 4 in the fixed case reduces the

variation by half. For both fixed and pinned cases, the first three

modes are in bending, although the first two should be sufficient

for practical purposes. The two element model already shows an

accuracy problem in mode 2 and has even more difficulty with mode 3.

The variation for three elements is again more than double that of

four elements for the first two modes, and far off for the third.

Four elements appear to be more aocurate than two or three

elements and possibly more economical in the long run. For pinned

ends, the largest variation between four and eight elements is 1.8%,

except for mode 5 which should not be needed. The relative

performance for fixed ends is almost as good. Variations are 1.9%

for twist, and 0.1%, 0.9%, 2.2% for the three bending modes, the

latter of which is probably not critical. The difference in axial

figures is negligible. These results are verified by ABAQUS Example

5.2.1 (1), in which the dynamic response of a built in planar beam

version of B33 is essentially the same for five and ten element

models. Therefore, a four element B33 cubic beam is quite aocurate

and relatively economical for long members. For shorter members

three elements might be used. As previously mentioned, Example
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3.1.2 sites 33 Hz as an upper limit for earthquake purposes. This

would only include the first mode in each case. Depending on the

overall response of the structure, this might justify the three

element model.

B.2 Dead Load Applied in Dynamic Step

A test was made to check the effect of changing the definition of

the first increment of the amplitude history, Table 8. Numerical

answers are not critical in these tests, cnly the behavior relative

to history modeling. For simplicity, a two element B33 model was

used with pinned ends. No preliminary static step was used, the

dead load is included in the dynamic step. In all cases the

acceleration is constant at 0.32 g from time 1 to time 2. In the

first case, no magnitude was specified at time 0 to check for the

default assumption. In the second case, the acceleration is

specified as 0 at time 0. At time 1, the displacements and

velocities of the supports in case 1 are twice that of case 2. The

velocity is equal to the area under the acceleration curve which is

double for case 1. The reaction in case 1 is also greater by about

35%, due to the greater average acceleration. By time 2 the

differences are less but still significant. This indicates that the

default assumption in case 1 is constant acceleration over the first

increment. Therefore, if the initial acceleration is not constant

in the first increment it must be specified at time 0.
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Table 8

Effect of Static Load Step

Support Midpoint Response

Response Qggp_1 Qggg_g Qa§g_3

Time 0.02

Z Displacements 0.0 -5.700E—2 -5.274E-2

A Displacement 0.0 3.340E-8 -5.274E-2

Velocity 0.0 3.340E—6 -5.274

Acceleration 0.0 2.485E—4 -213.2

Reaction 35.20 37.36

Time 0.04

E Displacements 1.235E-2 -5.309E—2 -0.1098 -4.883E-2

A Displacement 1.235E-2 3.914E-3 -5.707E-2 -4 883E—2

Velocity 1.235 0.3914 -0.4327 -4.883

Acceleration 123.5 39.13 697.3 -174.1

Reaction 41.57 65.77 43.72

Time 0.06

Z Displacements 6.175E-2 -2.188E-2 -3.400E-2 -7.860E-2

A Displacement 4.940E-2 3.121E-2 7.581E—2 -2.977E-2

Velocity 3.705 2.730 8.014 1.905

Acceleration 123.5 194.7 147.3 852.9

Reaction 50. 68 60 .41 74. 88
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Table 8 Continued

Support Midpoint Response

Response Case 1 Case 2 Case 3

Time 0.08

E Displacements 0.1605 7.430E—2 0.1290 6.218E—2

A Displacement 9.880E—2 9.618E-2 0.1630 0.1408

Velocity 6.175 6.888 8.285 12.17

Acceleration 123.5 221.2 -120.2 173.8

Reaction 51.89 21.44 61.62

Time 0.10

E Displacements 0.3087 0.2403 0.2605 0.2950

A Displacement 0.1482 0.1660 0.1316 0.2328

Velocity 8.645 9.714 4.870 11.11

Acceleration 123.5 61.32 -221.3 -280.1

Reaction 43.15 35.68 12.70

Note:

Reaction at the supports are shown for each case. These figures do

not refer to the midpoints.

Units are inches, seconds, pounds.
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Case 3 includes an extra preliminary step with 0 acceleration

over the step. This allows some time for the dead load to move to

its equilibrium position. At time O node 2 has initial

displacement, velocity, acceleration and reaction. Applying the

dead load and acceleration simultaneously in case 2 causes the

reactions and midspan accelerations to overshoot the case 3 values,

although the differences are less by time 2. The velooities and

displacements represent summations, so they are more affected by the

phase difference and take longer to stabilize.

If short term results are critical, care should be taken to

realistically time the different load applications. For longer

histories the differences should be transient, if there is any

damping. Note that there are overlaps between this test and the

inital static load test. Each test was formulated separately to

ensure the isolation of the proper variables.

B.3 Static vs Qnamic Application of Dead Load

A test was made to see if including a static step before the

dynamic step made any difference, case 1. In cases 1 and 2, a zero

acceleration step was included. Then there is a step in which the

acceleration goes from 0 to 123.5 in/sis (0.32g) and remins

constant thereafter. This acceleration was picked as Uliana (48)

indicates it is the largest magnitude of horizontal acceleration in

El Centro. At the end of the zero acceleration, the static load

model had essentially the same reactions and displacements as after
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the static step plus very small verlocities and accelerations. By

adding the dead load dynamically, case 2, the reaction is 6% greater

than the dead load while the vertical displacement is 7.5% less.

However, the midpoint vertical velocity is -5.27 in/s and the

acceleration is -0.55 g. Therefore, the dynamic state of the two

models is quite different when the dynamic load begins. This fact

is very evident during the rest of the time span. The constant

acceleration of 123.5 in/s/s should produce a constant inertial

force (without oscillations included) cf 22.52 pounds. So the total

steady state reaction would be 57.72 pounds. From the eigenvalue

analysis in Model Development, the frequency of the 2 element pinned

member is 14.81 Hz or a period of 0.0675 s which is of the order of

the time interval covered. This is verified approximately by the

large negative accelerations of case 2 at 0.02 and 0.10 s. The time

increment of 0.02 s allows for the difference as the exact maximum

is not known.

Case 3 is a modification of case 2, in which the zero step is

skipped and the dead load applied in the first acceleration step.

The comparisons are best made with the previous step of oase 2. The

results are essentially the same as in the comparison of 1 and 2

except the effect is magnified.

The dynamic push of cases 2, 3 gives a large oscillation which

would require damping tc eliminate in a reasonable amount of time.

For a constant acceleration with no damping, the oscillations would

continue. With variable fcrced accelerations, the oscillations
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would be erratically cancelled over time. The conclusien is that if

there are significant dead loads and low damping, a static step

should be included.

Zienkiewicz (53) discusses this type of initial condition

problem. He notes that an abrupt change of the boundary conditions

is apt to start spurious oscillations which may net damp out

properly. Various numerical prooedures can help, but the best

solution, when the changes are predictable, is to start with steady

state conditions. In this case, establish a steady state static

ccndition (or approximately so if there is no damping) before

applying the dynamic loads.



APPENDIX C

PROGRAM LAMELA

C.1 Discussicn .

The main joint nodes and coordinates of the dome can be easily

generated by routines provided by ABAOUS. However, the generation

routines are quite limited in their capability. Numbering and

spacing must be extremely regular to use these initial nodes to

generate other nodes and elements. For example, it is not possible

to generate two nodes between nodes one and five. The program can

only generate all of the nodes between the first and last as oppose

to a selected set, and these must be uniformly spaced. Structures

generally have more than two members attached to a node. It is

readily seen that ABAQUS can only generate nodes along one direction

coming into the node and one going out, without a numbering

conflict. ABAQUS does recognize data generated by a few programs,

especially PATRAN—G. It would be reasonable to generate this data

by hand, only if it were to be done once, with no possible changes.

Consequently, it was necessary to write a program to generate joint

and internal nodes, their coordinates, and elements and their

incidence. As this program is auxiliary to the thesis rather than a

primary objective, it only key features will be discussed. The

spelling of the name has been altered to a six character FORTRAN

name.
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The input consists of ten basic geometric parameters and option

specifiers. The geometry is defined by the total number of segments

and tiers, the elevation of the base, the included vertical angle

and the spherical radius. For convenience, the last two parameters

may be replaced by the span and apex height, which are then

converted to the former. Options provide for a tension ring at the

base, multiple element members, defined by the number of internal

nodes, and end connectors, defined by their length. Two ouput

formats are available, normal or ABAOUS; they may both be printed in

the same run if desired. The ABAOUS format still requires editing

of command lines. An essential feature of this output is the

separation of the listings of end connectors and main tube elements,

as they will have different section andlor material properties.

From the given input all nodes, coordinates, elements and element

types are generated. There are several restrictions relative to

ABAOUS. Only two-node elements may be used and provision is not

made for the used of }!PC's, although this feature could be added.

The program incorporates, in subroutine PRELIM, the constant

horizontal length approach developed in the chapter Lamella Domes.

While the tier coefficient Ki could be calculated directly, within a

program it is often convenient to include such features implicitly.

The following derivation shows some of the calculations used in the

program and the tier coefficient substitution.

From given parameters, find the angles for the first and last

tiers.
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B1 = 88 I l = BS

Btw = B8 I tux

Ktm = (sin 8112) 1 (ain Btmrz)

sin $mx = Ktmu * sin $1

$1 =
sin”1 [sin $mx I Ktmx]

= sin'1 [(ein $mx / ein Bl/2) * sin Bt":/2]

For the general case define:

H2 = sin 8112
·

sin ¢1

= one half the common normalized bar length

Now find the rest of the angles.

Bi = B8 [ I'.

Sin ¢i = Ki * Bin (Ö1

= sin'1 [(sin 81/2 I sin 81/2) * sin $1]

= sin'l [(sin 81/2 * sin $1) I sin 81/2]

= sin'l [H2 / sin 81/2]

The main section of the program sets flags, calculates and prints

some totals, and calls the other routines. Subroutine PRELIM uses

the steps just discussed to calculate the included vertical and

horizontal angles for each tier. The vertical translation to set

the base at the proper elevation is also found. The last step in

this routine is to initialize an array NTRIX, which contains, for

the first segment, the number of the first node in each ring and the

first element number in each meridian. These are used as reference

points for numbering. Sumation expressions occur throughout the

program, which calculate the number of a node or element from these
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reference points. A common term is NTT, which the sum of integers

from 1 to t-1. This occurs rapeatedly, as the number of nodes and

members increases by one or two in each tier for each segment.

One of the most difficult steps was finding a way to generate a

reasonable numbering sequence and establishing member incidence.

Two common numbering schemes are vertically between the apex and the

base, and spirally around the dome. The latter is easier to use and

adapt to design changes. Internal node and element numbers are

sequential within a member. The internal numbering is done counter

clockwise for the meridians and diagonal members in a tier. Then

the elements, joint nodes, and internal nodes are numbered

sequentially around the ring below the tier. In the first stage,

only joint nodes are generated and, members are treated as if they

contained only one element. In each case, numbers are skipped to

allow for internal nodes and elements. In the implementation of

subroutine GEOM, a combination of the two sequence approaches was

used. A segment is generated vertically, leaving appropriate gaps

in the numbering. Then the other segments are done in order around

the dome. As member incidence is quite irregular in numbering, the

key was finding a bookkeeping system, as any numerical schema was

messy. The solution is represented in Figure 12. The physical

shape of a segment is shifted so that one meridian, the reference,

lies on a vertical line and the other lies on a diagonal. The joint

nodes now lie on a rectangular grid. For a given segment the joint

node numbers are, placed in the array NTRI, in a position
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corresponding to their location. The rows and columns are numbered

from 0 as reference positions. The members in the rings are

connected sequentially across the rows. Meridians and diagonal

members lie within a column or between adjacent columns. The array

diagonal is dashed because those meridian members are not generated

until the next iteration. The only element numbers used at this

stage are the first one fer each member. The array LELEM stores the

end nodes for the member and the calculated first internal node

number for the member.

The sequence of calculations is as follows. For the first

segment, column zero is initialized to the reference node numbers in

NTRIX. Within the segment, the calculations are done one tier at a

time. The rest of the joint node numbers and coordinates are found.

Then the member incidence and first internal nodes are stored. For

the next segment the node numbers from the array diagonal, which is

to become the new reference meridian, are transferred to column 0

and the sequence repeated. For the last segment, these diagonal

nodes are reset to the original references stored in NTRIX.

Subroutine MEMBER takes the member information stored in LELEM

and subdivides the member into its elements, internal nodes and

element types. This subroutine is skipped if there is only one

element per member. First, the incidence of the end elements is

found as it will not be sequential; the internal numbering is then

sequential. The coordinates of the first and last internal nodes

are found from the incident joint nodes and the member subdivision.
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This calculation varies, depending whether end connectors are used.

Finally, the uniformly spaced internal coordinates are calculated.

LELEM now stores the final incidence for the elements and in the

third slot is the element type: 1 for regular, 2 for connector.

Subroutine REPORT has a number of conditionals and possible

loops. The conditionals basically control the output variables

printed, depending on the formt requested. If both outputs are

requested, the routine is repeated with the appropriate formt flag.

For the ABAOUS formt, the element section is repeated, printing

first type one then type two. In the printout, horizontal layers

are labeled as rings or tiers. In this case, the tiers only include

meridians and diagonals, as opposed to the previous chapters in

which a tier also contained the ring.
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C PROGRAM LAMELA
C THIS PROGRAM GENERATES GEOMETRY DATA FOR PARALLEL LAMELLA
C DOMES. THE OUTPUT HAS A NORMAL FORMAT OR A FORMAT FOR INPUT
C TO ABAQUS. THE DESIGN IS OPTIMIZED SO THAT ALL HORIZONTAL

E MEMBERS HAVE THE SAME LENGTH.
PARAMETER (LIMT=10,LIMN=2500)
INTEGER MAXT,MAXS,INTN,IABA0
INTEGER NTRIX(0:LIMT,2),NTRI(0=LIMT,O=LIMT),LELEM(3,LIMN)
DOUBLE PRECISION THETS,PHIMAX,RADIUS,END,DZ
DOUBLE PRECISION PAR1,PAR2,SPAN,APEX,PI,RADEG
DOUBLE PRECISION THETA(LIMT),PHI(LIMT),COORD(5,LIMN)

C LOGICAL TENSE,BEND
C VARIABLES= GLOBAL AND LOCAL TO MAIN
C LIMT,LIMN DIMENSION PARAMETERS
C MAXT TOTAL NUMBER OF TIERS
C MAXS TOTAL NUMBER OF SEGMENTS
C MAXM TOTAL NUMBER OF MEMBERS
C MAXE TOTAL NUMBER OF ELEMENTS
C MAXN TOTAL NUMBER OF NODES
C MAXN1 JOINT NODES
C MAXN2 INTERNAL MEMBER NODES
C INTN NUMBER OF INTERNAL NODES IN MEMBER
C NT TIER NUMBER
C N NODE NUMBER
C NTT SUM OF INTEGERS TO NT—1 = NTX(NT-1)/2
C NTRIX 1 FIRST NODE IN RING, 2 FIRST ELEMENT IN TIER
C NTRI SEGMENT NODAL INDIDENCE ARRAY
C TENSE FLAG TO INCLUDE TENSE RING
C BEND FLAG FOR END CONNECTORS
C IABAQ FLAG FOR OUTPUT FORMAT
C IFLAG INPUT VARIABLE FLAG
C APEX HEIGHT OF DOME
C SPAN DIAMETER OF DOME AT BASE
C RADIUS SPHERICAL RADIUS
C DZ ELEVATION OF BASE THEN VERTICAL SHIFT OF ORIGIN
C RADEG CONVERT DEGREES TO RADIANS
C THETS TOTAL HORIZONTAL ANGLE IN SEGMENT
C THETA ARRAY OF MEMBER HORIZONTAL ANGLES BY TIER
C PAR1,PAR2 INPUT PARAMETERS, SET BY IFLAG
C PHIMAX VERTICAL ANGLE TO BASE
C PHI ARRAY OF RING VERTICAL ANGLES BY TIER
C COORD ARRAY OF NODAL COORDINATES
C LELEM ARRAY OF ELEMENT NODAL INCIDENCE AND TYPE
C
C INPUT FORMAT
C ALL DISTANCES IN SAME UNITS
C MAXS, MAXT, IFLAG, IABA0
C NO. SEGMENTS
C NO. TIERS
C INPUT SETTING (SEE BELON)
C OUTPUT SETTING
C O NORMAL
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C 1 NORMAL AND ABAQUS
C 2 ABAQUS
C DZ, PAR1, PAR2 ELEVATION OF BASE
C IFLAG = 1
C PAR1 = PHIMAX
C PAR2 = RADIUS
C IFLAG = 2
C PAR1 = SPAN
C PAR2 = APEX
C INTN, END, TENSE NUMBER OF INTERNAL NODES IN MEMBER
C CONNECTOR LENGTH, 0 IF NOT USED

E
1 TO INCLUDE TENSION RING, 0 ELSE

READ X, MAXS, MAXT, IFLAG, IABA0
READ X, DZ, PAR1, PAR2
READ X, INTN, END, I
PI=3.14159265558979325846D0
RADEG = 180.0DO / PI
IF (IFLAG.EQ.1) THEN

PHIMAX = PAR1 / RADEG
RADIUS = PAR2
APEX = RADIUS X (1.0D0 - COS(PHIMAX))
SPAN = 2.000 X RADIUS X SIN(PHIMAX)

ELSE
SPAN = PAR1
APEX = PAR2
PHIMAX = 2.000 X ATAN(2.0D0 X APEX / SPAN)
RADIUS = SPAN / (2.000 X SIN(PHIMAX))

ENDIF
TENSE = .FALSE.
IF (I.EQ.1) TENSE = .TRUE.
IF (END.GT.0.0D-10) THEN

BEND = .TRUE.
ELSE

BEND = .FALSE.
ENDIF
NTT = MAXT X (MAXT - 1) / 2

C TOTAL NUMBER OF MEMBERS
MAXM = MAXS X (MAXT + 3 X NTT)
IF (TENSE) MAXM = MAXM + MAXS X MAXT

C TOTAL NUMBER OF ELEMENTS
MAXE = MAXM X (INTN + 1)

C TOTAL NUMBER OF NODES
MAXN1 = MAXS X (NTT + MAXT) + 1
MAXN2 = MAXM X INTN

C MAXN = MAXN1 + MAXN2
C HEADING AND TOTALS

NRITE(6,5)
5 FORMAT(1X,'PARALLEL LAMELLA DOME MODEL GENERATION'//

X 1X,'ADJUSTED SO THAT ALL HORIZONTAL BARS ARE EQUAL'//)
NRITE(6,10) SPAN,RADIUS,APEX

10 FORMAT(1X/IX,'SPAN',F16.5/1X,'RADIUS',F14.5/1X,'APEX HEIGHT',F9.5)
IF (BEND) NRITE(6,12) END

12 FORMAT(1X/1X,'END CONNECTORS USED: LENGTH',F10.3)
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NRITE(6,13) INTN+1
13 FORMAT(1X,'NUMBER OF ELEMENTS PER MEMBER (INCL. ENDS)',I5)

NRITE(6,15) MAXS,MAXT,MAXN1, MAXN2, MAXN, MAXM, MAXE
15 FORMAT(1X /1X,'N0. SEGMENTS',I8/1X,'NO. TIERS',I11//

X 1X,'JOINT NODES',I9/1X,'INTERNAL NODES',I6/
X 1X,'TOTAL NODES',I9//

C X 1X,'TOTAL MEMBERS',I7/1X,'TOTAL ELEMENTS',I6//)
C CALCULATE AND PRINT TIER PARAMETERS

CALL PRELIM (MAXT,MAXS,INTN,LIMT,NTRIX,NTRI,
X PI,PHIMAX,THETS,DZ,RADIUS,THETA,PHI,COORD)
NRITE(6,20)

20 FORMAT(7X,'TIER',7X,'PHI',5X,'THETA (IN DEGREES)'//)
DO 30 NT = 1, MAXT

NRITE(6,25) NT,RADEGXPHI(NT),RADEGXTHETA(NT)
25 FORMAT(1X,I10,2F10.3)

C 30 CONTINUE
CALL GEOM (MAXT,MAXS,INTN,LIMT,MAXE,NTRIX,NTRI,LELEM,TENSE,

X THETS,DZ,RADIUS,THETA,PHI,COORD)
IF (INTN.GT.0) THEN

CALL MEMBER (MAXT,MAXS,INTN,MAXE,LELEM,TENSE,BEND,
X END,COORD)

ELSE
DO 50 I = 1, MAXM

LELEM(3,I) = 1
50 CONTINUE

ENDIF
CALL REPORT (MAXT,MAXS,INTN,LIMT,MAXE,MAXN,IABAG,

XEND
TENSE,BEND,NTRIX,LELEM,COORD)

SUBROUTINE PRELIM (MAXT,MAXS,INTN,LIMT,NTRIX,NTRI,
X PI,PHIMAX,THETS,DZ,RADIUS,THETA,PHI,COORD)

INTEGER MAXT,MAXS,NTRIX(0:LIMT,2),NTRI(0:LIMT,0:LIMT)
INTEGER NT,NTT,INTN,LIMT
DOUBLE PRECISION PHIMAX,THETS,DZ,RADIUS
DOUBLE PRECISION THETA(X),PHI(X),CODRD(3,X)
DOUBLE PRECISION PI,H2

C
PRELIM INITIALIZES ANGLES AND INCIDENCE ARRAYS

C
C LOCAL VARIABLES
C PI NUMBER PI
C H2 HALF THE NORMALIZED HORIZONTAL MEMBER LENGTH

E
USED INSTEAD OF KT COEFFICIENT

C ANGLES
THETS = 2.0D0 X PI / DBLE(MAXS)
THETA(1) = THETS
THETA(MAXT) = THETS / DBLE(MAXT)
PHI(1) = ASIN( SIN(PHIMAX) X

X SIN( THETA(MAXT) / 2.0D0) / SIN(THETS/2.0D0))
PHI(MAXT) = PHIMAX
H2 = SIN( THETS / 2.0D0) X SIN( PHI(1))
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DO 110 NT = 2, MAXT-1
THETA(NT) = THETS / DBLE(NT)
PHI(NT) = ASIN( H2 / SIN( THETA(NT) / 2.0D0))

110 CONTINUE
C VERTICAL SHIFT OF ORIGIN, APEX COORD.

DZ = DZ · RADIUS X COS( PHIMAX)
COORD(1,1) = 0.0D0
COORD(2,1) = 0.0D0
COORD(3,1) = RADIUS + DZ

C INITIALIZE INCIDENCE ARRAYS
NTRIX(0,1) = 1
NTRI(0,0) = 1
DO 120 NT = 1, MAXT

NTT = NT X (NT · 1) / 2
NTRIX(NT,1) = MAXS X (INTN X (3 X NTT + NT) + NTT) + 2

NTRI(NT,NT) = NTRIX(NT,1)
NTRIX(NT,2) = MAXS X (INTN + 1) X (5 X NTT — NT + 1) + 1

120 CONTINUE§€£““"
I

SUBROUTINE GEOM (MAXT,MAXS,INTN,LIMT,MAXE,NTRIX,NTRI,
X LELEM,TENSE,THETS,DZ,RADIUS,THETA,PHI,COORD)

INTEGER N,NS,N0,NEN,NEH,NTT,NENH
INTEGER MAXT,MAXS,INTN
INTEGER LELEM(5,X),NTRIX(0=LIMT,2),NTRI(0:LIMT,0:LIMT)
DOUBLE PRECISION THETS,DZ,RADIUS,THETA(X),PHI(X),COORD(5,X)
DOUBLE PRECISION THETN,RSP

C
LOGICAL TENSE

C GEOM NUMBERS JOINT NODES AND CALCULATES THEIR COORDINATES

C NUMBERS MEMBERS AND ASSIGNS END JOINTS

C
C LOCAL VARIABLES
C THETN HORIZONTAL ANGLE TO NODE

C RSP RADIUSXSIN(PHI) FOR COMPUTING X, Y

C NS SEGMENT NUMBER
C N0 STARTING NODE OF RING

C NEN,NENH FIRST INTERIOR NODE OF MEMBER

C NEH ELEMENT NO. FOR HORIZONTALS

C
DO 280 NS = 1, MAXS

DO 270 NT = 1, MAXT
NTT = NT X (NT - 1) / 2
N0 = NTRI(NT,NT)
RSP = RADIUS X SIN( PHI(NT))

C NUMBER INCIDENCE ARRAY
DO 220 J = 0, NT

N = N0 + J X (INTN + 1)
IF ((.NOT.TENSE).AND.(NT.E0.MAXT)) N = N0 + J

NTRI(NT,J) = N
IF (J.LT.NT) THEN

C COORDINATES
THETN = DBLE(NS-1)XTHETS + DBLE(J)XTHETA(NT)
COORD(1,N) = RSP X COS( THETN)
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COORD(2,N) = RSP X SIN( THETN)
COORD(3,N) = RADIUS X COS( PHI(NT)) + DZ

ELSE IF (NS.EQ.MAXS) THEN
NTRI(NT,J) = NTRIX(NT,1)

ENDIF
220 CONTINUE

C DEBUG
C NRITE(6,221) NS,NT,(NTRI(NT,I)•I=0,NT)
C 221 FORMAT(1X;8I8)
C ELEMENT INCIDENCE
C MERIDIANS
C NUMBER OF MERIDIANS, DIAGONALS IN TIER

NT2 = 2 X NT — 1
C FIRST M EL IN SEG = START EL + (M+D) IN TIER

NE = NTRIX(NT,2) + (NS—1) X (INTN+1) X NT2

C FIRST H EL IN SEG = START EL + ALL (M+D)TIER + H IN TIER

NEH = NTRIX(NT,2) + (INTN+1) X (MAXS X NT2 + (NS — 1)*NT)

C FIRST INT NODE FOR M = START NODE - (M+D)NODES
NEN = NTRIX(NT„1) - INTN X (MAXS + 1 — NS) X NT2

C FIRST INT NODE FOR H = START NODE + H NODES
NENH = NTRIX(NT„1) + (NS · 1) X INTN
LELEM(1,NE) = NTRI(NT—1,0)
LELEM(2,NE) = NTRI(NT,0)
LELEM(3,NE) = NEN

C DEBUG
C NRITE(6,4) NE,(LELEM(K,NE),K=1,3)
C 4 FORMAT(1X,4I10)

DO 260 J = 1,NT
IF (J.LT.NT) THEN

C DIAGONALS
DO 240 I = 1, 2

NE = NE + INTN + 1
NEN = NEN + INTN
LELEM(1,NE) = NTRI(NT—1,J+I-2)
LELEM(2,NE) = NTRI(NT,J)
LELEM(5,NE) = NEN

C DEBUG
C NRITE(6«4) NE,(LELEM(K,NE),K=1,3)

240 CONTINUE
ENDIF
IF (TENSE.OR.(NT.LT.MAXT)) THEN

- C HORIZONTALS
NENH = NENH + INTN
LELEM(1,NEH) = NTRI(NT•J—1)
LELEM(2,NEH) = NTRI(NT,J)
LELEM(3,NEH) = NTRI(NT,J—1) + 1

C DEBUG
C NRITE(6,4) NEH„(LELEM(K,NEH)„K=1,3)

NEH = NEH + INTN + 1
ENDIF

260 CONTINUE
270 CONTINUE
280 CONTINUE

RETURN
END
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SUBROUTINE MEMBER (MAXT,MAXS,INTN,MAXE,LELEM,TENSE,BEND,
X END,COORD)

INTEGER MAXT,MAXS,INTN,MAXE,LELEM(3,X)
INTEGER N1,NZ,NB,NL,NTT,NE
DOUBLE PRECISION END,COORD($,¥)
DOUBLE PRECISION REND,RNUM,DIST,DX(3)

C LOGICAL TENSE,BEND
C MEMBER SUBDIVIDES MEMBERS INTO ELEMENTS
C NUMBERS INTERIOR NODES AND CALCULATES COORDINATES

E NUMBERS ELEMENTS, ASSIGNS INCIDENCE AND TYPE
C LOCAL VARIABLES
C MAXE TOTAL NUMBER OF MEMBERS OR ELEMENTS
C N1,N2 NODES AT ENDS OF MEMBER
C NB,NL END INTERNAL NODES
C REND,RNUM LENGTH FACTORS
C DIST LENGTH
C DX DIFFERENCE IN END COORDINATES
C END LENGTH OF CONNECTOR ELEMENTS
C‘
C FOR EACH MEMBER DO ELEMENTS

DO 380 L = 1, MAXE, INTN+1
NE = L
N1 = LELEM(1,NE)
N2 = LELEM(2,NE)
NB = LELEM(3,NE)
NL = NB + INTN · 1

C END ELEMENT INCIDENCE
LELEM(2,NE) = NB
LELEM(3,NE) = 1
LELEM(1,NE+INTN) = NL
LELEM(2,NE+INTN) = N2
LELEM(3,NE+INTN) = 1

C REST OF ELEMENTS
DO 310 J = 1, INTN-1

LELEM(1,NE+J> = NB + J — 1
LELEM(2,NE+J) = NB + J
LELEM(3,NE+J) = 1

310 CONTINUE
C MEMBER LENGTH

DIST = 0.0D0
DO 320 I = 1, 3

DX(I) = COORD(I,N2) — COORD(I,N1)
DIST = DIST + DX(I)XX2

320 CONTINUE
DIST = SQRT( DIST)
IF (BEND) THEN

C DO CONNECTORS
REND = END / DIST
DIST = 0.0D0
DO 340 I = 1, 3

COORD(I,NB) = COORD(I,N1) + REND X DX(I)
COORD(I,NL) = CCORD(I,N2) — REND X DX(I)
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DX(I) = COORD(I,NL) - COORD(I,NB)

540 CONTIEÜET = DIST + DX(I)XX2
DIST = SQRT( DIST)
LELEM(3,NE) = 2
LELEM(5,NE+INTN) = 2

C SESETNÄO UNIFORMLY SPACED ENDS
1:

N2=NL
NB=NB+1
NL=NL-1

ENDIFC SgORDäNATES
ID= L- +

DO 570 J = NB, NLDBLEÄJ E NB + 1)

36 0NTI§8gRD(I:J) = COORD(I,N1) + DX(I) X DBLE(RNUM) / REND
0 C

370 CONTINUE
380 CONTINUEREÄURN

EN

SUBROUTINE REPORT (MAXT,MAXS,INTN,LIMT,MAXE,MAXN,IABAQ,
X TENSE,BEND,NTRIX,LELEM,COORD)

INTEGER MAXT,MAXS,INTN,MAXE,MAXN,NTRIX(0:LIMT,2),LELEM(3,X)
INTEGER NB,NL,NT,N§,N1,N2,NMéIABAO,MATERL
DOUBLE PRECISION D ST COORD X)
LOGICAL TENSE,BEND

,
'

CHARACTERx4 LAYER(3)
C
C REPORT PRODUCES OUTPUT IN SPECIFIED FORMATS
C
C LOCAL VARIABLES
C NM MEMBER NUMBER
C NB,NL EI§S;6 EQST NUMBERS IN SET
C N1,N2 N D
C DIST ELEMENT LENGTH
C LAYER LABEL ARRAY
C MATERL FLAG TO SEPARATE MATERIALS FOR ABAQUS
C

MATERL = 1
LAYER(1) = 'TIER'
LAYER(2) = 'RING'
LAYER(3) = 'APEX'

C NODE OUTPUT AND SECOND OUTPUT RESTART
909 CONTINUE

NL=1
IF (IABAQ.LT.2) THEN

NRITE(6,910)
910 FORMAT(1X//1X,'NODES'/)

NRITE(6,915)
915 FOR¥AT(1X,'LAYER',11X,'NODE’,9X,'X',9X,'Y',9X,'Z'/)

C APE
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NRITE(6,920) LAYER(3),NL,(COORD(I,NL),I=1,3)
920 FORMAT(1X,A4/11X,I10,3Fl0.3)

ELSE
NRITE(6,921)

921 FORMAT(1X,'¥NODE')
NRITE(6,922) NL,(COORD(I,NL),I=1,3)

922 FORMAT(I5,3F10.3)
ENDIF
DO 950 NT = 1, MAXT

DO 940 J = 1, 2
NRITE(6,925) LAYER(J),NT

925 FORMAT(1X/1X,A4,I4)
IF (J.EQ.1) THEN

NB = NTRIX(NT—1,1) + MAXS X (NT·1) X (INTN+1)
IF (NT.EQ.l) NB = 2
NL = NTRIX(NT,1) - 1

ELSE
NB = NTRIX(NT,1)
NL = NB + MAXS X NT X (INTN+1) - 1
IF (NL.GT.MAXN) NL = MAXN

ENDIF
DO 935 N = NB, NL

IF (IABAQ.LT.2) THEN
NRITE(6,930) N,(COORD(I,N),I=1,3)930 ELSE FORMAT(lX,10X,I10,3F10.3)
NRITE(6,922) N,(COORD(I,N),I=1,3)

ENDIF
935 CONTINUE
940 CONTINUE
950CONTINUEC

ELEMENT OUTPUT AND SECOND MATERIAL RESTART
952 CONTINUE

IF (IABAQ.LT.2) THEN
NRITE(6,955)

955 FORMAT(1X//1X,'ELEMENTS'//)
NRITE(6,960)

960 FORMAT(1X,'LAYER',9X,'MEMBER',3X,'ELEMENT',4X,'NODE 1',
X 4X,'NODE 2',6X,'TYPE',4X,'LENGTH')

ELSE
NRITE(6,961) MATERL

961 FORMAT(1X,'XELEMENT MATERIAL',I2)
ENDIF
NL = 0
DO 980 NT = 1, MAXT

DO 975 J = 1, 2
IF ((NT.EQ.MAXT).AND.(J.EQ.2).AND.(.NOT.TENSE)) GOT0 975
NRITE(6,925) LAYER(J),NT
NB = NL + 1
IF (J.E0.1) THEN

ELSE NL = NL + MAXS X (INTN + 1) X (2 X NT -1)
NL = NL + MAXS X (INTN + 1) X NT
IF (NL.GT.MAXE) NL = MAXE

ENDIF
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DO 970 NE = NB, NL
C ELEMENT LENGTH

N1 = LELEM(l,NE)
N2 = LELEM(2,NE)
DIST = 0.0D0
DO 965 I = 1, 3

DIST = DIST + (COORD(I,N2)—COORD(I,N1))xx2965 CONTINUE
DIST = SQRT(DIST)
NM = 1 + (NE — 1) / (INTN + 1)
IF (IABAO.LT.2) THEN

NRITE(6,967) NM,NE,(LELEM(I,NE),I=1,3),DIST967 FORMAT(11X,5Il0,F10.3)
ELSE IF (MATERL.EQ.LELEM(3,NE)) THEN

NRITE(6,968) NE,(LELEM(I,NE),I=1,2)968 FORMAT(3I5)
ENDIF

970 CONTINUE
975 CONTINUE
980 CONTINUE

IF (IABAQ.E0.1) THEN
IABA0 = 2
GOTO 909

ELSE IF ((IABAQ.EG.2).AND.(BEND)) THEN
BEND = .FALSE.
MATERL = 2
GOTO 952

ENDIF
RETURN
END
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PARALLEL LAMELLA DOME MODEL GENERATION

ADJUSTED SO THAT ALL HORIZONTAL BARS ARE EQUAL

SPAN 720.000
RADIUS 720.000
APEX HEIGHT 96.462

END CONNECTORS USED: LENGTH 5.000
NUMBER OF ELEMENTS PER MEMBER (INCL. ENDS) 4

NO. SEGMENTS 8
NO. TIERS 3

JOINT NODES 49
INTERNAL NODES 288
TOTAL NODES 557

TOTAL MEMBERS 96
TOTAL ELEMENTS 384

TIER PHI THETA (IN DEGREES)

1 9.819 45.000
2 19.544 22.500
5 50.000 15.000

NODES

LAYER NODE X Y Z

APEX
1 0.000 0.000 96.462

TIER 1
2 2.989 0.000 96.205
5 61.595 0.000 91.188
4 119.800 0.000 86.171
5 2.114 2.114 96.205
6 43.415 45.415 91.188
7 84.712 84.712 86.171
8 0.000 2.989 96.205
9 0.000 61.595 91.188

10 0.000 119.800 86.171
11 -2.114 2.114 96.205
12 -45.415 45.415 91.188
15 -84.712 84.712 86.171
14 -2.989 0.000 96.205
15 -61.595 0.000 91.188
16 -119.800 0.000 86.171
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17 -2.114 -2.114 96.205
18 -43.413 -43.413 91.188
19 -84.712 -84.712 86.171
20 0.000 -2.989 96.205
21 0.000 -61.395 91.188
22 0.000 -119.800 86.171
23 2.114 -2.114 96.205
24 43.413 -43.413 91.188
25 84.712 -84.712 86.171

RING 1
26 122.789 0.000 85.914
27 121.641 2.772 85.914
28 104.807 43.413 85.914
29 87.973 84.054 85.914
30 86.825 86.825 85.914
31 84.054 87.973 85.914
32 43.413 104.807 85.914
33 2.772 121.641 85.914
34 0.000 122.789 85.914
35 -2.772 121.641 85.914
36 -43.413 104.807 85.914
37 -84.054 87.973 85.914
38 -86.825 86.825 85.914
39 -87.973 84.054 85.914
40 -104.807 43.413 85.914
41 -121.641 2.772 85.914
42 -122.789 0.000 85.914
43 -121.641 -2.772 85.914
44 -104.807 -43.413 85.914
45 -87.973 -84.054 85.914
46 -86.825 -86.825 85.914
47 -84.054 -87.973 85.914
48 -43.413 -104.807 85.914
49 -2.772 -121.641 85.914
50 0.000 -122.789 85.914
51 2.772 -121.641 85.914
52 43.413 -104.807 85.914
53 84.054 -87.973 85.914
54 86.825 -86.825 85.914
55 87.973 -84.054 85.914
56 104.807 -43.413 85.914
57 121.641 -2.772 85.914

TIER 2
58 125.691 0.000 85.154
59 181.825 0.000 70.447
60 237.958 0.000 55.740
61 124.937 1.985 85.248
62 172.657 46.087 70.447
63 220.377 90.188 55.646
64 89.748 86.940 85.248
65 154.675 89.499 70.447
66 219.603 92.058 55.646
67 88.877 88.877 85.154



173

68 128.569 128.569 70.447
69 168.262 168.262 55.740
70 86.940 89.748 85.248
71 89.499 154.675 70.447
72 92.058 219.603 55.646
73 1.985 124.937 85.248
74 46.087 172.657 70.447
75 90.188 220.377 55.646
76 0.000 125.691 85.154
77 0.000 181.825 70.447
78 0.000 237.958 55.740
79 -1.985 124.937 85.248
80 -46.087 172.657 70.447
81 -90.188 220.377 55.646
82 -86.940 89.748 85.248
83 -89.499 154.675 70.447
84 -92.058 219.603 55.646
85 -88.877 88.877 85.154
86 -128.569 128.569 70.447
87 -168.262 168.262 55.740
88 -89.748 86.940 85.248
89 -154.675 89.499 70.447
90 -219.603 92.058 55.646
91 -124.937 1.985 85.248
92 -172.657 46.087 70.447
93 -220.377 90.188 55.646
94 -125.691 0.000 85.154
95 -181.825 0.000 70.447
96 -237.958 0.000 55.740
97 -124.937 -1.985 85.248
98 -172.657 -46.087 70.447
99 -220.377 -90.188 55.646

100 -89.748 -86.940 85.248
101 -154.675 -89.499 70.447
102 -219.603 -92.058 55.646
103 -88.877 -88.877 85.154
104 -128.569 -128.569 70.447
105 -168.262 -168.262 55.740
106 -86.940 -89.748 85.248
107 -89.499 -154.675 70.447
108 -92.058 -219.603 55.646
109 -1.985 -124.937 85.248
110 -46.087 -172.657 70.447
111 -90.188 -220.377 55.646
112 0.000 -125.691 85.154
113 0.000 -181.825 70.447
114 0.000 -237.958 55.740
115 1.985 -124.937 85.248
116 46.087 -172.657 70.447
117 90.188 -220.377 55.646
118 86.940 -89.748 85.248
119 89.499 -154.675 70.447
120 92.058 -219.603 55.646
121 88.877 -88.877 85.154
122 128.569 -128.569 70.447
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123 168.262 -168.262 55.740
124 89.748 -86.940 85.248
125 154.675 -89.499 70.447
126 219.603 -92.058 55.646
127 124.937 -1.985 85.248
128 172.657 -46.087 70.447
129 220.377 -90.188 55 646

RING 2
130 240.860 0.000 54.980
131 240.275 2.942 54.980
132 231.693 46.087 54.980
133 223.111 89.231 54.980
134 222.526 92.173 54.980
135 220.859 94.667 54.980
136 196.420 131.243 54.980
137 171.980 167.819 54.980
138 170.314 170.314 54.980
139 167.819 171.980 54.980
140 131.243 196.420 54.980
141 94.667 220.859 54.980
142 92.173 222.526 54.980
143 89.231 223.111 54.980
144 46.087 231.693 54.980
145 2.942 240.275 54.980
146 0.000 240.860 54.980
147 -2.942 240.275 54.980
148 -46.087 231.693 54.980
149 -89.231 223.111 54.980
150 -92.173 222.526 54.980
151 -94.667 220.859 54.980
152 -131.243 196.420 54.980
153 -167.819 171.980 54.980
154 -170.314 170.314 54.980
155 -171.980 167.819 54.980
156 -196.420 131.243 54.980
157 -220.859 94.667 54.980
158 -222.526 92.173 54.980
159 -223.111 89.231 54.980
160 -231.693 46.087 54.980
161 -240.275 2.942 54.980
162 -240.860 0.000 54.980
163 -240.275 -2.942 54.980
164 -231.693 -46.087 54.980
165 -223.111 -89.231 54.980
166 -222.526 -92.173 54.980
167 -220.859 -94.667 54.980
168 -196.420 -131.243 54.980
169 -171.980 -167.819 54.980
170 -170.314 -170.314 54.980
171 -167.819 -171.980 54.980
172 -131.243 -196.420 54.980
173 -94.667 -220.859 54.980
174 -92.173 -222.526 54.980
175 -89.231 -223.111 54.980
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176 -46.087 -251.695 54.980
177 -2.942 -240.275 54.980
178 0.000 -240.860 54.980
179 2.942 -240.275 54.980
180 46.087 -251.695 54.980
181 89.251 -225.111 54.980
182 92.175 -222.526 54.980
185 94.667 -220.859 54.980
184 151.245 -196.420 54.980
185 167.819 -171.980 54.980
186 170.514 -170.514 54.980
187 171.980 -167.819 54.980
188 196.420 -151.245 54.980
189 220.859 -94.667 54.980
190 222.526 -92.175 54.980
191 225.111 -89.251 54.980
192 251.695 -46.087 54.980
195 240.275 -2.942 54.980

TIER 5
194 245.584 0.000 55.725
195 500.450 0.000 27.490
196 557.276 0.000 1.257
197 242.968 1.858 55.895
198 294.297 46.587 27.490
199 545.625 91.557 1.085
200 225.272 92.195 55.775
201 285.129 92.674 27.490
202 544.987 95.155 1.206
205 224.485 94.100 55.775
204 267.147 156.087 27.490
205 509.811 178.075 1.206
206 175.104 170.505 55.895
207 241.041 175.157 27.490
208 508.979 179.809 1.085
209 172.240 172.240 55.725
210 212.456 212.456 27.490
211 252.652 252.652 1.257
212 170.505 175.104 55.895
215 175.157 241.041 27.490
214 179.809 508.979 1.085
215 94.100 224.485 55.775
216 156.087 267.147 27.490
217 178.075 509.811 1.206
218 92.195 225.272 55.775
219 92.674 285.129 27.490
220 95.155 544.987 1.206
221 1.858 242.968 55.895
222 46.587 294.297 27.490
225 91.557 545.625 1.085
224 0.000 245.584 55.725
225 0.000 500.450 27.490
226 0.000 557.276 1.257
227 -1.858 242.968 55.895
228 -46.587 294.297 27.490
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229 -91.337 345.625 1.085
230 -92.195 225.272 53.773
231 -92.674 285.129 27.490
232 -93.153 344.987 1.206
233 -94.100 224.483 53.773
234 -136.087 267.147 27.490
235 -178.073 309.811 1.206
236 -170.505 173.104 53.895
237 -175.157 241.041 27.490
238 -179.809 308.979 1.085
239 -172.240 172.240 53.723
240 -212.436 212.436 27.490
241 -252.632 252.632 1.257
242 -173.104 170.505 53.895
243 -241.041 175.157 27.490
244 -308.979 179.809 1.085
245 -224.483 94.100 53.773
246 -267.147 136.087 27.490
247 -309.811 178.073 1.206
248 -225.272 92.195 53.773
249 -285.129 92.674 27.490
250 -344.987 93.153 1.206
251 -242.968 1.838 53.895
252 -294.297 46.587 27.490
253 -345.625 91.337 1.085
254 -243.584 0.000 53.723
255 -300.430 0.000 27.490
256 -357.276 0.000 1.257
257 -242.968 -1.838 53.895
258 -294.297 -46.587 27.490
259 -345.625 -91.337 1.085
260 -225.272 -92.195 53.773
261 -285.129 -92.674 27.490
262 -344.987 -93.153 1.206
263 -224.483 -94.100 53.773
264 -267.147 -136.087 27.490
265 -309.811 -178.073 1.206
266 -173.104 -170.505 53.895
267 -241.041 -175.157 27.490
268 -308.979 -179.809 1.085
269 -172.240 -172.240 53.723
270 -212.436 -212.436 27.490
271 -252.632 -252.632 1.257
272 -170.505 -173.104 53.895
273 -175.157 -241.041 27.490
274 -179.809 -308.979 1.085
275 -94.100 -224.483 53.773
276 -136.087 -267.147 27.490
277 -178.073 -309.811 1.206
278 -92.195 -225.272 53.773279 -92.674 -285.129 27.490
280 -93.153 -344.987 1.206
281 -1.838 -242.968 53.895
282 -46.587 -294.297 27.490
283 -91.337 -345.625 1.085
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284 0.000 -243.584 53.723
285 0.000 -300.430 27.490
286 0.000 -357.276 1.257
287 1.838 -242.968 53.895
288 46.587 -294.297 27.490
289 91.337 -345.625 1.085
290 92.195 -225.272 53.773
291 92.674 -285.129 27.490
292 93.153 -344.987 1.206
293 94.100 -224.483 53.773
294 136.087 -267.147 27.490
295 178.073 -309.811 1.206
296 170.505 -173.104 53.895
297 175.157 -241.041 27.490
298 179.809 -308.979 1.085
299 172.240 -172.240 53.723
300 212.436 -212.436 27.490
301 252.632 -252.632 1.257
302 173.104 -170.505 53.895
303 241.041 -175.157 27.490
304 308.979 -179.809 1.085
305 224.483 -94.100 53.773
306 267.147 -136.087 27.490
307 309.811 -178.073 1.206
308 225.272 -92.195 53.773
309 285.129 -92.674 27.490
310 344.987 -93.153 1.206
311 242.968 -1.838 53.895
312 294.297 -46.587 27.490
313 345.625 -91.337 1.085

RING 3
314 360.000 0.000 0.000
315 347.733 93.175 0.000
316 311.769 180.000 0.000
317 254.558 254.558 0.000
318 180.000 311.769 0.000
319 93.175 347.733 0.000
320 0.000 360.000 0.000
321 -93.175 347.733 0.000
322 -180.000 311.769 0.000
323 -254.558 254.558 0.000
324 -311.769 180.000 0.000
325 -347.733 93.175 0.000
326 -360.000 0.000 0.000
327 -347.733 -93.175 0.000
328 -311.769 -180.000 0.000
329 -254.558 -254.558 0.000
330 -180.000 -311.769 0.000
331 -93.175 -347.733 0.000
332 0.000 -360.000 0.000
333 93.175 -347.733 0.000
334 180.000 -311.769 0.000
335 254.558 -254.558 0.000
336 311.769 -180.000 0.000
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557 547.755 -95.175 0.000

ELEMENTS

LAYER MEMBER ELEMENT NODE 1 NODE 2 TYPE LENGTH

TIER 1
1 1 1 2 2 5.000
1 2 2 5 1 58.621
1 5 5 4 1 58.621
1 4 4 26 2 5.000
2 5 1 5 2 5.000
2 6 5 6 1 58.621
2 7 6 7 1 58.621
2 8 7 50 2 5.000
5 9 1 8 2 5.000
5 10 8 9 1 58.621
5 11 9 10 1 58.621
5 12 10 54 2 5.000
4 15 1 11 2 5.000
4 14 11 12 1 58.621
4 15 12 15 1 58.621
4 16 15 58 2 5.000
5 17 1 14 2 5.000
5 18 14 15 1 58.621
5 19 15 16 1 58.621
5 20 16 42 2 5.000
6 21 1 17 2 5.000
6 22 17 18 1 58.621
6 25 18 19 1 58.621
6 24 19 46 2 5.000
7 25 1 20 2 5.000
7 26 20 21 1 58.621
7 27 21 22 1 58.621
7 28 22 50 2 5.000
8 29 1 25 2 5.000
8 50 25 24 1 58.621
8 51 24 25 1 58.621
8 52 25 54 2 5.000

RING 1
9 55 26 27 2 5.000
9 54 27 28 1 45.989
9 55 28 29 1 45.989
9 56 29 50 2 5.000

10 57 50 51 2 5.000
10 58 51 52 1 45.989
10 59 52 55 1 45.989
10 40 55 54 2 5.000
11 41 54 55 2 5.000
11 42 55 56 1 45.989
11 45 56 57 1 45.989
11 44 57 58 2 5.000
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12 45 38 39 2 3.000
12 46 39 40 1 43.989
12 47 40 41 1 43.989
12 48 41 42 2 3.000
13 49 42 43 2 3.000
13 50 43 44 1 43.989
13 51 44 45 1 43.989
13 52 45 46 2 3.000
14 53 46 47 2 3.000
14 54 47 48 1 43.989
14 55 48 49 1 43.989
14 56 49 50 2 3.000
15 57 50 51 2 3.000
15 58 51 52 1 43.989
15 59 52 53 1 43.989
15 60 53 54 2 3.000
16 61 54 55 2 3.000
16 62 55 56 1 43.989
16 63 56 57 1 43.989
16 64 57 26 2 3.000

TIER 2
17 65 26 58 2 3.000
17 66 58 59 1 58.028
17 67 59 60 1 58.028
17 68 60 130 2 3.000
18 69 26 61 2 3.000
18 70 61 62 1 66.642
18 71 62 63 1 66.642
18 72 63 134 2 3.000
19 73 30 64 2 3.000
19 74 64 65 1 66.642
19 75 65 66 1 66.642
19 76 66 134 2 3.000
20 77 30 67 2 3.000
20 78 67 68 1 58.028
20 79 68 69 1 58.028
20 80 69 138 2 3.000
21 81 30 70 2 3.000
21 82 70 71 1 66.642

. 21 83 71 72 1 66.642
21 84 72 142 2 3.000
22 85 34 73 2 3.000
22 86 73 74 1 66.642
22 87 74 75 1 66.642
22 88 75 142 2 3.000
23 89 34 76 2 3.000
23 90 76 77 1 58.028
23 91 77 78 1 58.028
23 92 78 146 2 3.000
24 93 34 79 2 3.000
24 94 79 80 1 66.642
24 95 80 81 1 66.642
24 96 81 150 2 3.000
25 97 38 82 2 3.000
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25 98 82 83 1 66.642
25 99 83 84 1 66.642
25 100 84 150 2 3.000
26 101 38 85 2 3.000
26 102 85 86 1 58.028
26 103 86 87 1 58.028
26 104 87 154 2 3.000
27 105 38 88 2 3.000
27 106 88 89 1 66.642
27 107 89 90 1 66.642
27 108 90 158 2 3.000
28 109 42 91 2 3.000
28 110 91 92 1 66.642
28 111 92 93 1 66.642
28 112 93 158 2 3.000
29 113 42 94 2 3.000
29 114 94 95 1 58.028
29 115 95 96 1 58.028
29 116 96 162 2 3.000
30 117 42 97 2 3.000
30 118 97 98 1 66.642
30 119 98 99 1 66.642
30 120 99 166 2 3.000
31 121 46 100 2 3.000
31 122 100 101 1 66.642
31 123 101 102 1 66.642
31 124 102 166 2 3.000
32 125 46 103 2 3.000
32 126 103 104 1 58.028
32 127 104 105 1 58.028
32 128 105 170 2 3.000
33 129 46 106 2 3.000
33 130 106 107 1 66.642
33 131 107 108 1 66.642
33 132 108 174 2 3.000
34 133 50 109 2 3.000
34 134 109 110 1 66.642
34 135 110 111 1 66.642
34 136 111 174 2 3.000
35 137 50 112 2 3.000
35 138 112 113 1 58.028
35 139 113 114 1 58.028
35 140 114 178 2 3.000
36 141 50 115 2 3.000
36 142 115 116 1 66.642
36 143 116 117 1 66.642
36 144 117 182 2 3.000
37 145 54 118 2 3.000
37 146 118 119 1 66.642
37 147 119 120 1 66.642
37 148 120 182 2 3.000
38 149 54 121 2 3.000
38 150 121 122 1 58.028
38 151 122 123 1 58.028
38 152 123 186 2 3.000
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39 153 54 124 2 3.000
39 154 124 125 1 66.642
39 155 125 126 1 66.642
39 156 126 190 2 3.000
40 157 26 127 2 3.000
40 158 127 128 1 66.642
40 159 128 129 1 66.642
40 160 129 190 2 3.000

RING 2
41 161 130 131 2 3.000
41 . 162 131 132 1 43.989
41 163 132 133 1 43.989
41 164 133 134 2 3.000
42 165 134 135 2 3.000
42 166 135 136 1 43.989
42 167 136 137 1 43.989
42 168 137 138 2 3.000
43 169 138 139 2 3.000
43 170 139 140 1 43.989
43 171 140 141 1 43.989
43 172 141 142 2 3.000
44 173 142 143 2 3.000
44 174 143 144 1 43.989
44 175 144 145 1 43.989
44 176 145 146 2 3.000
45 177 146 147 2 3.000
45 178 147 148 1 43.989
45 179 148 149 1 43.989
45 180 149 150 2 3.000
46 181 150 151 2 3.000
46 182 151 152 1 43.989
46 183 152 153 1 43.989
46 184 153 154 2 3.000
47 185 154 155 2 3.000
47 186 155 156 1 43.989
47 187 156 157 1 43.989
47 188 157 158 2 3.000
48 189 158 159 2 3.000
48 190 159 160 1 43.989
48 191 160 161 1 43.989
48 192 161 162 2 3.000
49 193 162 163 2 3.000
49 194 163 164 1 43.989
49 195 164 165 1 43.989
49 196 165 166 2 3.000

° 50 197 166 167 2 3.000
50 198 167 168 1 43.989
50 199 168 169 1 43.989
50 200 169 170 2 3.000
51 201 170 171 2 3.000
51 202 171 172 1 43.989
51 203 172 173 1 43.989
51 204 173 174 2 3.000
52 205 174 175 2 3.000
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52 206 175 176 1 45.989
52 207 176 177 1 45.989
52 208 177 178 2 5.000
55 209 178 179 2 5.000
55 210 179 180 1 45.989
55 211 180 181 1 45.989
55 212 181 182 2 5.000
54 215 182 185 2 5.000
54 214 185 184 1 45.989
54 215 184 185 1 45.989
54 216 185 186 2 5.000
55 217 186 187 2 5.000
55 218 187 188 1 45.989
55 219 188 189 1 45.989
55 220 189 190 2 5.000
56 221 190 191 2 5.000
56 222 191 192 1 45.989
56 225 192 195 1 45.989
56 224 195 150 2 5.000

TIER 5
57 225 150 194 2 5.000
57 226 194 195 1 62.607
57 227 195 196 1 62.607
57 228 196 514 2 5.000
58 229 150 197 2 5.000
58 250 197 198 1 75.057
58 251 198 199 1 75.057
58 252 199 515 2 5.000
59 255 154 200 2 5.000
59 254 200 201 1 65.575
59 255 201 202 1 65.575
59 256 202 515 2 5.000
60 257 154 205 2 5.000
60 258 205 204 1 65.575
60 259 204 205 1 65.575
60 240 205 516 2 5.000
61 241 158 206 2 5.000
61 242 206 207 1 75.057
61 245 207 208 1 75.057
61 244 208 516 2 5.000
62 245 158 209 2 5.000
62 246 209 210 1 62.607
62 247 210 211 1 62.607
62 248 211 517 2 5.000
65 249 158 212 2 5.000
65 250 212 215 1 75.057
65 251 215 214 1 75.057
65 252 214 518 2 5.000
64 255 142 215 2 5.000
64 254 215 216 1 65.575
64 255 216 217 1 65.575
64 256 217 518 2 5.000
65 257 142 218 2 5.000
65 258 218 219 1 65.575
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65 259 219 220 1 65.575
65 260 220 519 2 5.000
66 261 146 221 2 5.000
66 262 221 222 1 75.057
66 265 222 225 1 75.057
66 264 225 519 2 5.000
67 265 146 224 2 5.000
67 266 224 225 1 62.607
67 267 225 226 1 62.607
67 268 226 520 2 5.000
68 269 146 227 2 5.000
68 270 227 228 1 75.057
68 271 228 229 1 75.057
68 272 229 521 2 5.000
69 275 150 250 2 5.000
69 274 250 251 1 65.575
69 275 251 252 1 65.575
69 276 252 521 2 5.000
70 277 150 255 2 5.000
70 278 255 254 1 65.575
70 279 254 255 1 65.575
70 280 255 522 2 5.000
71 281 154 256 2 5.000
71 282 256 257 1 75.057
71 285 257 258 1 75.057
71 284 258 522 2 5.000
72 285 154 259 2 5.000
72 286 259 240 1 62.607
72 287 240 241 1 62.607
72 288 241 525 2 5.000
75 289 154 242 2 5.000
75 290 242 245 1 75.057
75 291 245 244 1 75.057
75 292 244 524 2 5.000
74 295 158 245 2 5.000
74 294 245 246 1 65.575
74 295 246 247 1 65.575
74 296 247 524 2 5.000
75 297 158 248 2 5.000
75 298 248 249 1 65.575
75 299 249 250 1 65.575
75 500 250 525 2 5.000
76 501 162 251 2 5.000
76 502 251 252 1 75.057
76 505 252 255 1 75.057
76 504 255 525 2 5.000
77 505 162 254 Z 5.000
77 506 254 255 1 62.607
77 507 255 256 1 62.607
77 508 256 526 2 5.000
78 509 162 257 2 5.000
78 510 257 258 1 75.057
78 511 258 259 1 75.057
78 512 259 527 2 5.000
79 515 166 260 2 5.000
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79 314 260 261 1 65.375
79 315 261 262 1 65.375
79 316 262 327 2 3.000
80 317 166 263 2 3.000
80 318 263 264 1 65.375
80 319 264 265 1 65.375
80 320 265 328 2 3.000
81 321 170 266 2 3.000
81 322 266 267 1 73.037
81 323 267 268 1 73.037
81 324 268 328 2 3.000
82 325 170 269 2 3.000
82 326 269 270 1 62.607
82 327 270 271 1 62.607
82 328 271 329 2 3.000
83 329 170 272 2 3.000
83 330 272 273 1 73.037
83 331 273 274 1 73.037
83 332 274 330 2 3.000
84 333 174 275 2 3.000
84 334 275 276 1 65.375
84 335 276 277 1 65.375
84 336 277 330 2 3.000
85 337 174 278 2 3.000
85 338 278 279 1 65.375
85 339 279 280 1 65.375
85 340 280 331 2 3.000
86 341 178 281 2 3.000
86 342 281 282 1 73.037
86 343 282 283 1 73.037
86 344 283 331 2 3.000
87 345 178 284 2 3.000
87 346 284 285 1 62.607
87 347 285 286 1 62.607
87 348 286 332 2 3.000
88 349 178 287 2 3.000
88 350 287 288 1 73.037
88 351 288 289 1 73.037
88 352 289 333 2 3.000
89 353 182 290 2 3.000
89 354 290 291 1 65.375
89 355 291 292 1 65.375
89 356 292 333 2 3.000
90 357 182 293 2 3.000
90 358 293 294 1 65.375
90 359 294 295 1 65.375
90 360 295 334 2 3.000
91 361 186 296 2 3.000
91 362 296 297 1 73.037
91 363 297 298 1 73.037
91 364 298 334 2 3.000
92 365 186 299 2 3.000
92 366 299 300 1 62.607
92 367 300 301 1 62.607
92 368 301 335 2 3.000



185

93 369 186 302 2 3.00093 370 302 303 1 73.03793 371 303 304 1 73.03793 372 304 336 2 3.00094 373 190 305 2 3.00094 374 305 306 1 65.37594 375 306 307 1 65.37594 376 307 336 2 3.00095 377 190 308 2 3.00095 378 308 309 1 65.37595 379 309 310 1 65.37595 380 310 337 2 3.00096 381 130 311 2 3.00096 382 311 312 1 73.03796 383 312 313 1 73.03796 384 313 337 2 3.000






