1 - ) & TRI ANGULATED ROOF STRUCTURE Rhengrdnds

of the Invent“op This invention relates to a triangul ated roghave
WO 92/08015 PCT/US91/08096
@ TRIANGULATED ROOF STRUCTURE

Backdround of the Invention
N This invention relates to a triangulated rxoof
strﬁcture which supports a roof for an underlying
building, arena or stadium. More particularly, it
relates to a roof structure formed of a plurality of
5 tension members and compression members arranged in a
triangulated manner for supporting a roof that projects
in plan a closed non-circular curve.
In recent years, dome roofs have been
constructed in a variety of manners. For example, some
10 dome roofs are constructed wherein the roof is _
'supported only by rigid structural members forming the
dome without the use of interior columns or beams.
Such structures,'however, exhibit high aspect ratios,
that is, the ratio of surface area to delineated plan
15 area, in order to provide sufficiently low membrane
stress. Other roof structﬁrés have been constructed
wherein a lightweight membrane is supported by air
pressure. These structures, while exhibiting low
aspect ratios, suffer from numerous disadvantages.
20 The primary disadvantage involves the reliance on a
—_— mechanical device, such as a blower, for structural
stability. A breakdown in such a mechanical device
results in deflations, a common problem for air-

o - supported roofs. In addition, these air-supported
j 25 roofs require an airtight underlying structure.

Other structures have been built using the
principles of catenary suspension typically associated

i with the construction of suspension bridges. These

structures often achieve the low aspect ratiofof air-
30 supported ;bof structures without the detrimental
reliance on mechapical devices for structural
stability. For example, U.S. Patent No. 3,139,957 to
Fuller illustrates structures in which a series of box
frames of polygonal, cylindrical or other forms, of

wer 35
progressively varying sizes are arranged in a T
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structure which supports a roof for an underlying buil ding, arena or

stadium_ Mre particularly, it relates to a roof structur a

pl ura|‘|"9y97-6? %3nsi on menbers and conpressi on nenbers arraggggﬂ@%%()
triangul ated manner for supporting a_roof that projects in plan a closed
non-circul ar curve. In recent years, done roofs have been
constructed in a variety of manners. For exanple, sone done roofs are
constructed wherein the roof is supported only by rigid structural nenbers

o1 e o LG L ag ok 95 B EELUARE RELORERS. Such
surface arehove decommancplphgnof reference. These frames are
also arranged in vertical overlapping spaced relation
to one another to achieve incremental increases or
g decreases in altitude. Tension elements in the form of
flexible cables or wires extend between and are secured
to adjacent pairs of box frames in the series, which
suspend and anchor the box frames to one another.
Specifically, each frame includes upper chord
10 members and lower chord members which form polygons
defining the upper and lower peripheries of the
respective frames. Each frame also includes vertical
compression columns which extend between the vertices
of the polygon formed by the upper chord members and
15 the corresponding vertices of the polygon formed by the
lower chord members. A first pair of tension members
are supplied which extend downwardly, in a criss-
crossing manner, from their point of securement at two
adjacent upper vertices of a lower frame to two
20 corresponding adjacent lower vertices of an upper frame
whereby successive frames in the series are suspended
from one another. These tension members criss-cross
when viewed in plan. A second pair of tension members
are supplied which extend upwardly, in a criss-crossing
25 manner, from their points of securement at two adjacent
lower vertices of the lower frame of the pair to two
corresponding adjacent upper vertices of the upper
frame in the pair, whereby successive frames in the
series are anchored down to one another. These tension
30 elements also criss-cross when viewed in plan. Also,
these two pairs of tension members, when viewed in
elevation, also criss-cross.
In addition, two other pairs of tension members
are supplied which are disposed in radial planes

35 containing the central axis of the structure. The
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vertices of the lower frame to two radially aligned
lower vertices of an upper frame. The second pair of

5 tension members extend upwardly from their points of
securement at two adjacent lower vertices of the lower
frame to two radially aligned upper vertices of the
upper frame. These two sets of tension members criss-
cross when viewed in elevation.

10 The Fuller structures while applicable to a
wide range of building shapes, are unnecessarily
complicated. Fuller requires a plurality of criss-
crossing cables, and consequently, requires complicated
attachment structures to accommodate the number of

15 cables arriving at any particular attachment point.
Also, due to the number of criss-crossing cables, which
serve to suspend, anchor, buttress, resist torque, and
resist counter-torquing of the frame, the Fuller
structures are unduly redundant.

20 Further, although the roof structures
described in the Fuller patent recognize the tremendous
savings of constructing a building using the tensile
strength of materials, the use of polygonal frames
described in this reference and the number of tension

25 members used to interconnect the series of frames to
one another, provide serious drawbacks. The most
serious drawback involves the problems encountered when
the disclosure of Fuller is applied to structures
having a non-circular perimeter. In particular, due to

30 the concentric relation of the frames to one another,

" the angular relationship of anchoring cables and
suspension cables to one another varies at successive
frames and may also vary around the perimeter.
Therefore, different attachment configurations must be

35 designed for all of the vertices of each of the frames.
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wi'th the construction of suspension bridges. These structures often achi eve

t he | owwagpg@Bor:ati o! of air- supported roof structures w tHBOT/HS%/08096 i WO
detrinmental reliance on nmechani cal devices for structural stability. For
exanple, U S. Patent No. 3,139,957 to utler illustrates structures in
whi ch a series of box franmes of polygonal, cylindrical or other forms, of
progressively varying sizes are arranged in a

This significantly increases fabrication costs and
construction time.
Another.example of a structure using catenary t
principles is the circular cable truss dome illustrated
g in U.S. Patent No. 4,736,553 to Geiger. This truss

dome, which is not triangulated, is constructed from a

-

plurality of radially oriented support members. The
support members include, in a vertical plane, at least
one upper tensioned member forming a top chord, at
10 least one diagonal tensioned member which extends . 1(
inwardly and downwardly from the upper tensioned member
and at least one vertical rig{d strut in compression,
which is attached at its upper end to the upper
tensioned member and attached at its lower end to the _
15 diagonal tensioned member. 1In this arrangement, the : I
tensioned members form two adjacent sides of a triangle
while the compression member forms the third side. At
least one horizontal tensioned hoop concentric with the
outer compression ring is also provided. The tensioned _
20 hoop is affixed to the lower end of the compression ? 2
member.
The radially oriented support members are
attached at an outer edge to a continuous compression E
ring which delineates the area to be covered by the _
25 dome. At an inner end, the support members are H 2

[P PRPT

attached to a horizontal inner tension ring. A é
flexible membrane is placed on top of the support i
members to form a roof for the delineated area. 1In §
addition, a plurality of valley cables are positioned
30 on top of the flexible membrane, between adjacent

support members, which extend between the compression
ring and the inner tension ring to maintain the
flexible membrane in tension.

This structure, however, does not use

.3
35 triangulated construction. As a result, the structure :
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in altitude. Tension elenmerys in the form of

lacks a degree of lateral stability at the top radial
chord of the dome and therefore relies on the flexible
membrane for stiffness. Furthermore, due to the radial
arrangement of the support members, this structure is
only appropriate for use in circular stadiums. Most
stadiums or arenas are, however, non-circular.

Roof structures have been developed to
support a roof for such non-circular buildings. For
example, U.S. Patent No. 3,841,038 to Geiger relates to
a non-circular roof structure which defines an enclosed
building space, including a ring which projects in plan
substantially to a closed curve having major and minor
axes and a plurality of skewed axes of symmetry. In
this roof structure, a plurality of sets of rigid
arches are connected to thé'ring to form the roof, with
the arches of at least two sets respectively extending
in plan substantially parallel to a separate one of the
skewed axes of symmetry of the closed curve, and the
arches of another set extending in plan substantially
parallel to the major or minor axis of the closed
curve. These arches impose a funicular load on the
ring and supporﬁ a roof deck structure to form a domed
surface.

This structure, while applicable to non-
circular structures is unnecessarily complicated,
reqguiring at some points the intersection of up to six
arches. This causes extremely complicated attachments
at these intersections. Also, this structure is
constructed with rigid arches and, therefore, does not
efficiently use the tensile strength of building
materials and may also result in a roof structure
having a high aspect ratio.

Because of the drawbacks highlighted above,
none of these prior art roof structures efficiently
utilize a triangulated arrangement of tension members

This Sheet Has Been Replaced

A




flexible cables or wires extend between and are secured to adjacent pairs
of box frames in the series, which suspend and anchor the box frames to
anot heWO 92/08015 Speci fi cal | y, each frane includes uppe® P/ 98NS s
and | ower chord nenbers which forn1pou%gons defining the upper and | ower
peri pheries of the respective franes ach frame al so includes vertical
conpressi on col ums which extend between the vertices of the polygon for
by the upper chord menbers and the corresponding vertices of the polygon
formed by the | ower chord nenbers. A first pair of tension nenbers are
suppl i ed” WAPBhCBRPERESISNNNEFEEYS R §°E‘|5|t§§°tcr'=‘o§§i°ﬁgaﬁ‘ﬂﬁﬁéPlefromthe|r
poi nt of sesurewBRiell LWOnon-circular underlying arenas.

Summary Of The Invention
5 I have devised a roof structure for a non-

circular underlying building structure, such as a
stadium, arena or the like, which overcomes the
disadvantages and shortcomings of the above-mentioned
prior art structures when such structures are applied

10 to non-circular stadiums. Specifically, I have devised
a triangulated roof structure for a non-circular
underlying structure which reduces the degree of
complication of the joint details by approximating the
shape of the underlying structure with a series of

15 circular arcs. This triangulated arrangement provides
greater redundancy and is better able to handle the
nonsymmetric loading conditions which such structures
typically encounter.

In accordance with the present invention, a

20 triangulated cable arrangement is disclosed for
supporting a roof that projects in plan a closed non-
circular curve. The roof defines an enclosed area for
an underlying building space having a non-circular
perimeter including major and minor axes. The roof

25 structure includes an outer compression ring having a
plan which substantially matches the perimeter of the
underlying building. A non-circular curve is
constructed on the compression ring, using a plurality
of circular arcs, which closely approximates the non-

30 circular perimeter of the underlying building space.

The triangulated structure of the present

invention also includes a plurality of hoop-like
tension members which are concentrically arranged
within the non-circular curve at different heights

35 relative to a common reference plane. A plurality of
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adj acent upper vertices of a lower frane to two correspondi ng adj acent

~ lowdr vertices of an upper frane whereby successive frames in the series
g6 ar e iswpea2de8915r om one anot her. These tension nenbers cri SETEVEIL 086N
viewed in plan. A second pair of tension nenbers are supplied which extend
upwardly, in a criss-crossing mannet’~fromtheir points of securenent at
two adj acent |ower vertices of the lower frame of the pair to two
correspondi ng adj acent upper vertices of the upper frame in the pair,
whereby successive frames in the series are anchored down to one anot her.
These t envsirdr calle memps essd®c MeNhedSo ST WRSTsyi R Noh YAPRAY. alidso, t hese

two ;Oai 'S Rferd GHILON SRITRE S xthet WHRWR lidher ends at spaced-

; apart locations on each of the hoop-like tension
members. The upper and lower ends of the compression

5 members define upper and lower attachment points or
nodes, respectively. The compression members are
located on each of these hoop-like tension members,
such that each compression member located on a first
hoop-like tension member and a proximal pair of

10 compression members on an adjacent hoop-like tension
member form, in projection on the plan, the vertices of
a substantially isosceles triangle. Similarly,
attachment points or nodes are located on the non-
circular curve constructed on the outer compression

45 ring such that each node located on the compression
ring and a proximal pair of compression members located
on an outermost hoop-like tension member also form, in

; plan, the vertices of a substantially isosceles

- triangle.

20 The structure further includes a plurglity of
tension elements interconnecting each compression
member on a first hoop-like tension member to a
proximal pair of compression members on an adjacent
hoop-like tension member. Tension elements are also

25 provided for interconnecting each compression member on
the outermost hoop-like tension member to a proximal
pair of nodes on the outer compression ring.

In this manner, the structure, when viewed in
plan, appears as a plurality of substantially:isosceles

30 triangles arranged within the non-circular curve

Htapia oniobt aa bt s b bears i pe Fad o e bm t e

constructed on the compression ring. Accordingly, the
structure is triangulated.

In accordance with another important aspect
of the present invention, a tension member, such as a

35 cable truss, is provided along the major axis of the
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el evation, also criss-cross. In addition, two other pairs of tension

nenbera,(g;gg@ﬁﬁfspl i ed which are disposed in radial planes @QU/aiSgi1/0§0%he { WO9

central the structure. The ]

non-circular perimeter of the underlying structure. To
complete the triangulated structure, the present
invention also includes a plurality of tension elements
for interconnecting compression members affixed to an

5 innermost hoop-like tension member to the cable truss.

5
A flexible membrane overlays the tension elements and
is attached to the upper nodes of the compression
members to form a roof for the underlying structure.
As described above, I have devised a H
10 triangulated roof structure for a non-circular 10

underlying building structure in which the plan of the
roof structure closely approximates the underlying
building structure. In this manner, substantial
economy in constructing the triangulated structure is
15 achieved by reducing the variety of unique upper and 15
lower node details that would otherwise occur at the

Pav—

interconnections of each compression member on a first

hoop-like tension member to a proximal pair of

compression members on an adjacent hoop-like tension
20 member. Since the variety of unique node details is 20
reduced, the same or similar node configurations can be
used at a number of upper and lower ends of the

compression members throughout the structure.

e o i st e varas] WA (AR s Lt © YUt Rl S

25 Brief Description Of The Drawings ‘ 25
These and other objects, features and :
advantages of my invention will be more readily
apparent from the following detailed description of a
preferred embodiment of the invention in which:

30 FIG. 1 is a side elevation view of a roof 30
structure in accordance with one embodiment of the
present invention;

FIG. 2 is a top plan'viewluseful in

understanding the present invention;
a5 35
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FIG. 3 is a top plan view depicting an upper
set of tension elements used in a preferred embodiment
of the invention; .

FIG. 4 is a plan view similar to FIG. 3
depicting a set of diagonal tension elements and three
hoop-like tension elements used in a preferred
embodiment of the invention;

FIG. 5 is a view along the major axis of the
non-circular curve in FIG. 3;

FIG. 6 is a view along the minor axis of the
non-circular curve of FIG. 3;

FIG. 7 is a section taken through.one node on
the compression ring, at line 7-7 of FIG. 3;

FIG. 8 is a section taken through another
node on the compression ring, at line 8-8 of FIG. 3;

FIG. 9 is a top plan view similar to FIG. 3
depicting an alternate compression ring comprising a
triangular truss;

FIG. 10 is a section through lines 10-10 and
10'-10' of FIG. 9;

FIG. 11 is a top plan view of an upper node
of a compression member;

FIG. 12 is a section through line 12-12 of
FIG. 11;

FIG. 13 is a top plan view of a lower node of
a compressioh member; .

FIG. 14 is a section through line 14-14 of
FIG. 13;

FIG. 15 is a top plan view depicting an
alternate embodiment of the roof structure shown in
FIGS. 3 and 4; and

FIG. 16 is a top plan view of another
embodiment of the present invention.

Cross
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The Fuller structures while applicable to a wide range of building shape

are u Iy conplicated. Fuller requires a pluralitpcplusdiiésh '
cross[‘ﬂggg?@ﬁgs and consequently, requires conplicated attac mant %6 WO 924

structures to acconmodat e the nunberl®@f cables arriving at any particul a
attachnment point. Also, due to the nunmber of criss-crossing cables, whic
serve to suspend, anchor, buttress, resist torque, and resist

count er-torqui ng of t he frane the FuIIer structures are unduly redundan
Furt her, alt matodd Ydrk Dex b pat ent

recogni ze the L eropgous, say gérgéegonﬂrgfaé g1 8vRULLAI eS| 10 the
preferred embodiment of a triangulated roof structure,
generally designated by the numeral 2, designed in
5 accordance with my invention. Roof structure 2 defines
an enclosed area for an underlying building space

having a non-circular perimeter. Roof structure 2

Q.

o O

wn
B P B

includes a flexible membrane constructed from a
plurality of diamond shaped panels, which provides a

1o roof for the enclosed space. Cross-sections and plan

b
=)

pronmtont, oA ey il SN L PO - ey |

views of this triangulated roof are shown in FIGS. 2-6.
FIG. 2 -illustrates one non-circular
configuration for which the present invention may be
used, including a compression ring 10 having a non-
16 circular plan which substantially matches the perimeter
of an underlying building space 1 having major and

minor axes. Constructed on compression ring 10 is a

15

non-circular curve 12 which comprises a plurality of
circular arcs. Non-circular curve 12 includes a first _
20 pair of circular arcs 20, 21 having their centers A, A} 20t
on the major axis of the non-circular curve formed by '
the perimeter of underlying building structure 1.
Centers A, A' of circular arcs 20, 21 are equidistant
from the minor axis and on opposite sides. Circular
25 arcs 20, 21 form end sectors 22, 23 for the area
enclosed by non-circular curve 12. Non-circular curve
12 further includes a second pair of circular arcs 30,
31 having centers B, B' located on the minor axis of
the non-circular curve formed by the perimeter of
30 underlying building structure 1. Centers B, B! of
circular arcs 30, 31 are equidistant from the major
axis and on opposite sides. Circular arcs 30, 31 form
intermediate segments 32, 33. As shown in FIG. 2,

first pair of circular arcs 20, 21 and second pair of
35

o
. Hg_-;.... s @

circular arcs 30, 31 intersect to form non-circular
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strength of naterials, the use of pol ygonal frames described in this
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by non-circular curve 12.

A plurality of hoop-like tension members 50
are concentrically arranged within non-circular curve
12 at different heights relative to a common plane.
Vertical compression members 70, having upper and lower

ends, are attached at their lower ends to each tension

' member.50 at spaced-apart locations 60 on the tension

member. The upper ends of compression members 70
define upper attachment points or nodes 80 and the
lower ends define lower attachment points or nodes 90.
Compression members 70 are located on each hoop-like
tension member 50 such that a compression member 70 on
a first hoop-like tension member 50 and a proximal pair
of compression members 70 on an adjacent hoop-like
tension member 50 form, in plan, the vertices of a
substantially isosceles triangle. Similarly,
attachment points (or nodes) 40 are located on outer
compression ring 10 such that a node 40 located on
outer compression ring 10 and a proximal pair of
compression members 70 on an outermost hoop-like
tension member 50 form, in plan, the vertices of a
substantially isosceles triangle.

Nodes 40 on compression ring 10, lying within
end sectors 22; 23 are located at the intersections of
non-circular curve 12 with alternating ones of a
plurality of radial lines drawn in end sectors 22, 23
through centers A, A' of circular arcs 20, 21,
respectively. Similarly, compression members 70 on
hoop-like tension members 50, lying within end sectors
22, 23 are located at the intersections of alternating
ones of hoop-like tension members 50, with alternating

ones of the above-mentioned plurality of radial lines

In particular,
t he angul ar
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drawn through centers A, A' of circular arcs 20, 21,
respectively.

In similar fashion, nodes 40 on compression
ring 10, lying within intermediate segments 32, 33 are
located at the intersections of non-circular curve 12
with alternating ones of a plurality of radial lines
drawn in intermediate segments 32, 33 through centers
B, B' of circular arecs 30, 31, respectively.
Compression members 70 on hoop-like tension members 50,
lying within intermediate segments 32, 33 are located
at the intersections of alternaﬁing ones of hoop-like
tension members 50 with alternating ones of the above
plurality of radial lines drawn through centers B, B!
of circular arcs 30, 31. In this manner, the
triangulated geometry of the present invention is
adapted to a wide range of non-circular perimeters to
accommodate an ﬁnderlying structure.

One roof construction according to the
present invention is shown in FIGS. 3 and 4, wherein
compression ring 10, having an oval shape to match the
perimeter of unaerlying building structure 1 rests upon
a number of concrete support columns or other suitable
foundation which may extend dpward from underlying
structure 1. Non-circular curve 12 is constructed on
compression ring 10 as described above. A plurality of
hoop-~like tension members 50 are concentrically
arranged within non-circular curve 12 on compression
ring 10. As best seen in FIGS. 5 and 6, hoop-like
tension members 50 are arranged within compression ring
10 at different heights relative to a common reference
plane. A plurality of vertical compression members 70
are affixed at their lower ends to each of hoop-like
tension members 50. '

- A plurality of tension elements are provided
for interconnecting each compression member 70 affixed
\
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Thi § significantly increases fabrication costs and construction tine.
Anotgher
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rpé&?m illustrated in U S. Patent No. 4, 736,553"?5%5?‘8@#@

Thi

trugs dome, which is not triangul atad- is constructed froma plurality of
radijal | y oriented support nenbers. The support nenbers include, in a
ver t¥i cal

| ea

fro ,thetgpgg

conpir essi on,

i
i
!
£

ponny

PrVLIYPR

ARG B LI i

pl ane,

at

one di agonal

10

15

20

25

30

35

| east one upper tensioned nenber formng a top chord,
t ensi oned nenber which extends inwardly and downwardly

%ﬂ%!%—m@%eﬁ%@tmém ey & tpEtikdwi d strut in
Ich is attache

d at its upper, end to the éj:{)é)(:eént

pair of compression members 70 affixed to an a

hoop-like tension member 50. Fig. 3 depicts, in plan,

the triangulated arrangement of the tension elements

that run between the upper ends of the compression

elements.

Fig. 4 depicts, in plan, the hoop-like

tension members 50 as well as the triangulated

arrangement of diagonal tension elements that run

between the upper end of one compression element and

the lower end of an adjacent compression element.

As best shown in FIGS. 3-6, these tension elements

include: a first upper tension member 100 (Fig. 3)

extending from upper node 80 of compression member 70

affixed to the first hoop-like tension member 50 to
upper node 80 of one of the proximal pair of
compression members 70 affixed to the adjacent hoop-

like tension member 50; a second upper tension member

101 (Fig. 3) extending from upper node 80 of
compression member 70 affixed to the first hoop-like
tension member 50 to upper node 80 of the other one of
the proximal pair of compression members 70 affixed to
the adjacent hoop-like tension member 50; a first
diagonal tension member 110 (Fig. 4) extending from
upper node 80 of compression member 70 affixed to the
first hoop-like tension member 50 to lower node 90 of

one of the proximal pair of compression members 70
affixed to adjacent hoop-like tension member S50; and a
second diagonal tension member 111 (Fig. 4) extending
from upper node 80 of compression member 70 affixed to
the first hoop-like tension member 50 to lower node 90

of the other one of the proximal pair of compression
members 70 affixed to adjacent hoop-like tension member

50.

The triangulated structure of the present

invention also includes means for securing the
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tensioned nenber and attached at its |lower end to the diagonal tensioned F
0 92/(

- menber. rrangenent, the tensioned nenbers formt ' { d
W é’é )@sa*ﬁa g WCpEFIUROE/ U806

of atr 1e the conpression nmenber forns the third side. At |east
one horizontal tensioned hoop concentr*f with the outer conpression ring
al so provided. The tensioned hoop is I xed to the | ower end of the
conpressi on nenber. The radially oriented support nenbers are
attached at an outer edge to a continuous conpression ring which delineat

e o e O ghE sttt ool L ke 0TRe; Bh AlnbPCE°Hfla bRoRUEDREH Members

are attache&u 'on - Frn
members 70 attached thereto to compre551on ring 10. In

the preferred embodiment, a plurality of tension
elements interconnect each compression member 70

5 affixed to outermost hoop-like tension member 50 to a
proximal pair of nodes 40 on compression ring 10.

Preferably, the plurality of tension elements
include: a first upper tension member 102 (Fig. 3)
extending outwardly from upper node 80 of compression

1p member 70 affixed to outermost hoop-like tension member
50 to one of the proximal pair of nodes 40 on
compression ring 10; and second upper tension member
103 (Fig. 3) extending outwardly from upper node 80 of
compression member 70 affixed to outermost hoop-like

15 tension member 50 to the other one of the proximal pair
of nodes 40 on compression ring 10; a first diagonal
tension member 112 (Fig. 4) extending outwardly from
lower node 90 of compression member 70 affixed to
outermost hoop-like tension member 50 to one of the

20 proximal pair of nodes 40 on compression ring 10; and a
second diagonal member 113 (Fig. 4) extending outwardly
from lower node 90 of compression member 70 affixed to
outermost hoop-like tension member 50 to the other one
of the proximal. pair of nodes 40 on compression ring .

25 10. ’

As shown in FIGS. 7 and 8, nodes 40 further
include attachment members 42 for attaching upper
tension members 102, 103 to compression ring 10 and
attachment members 44 for attaching diagonal tension

30 members 112, 113 to compression ring 10. Attachment
members 42, 44 are designed such that the intersection
of the axial centerlines of all tension members
attached to compression ring 10 coincide with nodes 40.
In the preferred embodiment, compression ring 10

35 comprises a concrete box girder. Since nodes 40 lie on

X
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- for tpe delineated area. In addition, a plurality of val

Bsi t§ ouaeel/080160p of the flexible menbrane, between adj ac?ﬁﬁgﬁhpg’pﬁgf
s, which extend between the coﬁb?éssion ring and the inner tension
o maintain the flexible nmenbrane in tension. Thi s

ure, however, does not use triangulated construction. As a result,

the sfructure . .
non-circular curve 12 constructed on compression ring

10, the location of nodes 40 on compression ring 10
varies around non-circular curve 12. Accordingly, the
jocation of attachment members 42, 44 also varies
around compression ring 10.
In an alternate embodiment, illustrated in

FIGS. 9 and 10, compression ring 10 comprises
triangular truss 210. Triangular truss 210 further
includes horizontal top truss 212 and a pair of
10 inclined side trusses 214, 216 which are secured to top
truss 212 and which extend downward from top truss 212
to a common point. The shape of triangular truss 210
varies around the perimeter of the underlying structure
to accommodate the change in the location of nodes 40
15 relative to the underlying structure, due to the

approximation of the perimeter by non-circular curve

12. Truss 210 in FIG. 10 illustrates the shape of the

truss when node 40 lies inside a support column of

underlying structure 1, such as at line 10-10 of FIG.

20 9. Truss 210' illustrates the shape of the truss when
node 40 lies directly above a support column of
underlying structure 1, such as at line 10'-10' of FIG.
9. .

In the preferred embodiment, a cable truss

25 120, shown in FIG. 5, is positioned along the major
axis between centers A, A' of circular arcs 20, 21 to
incorporate a triangulated geometry into a non-circular
configuration. Cable truss 120 preferably includes an
upper tension member forming a top chord 122, .a lower

30 tension member parallel to top chord 122 forming a
bottom chord 124, a plurality of compression members
126 and 127, of varying heights, having upper and lower
ends. The lower ends of compressions members 126, 127
are affixed to bottom chord 124. The upper ends of

35 compression members 126 are affixed to top chord 122,
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5 lacks a degree of lateral stability at the top radial chord of thﬁ

- done ane gedegsore relies on the flexible nembrane for stpef 10809 A
Furthergbre 0Sue to the radi al arran enent of the support nenbers, ﬁl? :
structure is only appropriate for dn circular stadiuns. Most stadl

or arenas are, however, non-circular. Yet anot her circular cabl e g

systemis illustrated in US Patent No 4,757,650 to Berger. Like the sy¥

of . :
while compression members 127 are affixed to top chord

122 at some point below their upper ends. Cable truss

120 also includes a plurality of diagonal tension
members extending from the point at which a first
5 compression member 126, 127 is affixed to top chord 122
to the lower end of an adjacent compression member 126,
127, forming diagonal chords 128.
Also, a plurality of tension elements are
provided for interconnecting an innermost hoop-like

10 tension member 50 to cable truss 120. In the preferred
embodiment, these tension elements interconnect each
compression member 70 affixed to innermost hoop-like
tension member 50 to at least one compression member
126, 127 of cable truss 120. Preferably, as shown in

15 FIGS. 3 and 4, these tension elements include: at
least one upper tension member 104 (Fig. 3) extending
inwardly from upper node 80 of compression member 70
affixed to innermost hoop-like tension member 50 to the
upper end of at least one compression member 126, 127

20 of cable truss 120 and at least one diagonal tension
member 114 (Fig. 4) extending inwardly from upper node
80 of compression member 70 affixed to innermost hoop-
like tension member 50 to the lower end of at least one
compression member 126, 127 on cable truss 120.

25 " In order to provide a roof which has an
overall downward slope, an uppermost tension member 106
(Fig. 3) is positioned along the major axis between A,
A', above cable truss 120 and is connected to the upper
ends of compression members 127. o .

30 One particular advantage of the present % 30
invention is that the number of structural members in
tension is maximized to more efficiently utilize the
tensile property of the building materials. Therefore,
the structural members that are in tension are’

35 preferably formed of flexible materials such as cables. 35
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G eg ”( 553), described above, Berger's done is not triangulated. Also

- like , Berger's donme conprises a plurality of radpafiysorfageset ed
¥Supp ers. In particular, Berger's support nenbers include an
edge whi ch fornms the shape QH7Lhe dome in plan. The edge ring is
supp@rted on colums and includes several nodes. A series of supporting
| oneg and upper cables are attached at their ends to spaced apart -nodes on
'{/het dge ring, so that the cables cross each other when viewed in plan.

er

S rar GRS iRl TUFe BN ol pemse g T BB HEER e St L s
03|Eég@ﬁ@hvmmmmer@elcabl@e,odn%%omﬁﬁﬂﬁﬁn$k9" %mm%%r$sl¥%d|ally i nwar d
the edg top chord 122, bottom chord 124, and diagonal
chord 128 of cable truss 120, preferably comprise
cable such as wire strand, or wire rope. In the
preferred embodiment, upper tension members 100-106
comprise a plurality of cables which may drop off
toward the center of the structure. Compression
members 70 as well as compression members 126, 127 of
10 cable truss 120 are preferably rigid posts such as
steel pipe. _
FIGS. 11 and 12 illustrate an upper

; attachment 130 which may be affixed to the upper end of

‘ compression members 70. Upper attachment 130 is

{5 designed to attach to a compression membexr 70 first
ends 100a, 101a of a first set of upper tension members
100, 101, second ends 100b, 101b of a second set of
upper tension members 100, 101, and first ends 110a,
111la of a set of diagonal tension members 110, 111.

20 Upper attachment'130 includes: a first attachment
plate 131 for attaching the upper end of compression
member 70; a pair of attachment plates 132, 133 located

on an outer side of compression member 70 for attaching
second ends 100b, 101b of upper tension members 100,
25 101, which extend inwardly from upper nodes 80 of a
proximal pair of compression members 70 located on an
outer adjacent hoop-like tension member 50; a second
pair of attachment plates 134, 135 located on an inner
side of compression member 70 for attaching first ends
30 100a, 10la of upper tension members 100, 101, which
extend inwardly from upper node 80 of compression
member 70 to upper nodes 80 of a proximal pair of
compression members 70 located on an inner adjacent
hoop-like tension member 50; a saddle-like plate 136

35 positioned above attachment plates 134, 135 and
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ring. As a result, the placed struts formthe shape, when viewed in plan,

- of a firstwonopmgeis Nng concentric to the edge ring. Each of tphepassv1Vodode
al so includes nodes to which additional,dower and upper cables may be

attached. Subsequent inner rings nmay beé fornmed by attaching these cables to'

spaced apart nodes on the struts of the first inner ring and positioning
additional vertical struts between the upper and | ower cables radially

[ hi s
ol acenent _of “SErEathe F8Ttne SHobSkrl| M Snrtiren WS, S aind s

Fd-Struts I nde un
suppor t r|ng%d%hﬁl%%ﬁle%b@%@?%@akaﬁmﬁp%ﬁ%p%ﬁt%h¢wﬂ&¢1ﬁkﬂﬁ%ﬁnﬁ#ructed

However, |ikgpéei 86hs Lol OMBMbERE 0L60 5 1@L} adndrd aPEesRd ta O adiiiferstippor t
menbers is plate 137 for attaching first ends 110a, 11l1la of
g diagonal tension members 110, 111, which extend
inwardly from upper node 80 of compression member 70 to
lower nodes 90 of a proximal pair of compression
members 70 located on an inner adjacent hoop-like
tension member 50. Significantly, upper attachment 130
10 1s designed such that the intersection of the axial
centerlines of all tension members 100, 101, 110, 111
and compression member 70 attached thereto coincide
with upper node 80.
FIGS. 13 and 14 illustrate a lower attachment
15 140 which may be affixed to the lower end of
compression member 70 and which in turn affixes the
lower end of compression member 70 to hoop-like tension
member 50 at nodes 60. Lower attachment 140 includes:
a first plate 142 for attaching the lower end of
20 compression member 70; a second attachment plate 144
located on an outer side of compression member 70 for
attaching the second ends 110b, 111b of diagonal
tension members 110, 111, which extend inwardly from
upper nodes 80 of a proximal pair of compression
25 members 70 located on an outer adjacent hoop-like
tension member 50; and a third attachment plate 146 for
securing the lower end of compression member 70 to
hoop-like tension members 50. A plate 148, located
beneath plate 146, may also be included to secure the
30 lower end of compression member 70 to hoop-like tension
member 50. Lower attachment 140 is designed such that
the axi;l centerlines of diagonal tension members 110,
111 and compression member 70 as well as the radial
centerline of hoop-like tension member 50 attached
35 thereto coincide with lower node 90.
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not appropriate for non-circul ar buil di ngs. Roof structures have been

el b gﬁf9,@mﬁgpport a roof for such non-circul ar bUI|dIHQQnyus59m8QManp|e
Pa 841 038 to Geiger relates to a non-circular roof

Ooverlying upper tension members 100-106 of
the triangulated support structure is a flexible
membrane 5 serving as a roof for the underlying
structure. Membrane 5 may be formed by Teflon™-coated

5 fiberglass, silicone coated polyester, or corrugated
steel, although it is contemplated that other materials
such as canvas may also be used. Preferably, however,
membrane 5 is constructed of Teflon™-coated fiberglass.

In the preferred embodiment, membrane 5

10 comprises a plurality of diamond-shaped panels, such as
panel abcd shown in FIG. 3. The vertices of these roof
panels coincide with upper nodes 80 of compression
members 70 and are secured to upper attachments 130.

As such, these diamond shaped panels form hyperbolic

15 paraboloids. This is best illustrated in FIG. 1.
Significantly, the hyperbolic paraboloid shape the- roof
panels take when secured to upper nodes 80 of
compression members 70 contributes to the structural
stiffness of these panels, without the use of

20 additional cables on top of membrane 5.

For convenience, a network of catwalks 150
can be constructed on hoop-like tension members 50 to
provide for maintenance and installation personnel, as
well as to provide mounting for service lighting,

25 speakers and rigging for special events. Catwalks 150
may have handrails 152 on either side to provide
safety.

The uniqueness of the cable truss structure
designed in accordance with the present invention is

30 best demonstrated by FIG. 1. In particular, the
triangulated location of compression members 70 on
hoop-like tension members 50 in an offset relation,
gives rise to the unigue hyperbolic paraboloid shape of
the roof panels when attached to upper nodes 80 of

35 compression members 70. 'The triangulated structure
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structure which defines an enclosed building space, including a ri
"which projects in plan substantially to a closed curve hay] | d

ni nor 927980153 plurality of skevved axes of symmetry. %&’M@l%’ﬁg% WO 92
structure, a plurality of sets of gld arches are connected to the ring ko
formthe roof, with the arches of ar?Psast two sets respectively extendin

in plan substantially parallel to a separate one of the skewed axes of
symmetry of the closed curve, and the arches of another set extending in
plan substantially parallel to the major or nminor axis of the closed curvg.
These ar clrevigsss @ Addfd degraonf Ghathd YinPvar RuForarta roof deck

structure &g fPes AHME minimizing the number of structural
members required. Also of particular importance is the

n Q

tent-like appearance of the overall structure, due
5 Primarily to the employment of cable truss 120 along

the major axis.

FIG. 15 illustrates another non-circular
configuration for which the present invention may be
used, in which like elements are numbered in a like 10
10 manner. This embodiment also includes a compression

ring 218 having a non-circular plan which substantially
matches the perimeter of the underlying building space.
In this embodiment, however, a discontinuous non-

circular curve 219 is constructed on compression ring 15

15 218 from a plurality of circular arcs, wherein each of

NO™M OO N B O MY o S e

the arcs has the same radius. Non-circular curve 219

includes a first pair of circular arcs 220, 221 having

Q) e

their centers on the major axis of the non-circular

{o]

[{

curve formed by the perimeter of the underlying 20
20 building structure. The centers of circular arc 220,

m

221 are equidistant from the minor axis and on opposite

sides. Non-circular curve 219 further includes a

™

centers located on the minor axis of the non-circular 25 1

second pair of circular arcs 230, 231 having their i 1

25 curve formed by the perimeter of the underlying 1
building structure. The centers of circular arc 230, g
231 are equidistant from the major axis and on opposite (
sides. First pair of circular arcs 220, 221 and second ¢
pair of circular arcs 230, 231 intersect to form 30 -
30 discontinuous non-circular curve 219. - .
A plurality of hoop-like tension members 250

are concentrically arranged within non-circular curve

219 at different heights relative to a common plane.

Ny

Nodes 240 are located at the intersections of the : 35

35 above-described circular curves which make up non-
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This structure, while applicable to non-circular structures is

essarll conplicated, requiring at sone points the i f up
X“&)W@g‘)bThl s causes extremely conplicated attachmerr‘nti(‘glr @)k?gg‘)eé)

sections. Also, this structure™$ constructed with rigid arches and,

fore, does not efficiently use the tensile strength of building

lals and nay also result in a roof structure having a high aspect
Because of the drawbacks _highlighted above none of these prior

oof stirgullereSuasiei @ilént | Ppigitionela nodesnddilafad® &Vemidenent of

on ”%%B%%% between the nodes located at these
jntersections. Vertical compression members 270 having
upper and lower ends are attached at their lower ends
to each hoop-like tension member 250 at spaced-apart
jocations 260 on the tension members. Compression
members 270 are located on each hoop-like tension
member 250 such that a compression member 270 on a
first hoop-like tension member 250 and a proximal pair
jo °f compression members 270 on an adjacent hoop-1like
tension member 250 form, in plan, the vertices of a
substantially isosceles triangle. Compression members

270 on an outermost hoop-like tension member 250 are

located such that a node 240 located on outer

15 compression ring 218 and a proximal pair of compression
members 270 on the outer most hoop-like tensionh member
250 form, in plan, the vertices of a substantially
isosceles triangle. 1A cable truss 320 is positioned
along the major axis to complete the triangulated

20 structure.

As described with respect to the embodiment

shown in FIGS. 3 and 4, the structure includes upper
and diagonal tension members 300, 301 and 310, 311,
respectively, which interconnect each compression

25 member 270 on a first hoop-like tension member 250 to
the proximal pair of compression members 270 on an
adjacent hoop-like tension member 250. Also, upper and
diagonal tension members 302, 312 interconnect a
compression member 270 located on outermost hoop-like

30 tension member 250 to a proximal pair of nodes 240 on
outer compression ring 218. Finally, tension elements
are provided to interconnect compression members 270 on

an inner most hoop-like tension member 250 to cable

truss 320.

35
—_— .
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In this embodiment, all of the upper
attachments on any one hoop-like tension member 250 are
identical since the angular relation of tension members
arriving at an upper node are identical for each
compression member on the hoop. Similarly, all of the
lower attachments are identical. Only the upper and
lower attachments for compression members lying along
lines 340 are different for each hoop.

FIG. 16 illustrates another non-circular
configuration for which the present invention may be
used, where like elements are designated by like
numerals. This embodiment is drawn specifically to an
underlying structure having a substantially triangular
perimeter. A compression ring 410 is provided having a
plan which substantially matches the triangular
perimeter of the underlying building space. In this
embodiment, a discontinuous non-circular curve 412 is
constructed from three circular arcs having the same
radius. The centers of these arcs are located on
meridians 420 which are drawn from each vertex of the
triangle to a middle point of the opposite side of the
triangle. 1In this manner, non-circular curve 412 is
constructed which substantially matches the perimeter
of the underlylng building space.

Nodes 440 are located at each vertex of the
trianglé and additional nodes 440 are evenly spaced
along non-circular curve 412 between each vertex. A
plurality of hoop-like tension members 450 are
concentrically arranged within non-circular curve 412
at different heights relative to a common plane.
Vertical compression members 470 are attached at their
lower ends to each hoop-like tension member at spaced-
apart locations 460 on the tension members such that a
compression member 470 on a first hoop-like tension

member 450 and a proximal pair of compression members
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~conpression nmenbers to construct a roof adaptable to a variety of

-circ I@gmynderl yi ng arenas. Sumrar yPOr/U5%/08096nt | on
av¥ V|sed a roof structure for a non- circular underlying building

ucture, such as a stadium arepg_or the like, which overcones the
advant ages and shortcom ngs of the above-nentioned prior art structures
wWhEn such structures are applied to non-circul ar stadiuns. Specifically, |
halge devi sed a triangul ated roof structure for a non-circular

470 on an adjacent hoop-like tension member 450 form,
in plan, the vertices of a substantially isosceles
triangle.

Upper and diagonal tension members 500, 501
and 510, 511, respectively, are provided which
jnterconnect compression member 470 on the first hoop-
1ike tension member 450 to the proximal pair of
compression members 470 located on the adjacent hoop-
jike tension member 450. Also, upper and diagonal
10 tension members are provided which interconnect each

compression member 470 on an outermost hoop-1like
tenéion member 450 to at least one node 440 on outer
compression member 410.
In addition, a tension element 520, such as a
15 post, is provided at a center point of the triangle.
Tension elements are also provided which interconnect
each compression member 470 on an innermost hoop-like
tension member 450 to inner tension element 520. In
this manner, a triangulated structure is achieved
20 wherein the upper and lower attachments along each
hoop-like tension member are the same. -

While the drawings illustrate a roof
structure for a non-circular underlying structure, it
is apparent that the triangulated cable arrangement

25 disclosed in the present invention is also applicable
to circular stadiums or arenas. In the case of a
circular stadium or arena, a single tension member,
such as an inner hoop-like tension member or single
post, is employed at the center of the circle. :As

30 previously described with respect to a non-circular

configuration, compression members on circular tension
hoops and nodes on a circular compression ring are

located at the intersections of alternating ones of a

plurality of radial lines drawn through the center of
the circle with alternating ones of the tension hoops

R

35
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underlying structure which reduces the degree of conplication of the jointj
* details %/ 5) oxj mating the shape of the underlying struct us€rmigon/o8096
series ofWQ@PHO8P arcs. This triangul ated arrangenment provides greater :
redundancy and is better able to handlgthe nonsymretric | oading condition
whi ch such structures typically encounter. I n accordance with thg
present invention, a triangul ated cable arrangenent is disclosed for
supporting a roof that projects in plan a closed non- circular curve. The
roof defineg,gn, eEEJ:QEEQraé&@vé%oaaty@é@éaymgtwé@m@ﬂeé‘@f&e having a

non-circul ar perineter Including major_and m nor axes, The roof
ring. Compression meémbers deflne upper and lower nodes

as described before, and upper tension members as well

as diagonal tension members interconnect each

5 compression member on a first tension hoop to a
proximal pair of compression members on an adjacent
tension hoop. In this manner, a triangulated circular
roof structure is constructed.

In a similar manner, an eye-shaped roof

jo Structure may also be constructed. In this case, a
pair of circular arcs, each having a center located on
the minor axis, equidistant from the major axis and on
opposite sides, intersect to form a discontinuous eye-
shaped curve which approximates the perimeter of the

15 underlying structure. A tension member, such as a
cable truss, is positioned along the major axis and a
plurality of tension hoops are concentrically arranged
within the eye-shaped curve.

Nodes are located on a compression ring at

20 the intersections of the two circular arcs. Additional
nodes are evenly spaced along the eye-shaped curve
between the nodes located at these intersections.
Compression members are located on the tension hoops
such that a compression member on a first tension hoop

25 and a proximal pair of compression members on an
adjacent hoop form, in_plén, the vertices of a
substantially isosceles triangle. Also, compression
members on an outermost tension hoop are located such

that a compression member on the outermost tension hoop

30 and a proximal pair of nodes on the compressoin ring
form, in plan, the vertices of a substantially
isosceles triangle. A plurality of tension elements
interconnect each compression member on a first tension
hoop to the proximal pair of compression members on an 1

35 adjacent hoop. Finally, a plurality of tension

"
« 09
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str etire i ncludes an outer conpression ring having a plan which
eub ant I al I% gﬂt ches the perinmeter of the underlying bui perngseiPesess

non{e rve is constructed on the conpression ring, using a
pl u ;Ilty of circular arcs, which t¥sely approxi mates the non- circul ar
per iggeter of the underlying bui | di ng space. The triangul at ed

ture of the present invention also includes a plurality of hoop-Iike

teng@on nenbers which are concentrically arranged thin the non-ci rcul ar
cur{ at cdihésteninhergARREFE| 88 CPBP eﬁﬁﬁﬁﬁn”?@ BFeRBe™BRane. A
plu ’|'ty gf rmost hoop to the proximal pair of nodes on the

compression ring.
As is apparent from the description above,
the present invention is well-suited for adapting
triangulated structure to a wide variety of non-
circular and circular configurations. By using at
jeast one circular arc to approximate the configuration
of the underlying structure, an efficient cable

10 arrangement is derived. By approximating an underlying
non-circular configuration with a plurality of circular
arcs, the triangulated geometry disclosed in the
present invention may be used for a wide variety of
shapes while reducing the variety of cable attachment

1% geometries and increasing the number of attachments in
which the geometry of cables arriving thereat is the
same. This allows for the use of one upper attachment
to be used at a plurality of upper nodes as well as one
lower attachment to be used at a plurality of lower

20 nodes. .

While the invention has been described in
conjunction with specific embodiments, it is evident
that numerous alternatives, modifications, and
variations will be apparent to those skilled in the art

25 in light of the foregoing description.

30
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-8 - vertical conpression nenbers or posts, having upper and | ower end

‘are affixed at their |ower ends at spaced-

WO 92/08015
-..2 6_.
Claims
What is claimed is:
1. A triangulated structure for supporting
5 a roof that projects in plan a substantially closed

10

15

20

25

30

35

oval curve having major and minor axes, comprising:

a substantially horizontal outer compression
ring;

a substantially planar cable truss positioned
along the major axis of the oval;

a plurality of oval tension hoops
concentrically arranged within said compression ring at
different heights relative to a common reference plane;

a plurality of substantially vertical
compression members having upper and lower ends,
defining upper and lower nodes, affixed at their lower
ends to one of said oval tension hoops, wherein
compression members affixed to a first tension hoop are
not radially aligned with compression members affixed
to an adjacent tension hoop;

a plurality of tension elements
interconnecting a compression member affixed to the
first tension hoop to a proximal pair of compression
members affixed to an adjacent tension hoop, said
tension elements including:

a first upper tension member

extending from the upper node of

said compression member affixed to

said first tension hoop to the

upper node of one of said proximal

compression members affixed to said

adjacent tension hoop;

a second upper tension member
extending from said upper node of

said compression member affixed to

MR
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t locations on each of the hoop-I|i ke tension nenbers. The upper and

r he conpressi on nenbers define upper and | ower attachnent
téﬁﬁgiﬁgggi, respectively. The conpression nenbers arégpﬁéﬁﬁéwoah each
hese hoop-like tension nenbers,,-guch that each conpression nenber

ted on a first hoop-like tension nmenber and a proxinmal pair of

ression nmenbers on an adj acent hoop-like tension nenber form in
ection on the plan, the vertices of a substantially isosceles triangle.

larly, attachneiiqppjils OLndogesndss toc@ied on the non- circul ar
e constructed on the outer conpression ring such that each node | ocated
he conpressi oripper node of the other one of said

proximal compression members
affixed to said adjacent tension
hoop;
a first diagonal tension
member extending from said upper
node of said compression member
affixed to said first tension hoop
0 to the lower node of one of said
proximal compression members
affixed to said adjacenﬁ tension
hoop; and
a second diagonal tension

15 member extending from said upper
node of said compression member
affixed to said first tension hoop
to the lower node of the other one
of said proximal compression |

20 members affixed to said adjacent

tension hoop;

means for securing an outermost tension hoop
and the vertical compression members attached thereto
to said compression ring; and
25 means for securing an innermost tension hoop
to said cable truss.

2. The triangulated structure of claim 1
wherein said substantially closed oval curve comprises
30 at least two circular arcs.

3. The triangulated structure of claim 2
wherein said substantially closed oval curve comprises
four circular arcs.

35 —
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ring and a proximal pair of conpression nenbers |ocated on an outernost
: hoop-lk? lon menber also form in plan, the vertices

subst an 63&?‘{5#%050& es triangle. The structure fﬁr ﬁjesrglllonsg ?Jdes a
plurality of tension elenents interdnnecting each conpression nenber on
first hoop-like tension nenber to a proximal pair of conpression nenbers
an adj acent hoop-like tension nenber. Tension elenents are al so provided
for interconnecting each conpression nenber on the outernost hoop-like
tensi on nember to &-profheatrgangudptrddesryrting 8t &12&BnPression ring.

In this mAMYin the shicdClrhclosehedyVitféedubBtantially closed

oval curve comprises:

first and second end sectors formed by first

5 and second circular arcs, the centers of which lie on

a O v 9T on

the major axis of said oval curve, equidistant from the
minor axis and on opposite sides thereof; and
first and second intermediate segments formed
by first and second intermediate circular arcs, the
10 centers of which are located on the minor axis of said 10
oval curve, at a predetermined distance from said major

axis on opposite side thereof.

5. The triangulated structure of claim 4
15 wherein compression members located in said first end 15 |
sector are affixed to said tension hoops at positions
defined by the intersections of alternating ones of
said tension hoops with alternating ones of a plurality
of radial lines drawn through the center of said first
20 circular arc; and 20
wherein compression members located in said
second end sector are affixed to said tension hoops at
positions defined by the intersections of alternating
ones of said tension hoops with alternating ones of a
25 plurality.of radial lines drawn through the center of

said second circular arc.

25

6. The triangulated structure of claim 5
wherein compression members located in said first
30 intermediate segment are affixed to said tension hoops
at positions defined by the intersections of

30

alternating ones of said tension hoops with alternating
ones of a plurality of radial lines drawn through the

center of said first intermediate arc; and

35 35
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pr , appears as a plurality of substantially isosceles triangles arranged
wi-Bhi n t he non circular curve constructed on the conpression ri

AcBor Wang3P80¥he structure is triangul ated. I n Pézﬂéis@&ﬁ@@%vi th
anfther inportant aspect of the prgsent invention, a tension nenber, such
asfa cable truss, is provided along the major axis of the

wherein compression members located in said
cecond intermediate segment are affixed to said tension
hoops at positions defined by the intersections of
alternating ones of said tension hoops with alternating
ones of a plurality of radial lines drawn through the

center of said second intermediate arc.

7. The triangulated structure of claim 1
wherein said compression ring comprises a plurality of
nodes forming a substantially closed oval curve

10
concentric to said outermost tension hoop.

8. The triangulated structure of claim 7
wherein said means for securing said outermost tension
15 hoop and the vertical compression members attached
thereto to said compression ring comprises a plurality
of tension elements interconnecting a compression
member affixed to said outermost tension hoop to a
proximal pair of nodes on said compression ring.
20

9. The triangulated structure of claim 8
wherein said plurality of tension elements comprise:

a first upper tension member extending
outwardly from the upper node of said compression

25 member affixed to said outermost tension hoop to one of
said proximal nodes on said compression ring;

a second upper tension member extending
outwardly from said upper node of said compression
member affixed to said outermost tension hoop to the

30 other one of said proximal nodes on said compression
ring;

a first diagonal tension member extending
outwardly from the lower node of said compression
nember affixed to said outermost tension hoop to one of

35 said proximal nodes on said compression ring; and
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- 9 - non-circul ar perimeter of the underlying structure. To conplete the
triangul ated structure, the present invention also includes a plurality of
tensi on el BieM/6801Sr | nt er connecti ng conpressi on nmenbers af f i PEF/USIH08096

i nner nost hoop-1ike tension nenber to the cable truss. A flexible nmenbrane
overlays the tension elenents and is atggched to the upper nodes of the
conpression nenbers to forma roof for the underlying structure.

a second diagonal tension member extending

outwardly from said lower node of said compression
member affixed to said outermost tension hoop to the

other one of said proximal nodes on said compression

5 ring.

10. The triangulated structure of claim 7

wherein said compression ring comprises a concrete box

girder.

10
11. The triangulated structure of claim 10

wherein the location of said nodes relative to the
cross-section of said girder varies around the

perimeter of said compression ring.

15
12. The triangulated structure of claim 7

wherein said compression ring comprises a triangular
truss having a horizontal top truss and a pair of
inclined side trusses secured to said top truss, which

20 extend downward from said top truss to a common point.

T N

i

13. The triangulated structure of claim 1

wherein the number of compression members on each

-"'-‘-:.i-,"-.-*::-wi";\\'«:'.:i,ném:gh\,\s-mg.,

tension hoop is the same.

25 .
14. The triangulated structure of claim 1

wherein said tension elements comprise-a plurality of

cables.

30 g 15. The triangulated structure of claim 14

wherein each of said upper tension members comprise

wire rope.

35
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F*descri bed above, | have devised a triangul ated roof structure for a
pN- Ci rwoloaresorsier | yi ng building structure in which the pl parpfisdireseogof
Eructure closely approxi mates the underlying building structure. In this
bnner, substantial economy in constPdcting the triangul ated structure is
& hi eved by reducing the variety of unique upper and | ower node details
hat woul d ot herwi se occur at the interconnections of each conpression
ember on a first hoop-like tension_nenber to a proxinmal pair of
dBnpr essi on nenber s 16n afhgdjtadenguleded sEEuCENSCoREnEHI™ 14i nce t he

friety of JUdcGyue caehe odelkaiiks diagop@ducednstion meibedls Foiiprdisenode
c@nfigurations can he
wire strand.

17. The triangulated structure of claim 4
wherein said cable truss comprises:

an upper tension member forming a top chord;

a lower tension member parallel to said top
chord, forming a bottom chord; '
10 a plurality of compression members of varying
heights which are affixed to said top and bottom
chords; and

a plurality of diagonal tension members
extending from said top chord to said bottom chord
15 between adjacent compression members, forming diagonal

chords.

18. The triangulated structure of claim 17
wherein each of said upper, lower and diagonal tension

20 members comprise wire strand.

19. The triangulated structure of claim 17
wherein each of said upper, lower and diagonal tension
members comprise wire rope.

25

20. The triangulated structure of claim 17

wherein said top chord, bottom chord, diagonal chord

and compression members all lie in a vertical plane.

30 21. The triangulated structure of claim 20
wherein said cable truss has first and second ends
which coincide with the centers of said first and

second circular arcs, respectively.

g 35
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used at a nunber of upper and | ower ends of the conpression nenbers

t-hr ougho t ructure. Brief Description O T ]
These an§£gyﬁgwsgbjects, features and advant ages of ny inven?&ﬁﬂﬁﬁﬁﬁ&ﬂgé
nore readily apparent fromthe follomdnﬁ detail ed description of a
preferred enmbodi ment of the invention PA which: FIG 1 is a side

el evation view of a roof structure in accordance with one enbodi ment of the -
present invention; FIG 2 is a top plan view useful in

22. The triangulated structure of claim 21
wherein said first and second ends of said cable truss

comprise compression members.

5 23. The triangulated structure of claim 22
wherein said means for securing said innermost tension
hoop to said cable truss comprises a plurality of
tension elements interconnecting a compression member
affixed to said innermost tension hoop to at least one

10 compression member of said cable truss.

24. The triangulated structure of claim 1
wherein said oval tension hoops comprise a plurality of
; cables.
15
25. The triangulated structure of claim 24
wherein each of said tension hoops comprise a plurality
of wire strands.

20 26. The triangulated structure of claim 24
wherein each of said tension hoops comprise a plurality

of wire ropes.

27. The triangulated structure of claim 1
25 further including a flexible membrane overlying said
structure.

28. The triangulated structure of claim 27
wherein said flexible membrane is selected from
30 Teflon™-coated fiberglass, silicon coated polyester and
corrugated steel.

29. The triangulated structure of claim 27

wherein said membrane comprises a plurality of diamond

shaped panels, the vertexes of which coincide with the :
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erstandi ng the present invention; - 10-

wO 92/08015 PCT/US91/08096

10

15

20

30

'35

upper nodes of the substantially vertical compression
members.

30. The triangulated structure of claim 29
wherein each of said diamond shaped panels forms a
hyperbolic paraboloid when secured to said upper nodes
of said vertical compression members.

31. A triangulated cable arrangement for
supporting a roof comprising:

an inner tension member;

a plurality of substantially horizontal
tension hoops concentrically arranged about said inner
tension member at different heights relative to a

common reference plane;

a plurality of substantially vertical

_compression members having an upper end and a lower

end, defining upper and lower nodes, affixed at their
lower ends to one of said tension hoops, wherein
compression members affixed to a first hoop are not
radially aligned with compression members affixed to an
adjacent tension hoop;

a plurality of tension elements
interconnecting a first compression member affixed to
said first tension hoop to a proximal pair of
compression members affixed to said adjacent tension
hoop, said tension elements including:

a pair of upper tension

members extending from the upper

node of said compression member

affixed to said first tension hoop

to the upper nodes of each of said

proximal pair of compression

members affixed to said adjacent

tension hoop; and

S
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R
FIG 3 is a top plan view depicting an upper set of tension el ements used

in a preferred enbodi nent of the invention;

FIG 4 is a plan view

sim | ar WO $2/@8013 depicting a set of diagonal tension el enePCI/osel/0809%e
hoop-1i ke tension el enents used in a_gggferred enbodi ment of the invention;
FIG 5 is a viewalong the major axis™f the non-circular curve in FIG 3;
FIG 6 is a view along the minor axis of the non-circular curve of FIG 3;
FIG 7 is a section taken through one node on the conpression ring, at line

7-7 of . FIG 3;

a pair of diagonal tension
members extending from said upper
node of said compression member
affixed to said first tension hoop
to the lower nodes of each of said
proximal pair of compression
members affixed to said adjacent
tension hoop;
means for securing an innermost tension hoop

30 and the compression members attached thereto to said

inner tension member; and

means for securing an outermost tension hoop

to a support structure.

15

32. The triangulated cable arrangement of

claim 31 wherein said means for securing said innermost

tension hoop to said inner tension member comprises a

plurality of tension elements interconnecting

compression members affixed to said innermost tension

20 hoop to said inner tension member.

33. The triangulated cabie arrangement of

claim 32 wherein the roof projects in a plan a

substantially closed circular curve.

25

34. The triangulated cable arrangement of

claim 33 wherein compression members affixed to every

other tension hoop are radially aligned.

30

35. A support structure for anchoring cables

of a triangulated structure which supports a roof

projecting in plan a substantially closed oval curve,

to an underlying structure having a non-circular

perimeter comprising:

35
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10 is
11 i s
12 is

10

15

20
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35

e | S @ section taken through another node on the conpression ring,
: é 8 of FIG 3; FIG 9is atop plan viewsimlar to FIG 3

i Cti- lmaWOQWPer nate conpression ring conprising a tri angRCEAUSH 08896

a section through lines 10-3f-and 10'-10" of FIG 9;
a top plan view of an upper node of a conpression nenber;
a section through line 12-12 of FIG 11, FIG 13 is

¥ plan view of a | ower node of a conpression nenber;

a compression beam having a plan
corresponding to the non-circular perimeter of the
underlying structure; and

a plurality of nodes forming in plan a
substantially closed oval curve concentric to the

substantially closed oval curve of the roof.

36. The support structure of claim 35
wherein said nodes lie along a closed oval curve
defined by first and second circular arcs, the centers
of which lie on a major axis of the noncircular
périmeter of the underlying structure, equidistant from
a minor axis and on opposite sides thereof; and first
and second intermediate circular arcs, the centers of
which are located on the minor axis of the noncircular
perimeter of the underlying structure, equidistant from
the major axis and on opposite sides thereof.

37. The support structure of claim 36
wherein nodes are located at positions defined by the
intersections of said oval curve with a plurality of
radial lines drawn through the centers of said first
and second circular arcs and said first and second

intermediate arcs.

38. The support structure of claim 37

wherein the location of said attachment points relative

to the cross-section of said compression beam varies
around the perimeter of said support structure.

39. The support structure of claim 38

wherein said compression ring comprises a concrete box
girder.
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FIG 14 is a section through line 14-14 of FIG 13;

FIG 15 is a

top plan view depicting an alternate enbodi nent of the roof structure shown

i n Fl Gevo 82/@801t54; and

enbodi mrent of the present invention.

10

15

20

25

30

35
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40. The support structure of claim 38
wherein said compression beam comprises a triangular
truss having a horizontal top truss and a pair of
inclined side trusses secured to said top truss, which
extend downward from said top truss to a common point.

41. In a structure for supporting a roof, of
the type having a plurality of tension hoops
concentrically arranged at different heights relative
to a comﬁon reference plane, a plurality of
substantially vertical compression members having upper
and lower ends, affixed at their lower ends to one of
said tension hoops, at least one upper tension member
extending from the upper end of each compression member
affixed to a first tension hoop to the upper end of at
least one compression member affixed to an adjacent
tension hoop and at least one diagonal tension member
extending from the upper end of each compression member
affixed to said first tension hoop to the lower end of
at least one compression member affixed to said
adjacent tension hoop, tension member attaching means
comprising:

upper attachment means coupled to the upper
end of said substantially vertical compression members
for attaching at least one upper tension member and at
least one diagonal tension member to the upper end of
said compression members; and

lower attachment means coupled to the lower
end of said substantially vertical compression members
for attaching at least one diagonal tension member to
the lower end of said compression members and for
affixing the lower end of said compression members to

one of said tension hoops.

—_—
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Det ail ed Description O The Preferred Enbodi nent

"G 1 i) es, in side elevation view, a preferred e iﬂ$@%{ a
t iangt}{vétéeizdsrrog%f structure, generally designated by the %Engfa ?ﬂf%
disigned in accordance with ny invenij-Qn. Roof structure 2 defines an
efjcl osed area for an underlying building space

42. The attaching means of claim 41 wherein
said upper attachment means are configured to attach at
least one upper tension member and at least one
diagonal tension member to the upper end of said
compression member such that the axial centerlines of
said at least one upper tension member and said at
least one diagonal tension member intersect at a
predetermined point lying on the axial centerline of
said compression member.

10
_ 43. The attaching means of claim 41 wherein
said lower attachment means are configured to attach at
least one diagonal tension member to the lower end of
said compression member such that the axial centerline
15 of said at least one diagonal tension member and the
radial centerline of said tension hoop intersect at a
predetermined point lying on the axial centerline of

said compression member.

20 44. A triangulated structure for supporting
a roof that projects in plan a closed non-circular
curve, defining an enclosed area for an underlying
building space having a non-circular perimeter,
including major and minor axes, comprising:

25 a substantially horizontal outer compression
member having a plan substantially matching the
perimeter of the underlying building space;

a plurality of nodes located about the
perimeter of said compression member defining a

30 substantially closed non-circular curve closely
approximating the non-circular perimeter of the
building space, said curve comprising:

' first and second circular
arcs, the centers of which are

35 located at predetermined points on

-
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| eaving a non-circul ar perineter.

menbrane constructed froma plurality of dianond shaped panels,
provi desyg o>

Pﬁfo j4or the enclosed space. Cross-sections and %:fl)gjéql?
this trlangu ed roof are shown in FIGS. 2-6.
one non-circular configuration for whgh the present inventlon may be used,

I ncl udi ng a conpression ring 10 having a non- circular plan which

substantially nmatches the perineter of an underlying building space 1

having major and minor axes. Constructed on conpression ring 10 is a

non-circular curve 1§h {F %§§§ e Wldidepfaci reul ar arcs.
|nc es a

Non-ci rcul ar curve

10

15

20

25

30

35

building perimeter, eguidistant

from the minor axis and on opposite

sides thereof; and

first and second intermediate

circular arcs, having a larger

radius than said first and second

circular arcs, the centers of which

are located at predetermined points

on the minor axis of the non-

circular building perimeter;

equidistant from the major axis and

on opposite sides thereof;

a plurality of hoop-like tension members
concentrically arranged within said non-circular curve
at different heights relative to a common reference
plane;

a plurality of substantially vertical
compression members located on each of said hoop-like
tension members, wherein compression members located on
a first tension member and a proximal pair of
compression members on an adjacent tension member form,
in plan, the vertices of a substantially isosceles
triangle;

a plurality of tension elements
interconnecting each compression member on said first
tension member to said proximal pair of compression
members on said adjacent member; and

means for interconnecting compression members
on an outermost hoop-~like tension member to said nodes
on said outer compression member.

45, The triangulated roof of claim 44
wherein said first and second circular arcs define

first and second end sectors, and wherein said first

R AN O 1
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air of circular arcs 20, 21 having their centers A, A on the najor axi s
‘Bf the non; gl | ar curve fornmed by the perinmeter of under])yj b I ng

5t ruct L}Y%Bi}.bhégﬁters A, A of circular arcs 20, 21 are eqté(é*/g&%? g%mthe
1i nor axis and on opposite sides. G3Pcular arcs 20, 21 formend sectors 22,
3 for the area enclosed by non-circular curve 12. Non-circular curve 12
urther includes a second pair of circular arcs 30, 31 having centers B, B

ocated on the mnor axis of the non-circular curve forned by the perineter
f under | yndgsdmandli intexvegiate dirapferar® defigie of yxsf aandrcs 30, 31

re ggu:‘dl Siad IR A e I8 Weghdesand on opposite sides. Circular arcs
, of
46. The triangulated roof structure of claim
45 wherein compression members in said first end sector
are located at the intersections of alternating ones of
caid tension hoops with alternating ones of a plurality
of radial lines drawn through the center of said first
circular arc; and
10 wherein compression members in said second
end sector are located at the intersections of
alternating ones of said tension hoops with alternating
ones of a plurality of radial lines drawn through the
center of said second circular arc.
15
47. The triangulated roof structure of claim
46 wherein compression member in said first
intermediate segment are located at the intersections
of alternating one of said tension hoops with
20 alternating ones of a plurality of radial lines drawn
through the center of said first intermediate arc; and
wherein compression members in said second
intermediate segment are located at the intersections
of alternating one of said tension hoops with
25 alternating ones of a plurality of radial lines drawn

through the center of said second intermediate arc.

48. The triangulated roof structure of claim
44 further comprising a substantially planar cable
30 truss positioned along the major axis of the non-
circular perimeter of the building space, which extends
from the center of said first circular arc to the

center of said second circular arc.

35
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i nt er medi at e segnents 32, 33. As shown in FIG 2, first pair of circular

arcs 20, 21 and second pair of circular arcs 30, 31 intersect to form
non- ci r cul\ge 92/08015 - 12 -
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49. A triangulated structure for supporting
a roof that projects in plan a closed non-circular
curve, defining an enclosed area for an underlying

building space having a non-circular perimeter having

major and minor axes, comprising:

an outer compression member having a plan
substantially matching the perimeter of the underlying
building space; |

a substantially closed non-circular curve, - ]
constructed on said compression member, closely -{fl
approximating the non-circular perimeter of the
underlying building space, including:

' a first pair of circular arcs having
their centers on the major axis, equidistant
from the minor axis and on opposite sides
thereof, forming end sectors; and

a second pair of circular arcs having

their centers on the minor axis, equidistant

from the major axis and on opposite sides
thereof, forming intermediate segments,
wherein said first and second pairs of

circular arcs intersect to form said non-

circular curve; iE
a plurality of hoop-like tension members
concentrically arranged within said non-circular curve

at different heights relative to a common reference
plane;

a plurality of substantially vertical

compression members located on each of said hoop-like

tension members, wherein compression members located on

a first hoop-like tension member and a proximal pair of

compression members on an adjacent tension member form,
in plan, the vertices of substantially isosceles
triangles; , N




e 12. Simlarly, end sectors 22, 23 conbine with internmedi ate segnents

33 t JoBdishe area enclosed by non-circular curve 12.
aliﬁa)g? ﬁ%op-like tensi on nenbers 50 are concentricalIgﬁw%qsgﬁgg@é%
in non-circular curve 12 at diffeddnt heights relative to a common

e. vertical conpression nenbers 70, having upper and | ower ends, are
ched at their lower ends to each tension nenber 50 at spaced-apart

| ocgtions 60 on the tension nenber. The upper ends of conpression nenbers
a plurality of nodes located on said outer

compression member wherein said nodes located on said
outer compression member and a proximal pair of
compression members on an outermost hoop-like tension

' 5 member form, in plan, the veftices of substantially
isosceles triangles;

a plurality of tension elements
interconnecting each compression member on said first
hoop-like tension member to said proximal pair of

10 compression members on said adjacent hoop-like member;
and

means for interconnecting compression members
on said outermost hoop-like tension member to said
'proximal pair of nodes on said compression member.

15
50. The triangulated structure of claim 49

wherein said non-circular curve is discontinuous.

51. The triangulated structure of claim 50
20 wherein the radius of said first and second pair of
circular arcs is the same.

52. The triangulated structure of claim 49
wherein said non—circular_curve is continuous.
25

53. A triangulated cable arrangement for
supporting a roof comprising:

an inner tension member;

a plurality of substantially horizontall
tension hoops concentrically arranged about said inner
tension member at different heights relative to a
common reference plane;

30

a plurality of substantially vertical
compression members having upper and lower ends,

defining upper and lower nodes, affixed at their lower

i "

35




define upper attachnent points or
attachnent points or
hoop- | i kewioegpyogmsnenber 50 such that a conpressi on nenber 7gﬁgﬂg§%girst
hoop-1i ke tension nmenber 50 and a prexbnAa

on an adj acent hoop-Ilike tension nmenber 50 form
substantially isosceles triangle.
40 are located on outer conpression ring 10 such that a node 40 |ocated on
conpr
an out er nost

out er

10

15

20

25

30

35

nodes 80 and the | ower ends define | ower
nodes 90. Conpression nenbers 70 are | ocated on each

P&9%,

in plan, the vertices of a:
attachnent points (or nodes)

pai r of conpress

Simlarly,

L QY T4l o0 I & dHEPENo

oop-1 ] ke tensi on nenber 50 form
compression member located on a

s uﬂgr@gﬁpQgﬁgﬂon menbers 70 on
lrst'lé%51on Jy%py%%%lces of a
a proximal pair of compression members on an adjacent

tension hoop form, in plan, the vertices of a
substantially isosceles triangle;

a plurality of tension elements
interconnecting a first compression member affixed to
said first tension hoop to said proximal pair of
compression members affixed to said adjacent tension
hoop, said tension elements including:

a pair of upper tension

members extending from the upper

node of said compression member

affixed to said first tension hoop

to the upper nodes of each of said

proximal pair of compression

members affixed to said adjacent

tension hoop; and

a pair of diagonal tension

members extending from said upper

node of said compression member

affixed to said first tension hoop

to the lower nodes of each of said

proximal pair of compression

members affixed to said adjacent

tension hoop;

means for securing an innermost tension hoop
and the compression members attached thereto to said
inner tension member; 3

an outer compression member; 4

a plurality of nodes located on said outer _
compression member; and §
a plurality of tension elements

interconnecting an outermost tension hoop and the

\
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FStantially isosceles triangle. Nodes 40 on conpression ring

| yi ng4 V\ézt/&'msend sectors 22, 23 are located at the intersections of
~circHA&t¥Clrve 12 with alternati ng ones of a plurality BCT/HE91HP84%nes
awn in end sectors 22, 23 through eeters A, A of circular arcs 20, 21,
pectively. Simlarly, conpression nenbers 70 on hoop-|ike tension

ers 50, lying within end sectors 22, 23 are located at the
ersections of alternating ones of hoop-like tension nenbers 50, with
er nati ng, nbessof ok hferibere- setitRe@dtipbreed ity ofid atbdds |dmes

said outer compression member.

54. The triangulated cable arrangement of
5 claim 53 wherein the roof projects in plan a
substantially closed triangle.

55. The triangulated cable arrangement of
claim 54 wherein said nodes on said outer compression
10 member are located on a substantially closed,
discontinuous triangular curve comprising three

circular arcs.

56. The triangulated cable arrangement of
15 claim 55 wherein the centers of said circular arcs are
located on meridians joining each vertex of said
triangular curve with a middle point of the opposite
side of said triangle.

20 57. The triangulated cable arrangement of
claim 56 wherein nodes are located at each vertex of

said triangle.

58. The triangulated cable arrangement of
25 claim 57 wherein nodes on said outer compression member
are evenly spaced.

30
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e~ drawn through centers A, A" of circular arcs 20, 21, respectively.
=51 ni | ar fashion, nodes 40 on conpression ring 10, |yi nEcwigdenrosess

i o waival egments 32, 33 are located at the intersections of

B n-circul ar curve 12
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ernating ones of a plurality of radial lines drawn in internediate

. ?0803:?’ through centers B, B of circular arcs 30pCPAuUS91/08096
§pe.cmr9 y. Conpression nenbers 70 on hoop-I|ike tension nenbers 50, lying.
pthin intermedi ate segnments 32, 33 are |located at the intersections of
| ternating ones of hoop-like tension nenbers 50 with alternating ones of
*he above plurality. of radial lines draw@flough centers B, B of
ki rcular arcs 30, 31. In this manner, the triangul ated geonetry of the
fr esent invention is adapted to a wide range of non-circular perineters to
fccommodat e an under|ying structure. One roof construction
ccording to the
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fent invention is shown in FIGS. 3 and 4, wherein conpression ring 10,

Nngy@192(08ai5 shape to match the perineter of underlyi ngp@p,idgym%o%
cture 1 rests upon a nunber of concrete support columms or other

abl e foundati on which may extend upward from underlying structure 1.
circular curve 12 is constructed on conpression ring 10 as descri bed
e. Aplurality of hoop-like tension g@gbers 50 are concentrically

nged wi thin non-circular curve 12 on ﬁbression ring 10. As best seen

I GS. 5 and 6, hoop-Iike tension nenbers‘§0 are arranged within
ression ring 10 at different heights yel@athve to a common reference
ne. A plurality of vertical conpressiofn g?mgersczoh\
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#affixed at their |ower ends to each of hoop-like tension nenbers 50.

gpl ural it f- tension el ements are provided for intercopgeisifso8asd
corrpré\@? 8 enber 70 affi xed
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®to a first hoop-like tension nember 50 to a proxi mal

ers 70 affixed to an adjacent hoop-I|ike tpopiuRy1/g8eber 5O0.
the triangul ated arrangenent of the tension
run between the upper ends of the conpression el enents.
: t he hoop-1like tension nenbers 50 as wel |
i@ angul ated arrangenent of di agonal &gpgi on el enents that run between the
#@er end of one conpression element and tlke | ower end of an adj acent
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@EPcst shown in FIGS. 3-6, these tension el enents include: a first

Jnenber i xed to the first hoop-like tension menber 50 to upper

of one of the proxinmal pair of conpression nenbers 70 affixed to the
adj acent hoop- like tension nenber 50; a second upper tension nmenber
(Fig. 3) extending from upper node 80 of ggomgpressi on nenber 70 affix
the first hoop-like tension nenber 50 to upper node 80 of the other

t he proximal pair of conpression nenbers 70 affixed to the adjacent

hoop-1i ke tension nenber 50; a first dlagpnal tensi on nenber 110 (Fi
extending from

FIG. 6

102

‘2'ﬂS|qa9gEaff[3100 (Fig. 3) extending fromupper node 80 pETAIERVEGHHEON

upper
node 80

101
ed to
one of

9. 4)
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l%%ber node 80 of conpression menber 70 affixed to the first hoop-1like
‘tensi K5 50 to | ower node 90 of one of the proxi malPQERUSID/8096

‘conpr €ssi on nenbers 70 affixed to adjacent hoop-like tension nmenber 50; and
a second di agonal tension nenber 111 (Fig. 4) extending from upper node 80
of conpression nenber 70 affixed to the first hoop-like tension nmenber 50
to | ower node 90 of the other one of theypygximal pair of conpression
menbers 70 affixed to adjacent hoop-1like tension nmenber 50. The
triangul ated structure of the present invention also includes neans for

securing the ‘
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EEC> out ernost hoop-1ike tension nenber 50 and conpression nmenbers 70
, _é-iiqed?)/la@lgto to conpression ring 10. In the preferreggrngs e 2
0

t ensi on
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_ S | nt er connect each conpression nmenber 70 affixed to outernost

R ke },ﬁﬁ%i on nmenber 50 to a proxinmal pair of nodes $ETPUSSHUREIFESSI ON

g ¢ w0 92/ Preferably, the plurality of tension elenents include: a
B St upper tension nenber 102 (Fig. 3) extending outwardly from upper node
R of conpression nenber 70 affixed to outernost hoop-1like tension nenber

Bt 0 one of the proxinmal pair of nodesglp n conpression ring 10; and

B ond upper tension menber 103 (Fig. 3) ‘extending outwardly from upper

4 c 30 of conpression nenber 70 affixed to outernost hoop-like tension

iber 50 to the other one of the proximal pair of nodes 40 on conpression

g 10; a first diagonal ra g

-
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,-_%‘rrenber 112 (Fig. 4) extending outwardly from | ower node 90 of

: FESSi 0 nmber 70 affixed to outernost hoop-like tengigfy 50 to
soFe- owQ oxi mal pair of nodes 40 on conpression ring 10; and a second
(0t agonal menber 113 (Fig. 4) extending outwardly fromlower node 90 of
-conpression nenber 70 affixed to outernost hoop-Ilike tension nmenber 50 to
the other one of the proxinmal pair of npye$4q40 on conpression ring 10.

.As shown in FIGS. 7 and 8, nodes 40 further include attachment nenbers 42
:for attaching upper tension nmenbers 102, 103 to conpression ring 10 and
attachnment nenbers 44 for attaching diagonal tension
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g!gnbers 112, 113 to conpression ring 10. Attachment nmenbers 42, 44 are
fdesigned such that the intersection of the axial centerlj t ensi on
“menbeye 92088khed to conpression ring 10 coincide with no#(f’glgﬁl?g.im?&r,léq he

preferred enbodi nent, conpression ring 10 conprises a concrete box girder.
Since nodes 40 lie on

/14
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< non-circul ar curve 12 constructed on conpression r|ng 10 t he Iocation
®f nodes 40 on conpression ring 10 varies around non- Clrf !ﬁ?@*ﬁ
_'Accorﬂorn;V@Bﬂl? he | ocation of attachment nenbers 42, 44 SO va ground
conpression ring 10. In an alternate enbodlnent illustrated in
FIGS. 9 and 10, conpression ring 10 conprises triangul ar truss 210.
T;langular truss 210 further includes |porijgontal top truss 212 and a pair
o]

90 110Ob

: 146~ j E
\=
VEVES
\ N
50
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ined side trusses 214, 216 which are secured to top truss 212 and which
*ext end downward fromtop truss 212 to a conmon point. Th
‘tri angeo 92/08¢18ss 210 varies around the perineter of the %&ﬁ?ﬁg%’ﬁé"%
structure to accommodate the change in the |location of nodes 40 relative to
the underlying structure, due to the approximtion of the perineter by
non-circular curve 12. Truss 210 in FI G pgri | lustrates the shape of the
truss when node 40 lies inside @ support colum ef underlying structure 1,
such as at line 10-10 of FIG 9§ Truss 210’ iIIu&irates t he shape of the
truss when node 40 |liescglirectly above a support jcol um ob underlying
structure 1, such as at%i ne 10/\10' of FIG
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In the preferred enbodi nent, a cable truss 120, shown in FIG
osi tioned al ong the major axis between centers A A. of circular
' za,ogzlo&obSi ncorporate a triangul ated geonmetry into aPEBISHI/A80PGI
pnfiguration. Cable truss 120 preferably includes an upper tension nenber
ormng a top chord 122,.a | ower tension nenber parallel to top chord 122
ormng a bottomchord 124, a plurality of conpression nenbers 126 and 127,
$f varying-heights, having upper and | olér/ thds. The | ower ends of
Eonpr essi ons nmenbers 126, 127 are affixed to bottom chord 124. The upper
bnds of conpression nmenbers 126 are affixed to top chord 122,

440
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o -1a - whi | e conpression nenbers 127 are affixed to top chord 1Ze
poi:nt bel ow their upper ends. Cable truss 120. al so includes a &
di a;;gonal t ensi on ‘ :

‘; i

2

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 5. (11) International Publication Number: WO 92/08015
E04B 7/14 Al 43) Tnternational Publication Date: 14 May 1992 (14.05.92)

i lication Number: PCT/US91/08096 | (81) Designated States: AT (European patent), BE (European

@n Tnternational Application Rumber ® pa%ent), CH (European patent), DE (European patent),
(22) International Filing Date: 1 November 1991 (01.11.91) DK (European patent), ES (European patent), FR (Eu-

ropean patent), GB (European patent), GR (European
patent), IT (European patent), LU (European patent),

30) Priority data: NL (European patent), SE (European patent).
9 608397 2 November 1990 (02.11.90) US
Published
(71) Applicant: WEIDLINGER ASSOCIATES [US/usj; 333 With international search report. )
Seventh Avenue, New York, NY 10001 (US). Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
(72) Inventor: LEVY, Matthys, P. ; 334 West 89th Street, New amendments.

York, NY 10024 (US).

(74) Agent: MORRIS, Francis, E.; Pennie & Edmonds, 1155
Avenue of the Americas, New York, NY 10036 (US).

(54) Title: TRIANGULATED ROOF STRUCTURE

120~ (lO6 128
126 12T LJ { 22 _—l14
5~ 80~J04 \n--— — P[ : 100a
102~ 100 e — 100b 1100

I 5 [~
10 ~40

/) / |
12 152) (150 50/ 50/ nou/ / I

40

¢

(57) Abstract

A triangulated roof structure for supporting a roof that projects in plan a substantially closed oval curve having majbr and

{| minor axes, includes a substantially horizontal outer compression ring (10), a substantially planar cable truss (120) positioned
along the major axis of the oval, a plurality of oval tension hoop (50) concentrically arranged within the compression ring at dif-

ferent heights relative to a common reference plane, and a plurality of substantially vertical compression members (70) having
upper and lower ends (80, 90) affixed at their lower ends (90) to each of the oval tension hoops (50). The compression members

1 (70) are located so that compression members affixed to a first tension hoop (50) are not radially aligned with compression mem-
‘1 bers affixed to an adjacent tension hoop (50). The structure also includes a plurality of tension elements (100, 101, 110, 111) inter-

connecting a compression member affixed to the first tension hoop to a proximal pair of compression members affixed to an ad-
jacent tension hoop.




. . . . . %o&'f%k— v
menbers extending fromthe point at which a first conpression nenber 126,
127=is affixed to top chord 122 to the | ower end of an adjacent conpression
menber 126, 127, form ng diagonal chords 128. Al so, a plurality
of tension el ements are provi ded for interconnecting an ifn '
t ensi on nenber 50 to cable truss 120. I-n the preferred e TAGEMENTHSHEET
tensi on el enents interconnect each conpression nenber 70jafff T Xed TO

i nner nost hoop-I|ike tension_nenber t%o | east _one cofiprjesist ofARERYRT
126,- 127 of cable truss 128RL : TURER Gp. [3 and 4, thes
tension el ements include: at |east one upper tension nef

er 104 (TFg—9)
extending Background of the Invention
This invention relates to a triangulated roof

112

structure which supports a roof for an underlying
building, arena or stadium. More particularly, it
relates to a roof structure formed of a plurality of
tension members and compression members arranged in a
-triangulated manner for supporting a roof that projects
in plan a closed non-circular curve.

In recent years, dome roofs have been
construéted in a variety of manners. For example, some
dome roofs are constructed wherein the roof is
supported only by rigid structural members forming the
dome without the use of interior columns or beams.
such structures, however, exhibit high aspect ratios,
that is, the ratio of surface area to delineated plan
area, in order to provide sufficiently low membrane
stress. Other roof structures have been constructed
wherein a lightweight membrane is supported by air
pressure. These structures, while exhibiting low
_aspect ratios, suffer from numerous disadvantages.

The primary disadvantage involves the reliance on a
mechanical device, such as a blower, for structural
stability. A breakdown in such a mechanical device
results in deflations, a common problem for air-
supported roofs. In addition, these air-supported
roofs require an airtight underlying structure.

Other structures have been built using the
principles of catenary suspension typically aséociated
with the construction of suspension bridges. These
structures often achieve the low aspect ratiofof air-
supported roof structures without the detrimental
reliance on mechanical devices for structural
stability. For example, U.S. Patent No. 3,139,957 to
Fuller illustrates structures in which a series of box
frames of polygonal, cylindrical or other forms, of
progressively varying sizes are arranged in a



i nwardly from upper node 80 of conpression nmepher 70 affixed to innernost

hogp-1i ke tension nenber 50 to the upper end

menber 126, 127 of cable truss 120 and at |e 1.a2d0

114 (Fig.- 4) extending inwardly from upper nodef 80 of conpressi
af f%i xed to innernost hoop- |ike t ensi on_menber B0 tbpﬂﬁ%%ﬁgmer
| east. one conpression nenber 126, 127 6A"cablfe bruss. 120

order to provide a roof which has an overal
tensi on nenber 106 (Fig. 3) is positioned al

downward sl ope, an

Iﬂgpl_ébg@mT mfﬁ,g ression

nsi on nenber
bon menber 70
end of at

I n
upper nost
bet ween A,

A', above cable truss 120 and is connected.to thgeygggrhgﬂg§tof conpr essi on

menbers 127.concentric array at sequentially dif s

above a common plane of reference. These frames are
also arranged in vertical overlapping spaced relation
to one another to achieve incremental increases or
decreases in altitude. Tension elements in the form of
flexible cables or wires extend between and are secured
to adjacent pairs of box frames in the series, which
suépend and anchor the box frames to one another.
Specifically, each frame includes upper chord

members and lower chord members which form polygons
defining the upper and lower peripheries of the
respective frames. Each frame also includes vertical
compression columns which extend between the vertices
of the polygon formed by the upper chord members and
the corresponding vertices of the polygon formed by the
lower chord members. A first pair of tension members
are supplied which extend downwardly, in a criss-
crossing manner, from their point of securement at two
adjacent upper vertices of a lower frame to two
corresponding adjacent lower vertices of an upper frame
" whereby successive frames in the series are suspended
from one another. These tension members criss-cross
when viewed in plan. A second pair of tension members
are supplied which extend upwardly, in a criss-crossing
manner, from their points of securement at two adjacent
lower vertices of the lower frame of the pair to two
dorresponding adjacent upper vertices of the upper
frame in the pair, whereby successive frames in the
series are anchored down to one another. These tension
- elements also criss-cross when viewed in plan. Also,
these two pairs of tension members, when viewed in
elevation, also criss-cross.

In addition, two other pairs of tension members
are supplied which are disposed in radial planes
containing the central axis of the structure. The



One particul ar advantage of the present i nvengrefrt+a—that—the—
structural menbers in tension is maxim zed to} MEPEAGEMENT SHEEY
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first pair of tension members extend downwardly from
their point- of securement at two adjacent upper
vertices of the lower frame to two radially aligned
lower vertices of an upper frame. The second pair of
tension members extend upwardly from their points of
securement at two adjacent lower vertices of the lower
frame to two radially aligned upper vertices of the
upper frame. These two sets of tension members criss-
cross when viewed in elevation.

The Fuller structures while applicable to a
wide range of building shapes, are unnecessarily
complicated. Fuller requires a plurality of criss-
crossing cables, and consequently, requires complicated
attachment structures to accommodate the number of
cables arriving at any particular attachment point.
Also, due to the number of criss-crossing cables, which
serve to suspend, anchor, buttress, resist torque, and
resist counter-torquing of the frame, the Fuller
structures are unduly redundant.

Further, although the roof structures
described in the Fuller patent recognize the tremendous
savings of constructing a building using the tensile
strength of materials, the use of polygonal frames
described in this reference and the number of tension
members used to interconnect the series of frames to
one another, provide serious drawbacks. The most
serious drawback involves the problems encountered when
the disclosure of Fuller is applied to structures
having a non-circular perimeter. In particuliar, due to
the concentric relation of the frames to one another,
the angular relationship of anchoring cables and
suspension cables to one another varies at successive
frames and may also vary around the perimeter.
Therefore, different attachment configurations must be

designed for all of the vertices of each of the frames.



- 18- For exanpl e, hoop-like tension nenber} menber s
100- 1086, diagoggl t ensi on nenbers 110- 114, SggéﬁﬁﬁﬁﬁfﬁﬁHEEBt om chor d
124, and di agonal chord 128 of cable truss prefterapry ri se cable
such as wire strand, or wire rope. In the reLeﬂﬂecmml r[e , upper

t ensi on nembers 100- 106 conprise a plurglity of cables which y drop off
toward the center of the structure. Conpregsion nenbers /0 ag well as

conpressi on nenbers 126, 127 of

This significantly increases fabrication costs and
construction time.

Another.example of a structure using catenary
principles is the circular cable truss dome illustrated
in U.s. Patent No. 4,736,553 to Geiger. This truss
dome, which is not triangulated, is constructed from a
plurality of radially oriented support members. The
support members include, in a vertical plane, at least
one upper tensioned member forming a top chord, at
least one diagonal tensioned member which extends
inwardiy and downwardly from the upper tensioned member
and at least one vertical rigid strut in compression,
which is” attached at its upper end to the upper
tensioned member and attached at its lower end to the
diagonal tensioned member. In this arrangement, the
tensioned members form two adjacent sides of a triangle
while the compression member forms the third side. At
least one horizontal tensioned hoop concentric with the
outer compression ring is also provided. The tensioned
hoop is affixed to the lower end of the compression

~member.

The radially oriented support members are
attached at an outer edge to a continuous compression
fing which delineates the area to be covered by the
dome. At an inner end, the support members are
attached to a horizontal inner tension ring. A
flexible membrane is placed on top of the support
members to form a roof for the delineated area. 1In
addition, a plurality of valley cables are positioned
on top of the flexible membrane, between adjacent
support members, which extend between the compression
ring and the inner tension ring to maintain the
flexible membrane in tension.

This structure, however, does not use
+triangulated construction. As a result, the structure



cable truss 120 are preferably rigid posts su
FIGS. 11 and 12 illustrate an upper attachnent
t he upper end of conpression nenbers 70. Upper
to attach to a conpression nmenber 70 first eng
of =upper tension nenbers 100, 101, second_gnds
of upper tension nenbers 100, 101, and first

di agonal tension nenbers 110, 111. Upper attag

hﬁ%@%@ﬁ@{\'mﬁg@ L i xed to

thachnent 130 }i s| desi gned
S

1004, MIRLIB93F |a ffirst set
Ob, 101b of 4 sjecond set
nds 111a, 11lla of jJa set of
hoent 130 includeg: a first

attachnment plate 131 for attaching the upper end of conpression'nenber 70;

a pair of attachnent plates 13 133 | qcat
iagﬁs a

degree of lateral ségLility at the top radial

chord of the dome and therefore relies on the flexible
membrane for stiffness. Furthermore, due to the radial
arrangement of the support members, this structure is
only appropriate for use in circular stadiums. Most
stadiums or arenas are, however, non-circular.

Roof structures have been developed to

‘support a roof for such non-circular buildings. For

example, U.S. Patent No. 3,841,038 to Geiger relates to
a non-circular roof structure which defines an enclosed
building space, including a ring which projects in plan
substantially to a closed curve having major and minor
axes and a"plurality of skewed axes of symmetry. In
this roof structure, a plurality of sets of rigid
arches are connected to the ring to form the roof, with
the arches of at least two sets respectively extending
in plan substantially parallel to a separate one of the
skewed axes of symmetry of the closed curve, and the
arches of another set extending in plan substantially
parallel to the major or minor axis of the closed
curve. These arches impose a funicular load on the
ring and supporﬁ a roof deck structure to form a domed
surface.

This structure, while applicable to non-
circular structures is unnecessarily complicated,
requiring at some points the intersection of up to six
arches. This causes extremely complicated attachments
at these intersections. Also, this structure is
constructed with rigid arches and, therefore, does not
efficiently use the tensile strength of building
materials and may also result in a roof structure
having a high aspect ratio.

Because of the drawbacks highlighted above,

~none of these prior art roof structures efficiently

utilize a triangulated arrangement of tension members
~=rlangulated arrang
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on an outer side of conpression nenber 70 for attaching second ends 100b,

101b of upper tension menbers 100, 101, which extend inwardly from upper

nodes 80 of a—proximal pair of conpression ne an outer

adj acent . hoop-|i ke tension nenber 50; a secon |Aé%mk§fﬁggﬁxe t plates

135 | ocat ebhig¥hest HasiBereRepldele Of conpr ess menber 70 fol attaching
Oq 1 1MAR 1884 ch éxt end

134,
first ends 100a tensi on -nenber
i nwar dl y fron1up conpre55|on me r 70 to upperinedes 80 of

proxi mal pair of conpressi rs 70 locat ¢d on an inner adj §cent
hoop-1i ke tension nenber 50; a saddle~|ike plldt e 136 posjitionediabove
attachment phabegohptestIonaf@mbers to construct a roof adaptable

to a variety of non-~circular underlying arenas.

=)

Summary Of The Invention
I have devised a roof structure for a non-
circular underlying building structure, such as a
stadium, arena or the like, which overcomes the
disadvantages and shortcomings of the above-mentioned
prior art structures when such structures are applied
to non-circular stadiums. Specifically, I have devised
a triangulated roof structure for a non-circular
underlying structure which reduces the degree of
complication of the joint details by approximating the
shape of the underlying structure with a series of
circular arcs. This triangulated arrangement provides
greater redundancy and is better able to handle the
nonsymmetric loading conditions which such structures
typically encounter.
In accordance with the present invention, a
triangulated cable arrangement is disclosed for
" supporting a roof that projects in plan a closed non-
circular curve. The roof defines an enclosed area for
an undérlying building space having a non-circular
perimeter including major and minor axes. The roof
structure includes an outer compression ring having a
plan which substantially matches the perimeter of the
underlying building. A non-circular curve is
constructed on the compression ring, using a plurality
of circular arcs, which closely approximates the non-
circular perimeter of the underlying building space.
The triangulated structure of the present
invention also includes a plurality of hoop-like
tension members which are concentrically arranged
within the non-circular curve at different heights

relative to a common reference plane. A plurality of

THIS SHEET HAS BEEN
REPLAGED




- 19- conform ng to the geonetry therebetween for providing additional
structural support to the attachnent of REPLACEMENT SHEET
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vertical compression members or posts, having upper and
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lower ends, are affixed at their lower ends at spaced-
apart locations on each of the hoop-like tension
members. The upper and lower ends of the compression
members define upper and lower attachment points or
nodes, respectively. The compression members are
located on each of these hoop-like tension members,
such that each compression member located on a first
hoop-like tension member and a proximal pair of
compression members on an adjacent hoop-like tension
member form, in projection on the plan, the vertices of
a substantially isosceles triangle. Similarly,
attachment points or nodes are ioéated on the non-
circular curve constructed on the ocuter compression

. ring such that each node located on the compression
ring and a proximal pair of compression members located
on an outermost hoop-like tension member also form, in
plan, the vertices of a substantially isosceles
triangle.

The structure further includes.a plurqlity of

" tension elements interconnecting each compression
member on a first hoop-like tension member to a
proximal pair of compression members on an adjacent
hoop-like tension member. Tension elements are also
provided for interconnecting each compression member on
the outermost hoop-like tension member to a proximal
pair of nodes on the outer compression ring.

In this manner, the structure, when viewed in
plan, appears as a plurality of substantially:isosceles
triangles arranged within the non-circular curve
constructed on the compression ring. Accordingly, the
structure is triangulated.

In accordance with another important aspect
of the present invention, a tension member, such as a

cable truss, is provided along the major axis of the




upper tension nenbers 100, 101; and a second att

attaching first ends 110a, 1l1la of di agonal tenS|GﬁPhh®ﬁEEMTl¢EET1 1, which
extend inwardly from upper node 80 of conpressi retber~+o-+o— r nodes

90 of a proximal pair of conpression nmenbers 70 |l oca edaeﬂ»aﬁ~|n

adjacent- hoop-1i ke tension nenber 50. Significantlly, upper at't ac nt 130

i s designed such that the intersection—8f the axi al~ctenter+i+nes-of} al

t heret o coi ncide mnth upper node 80. Fi o gy strate a

| ower attachnment 140 which may be affixed to the Iomer end of
FIG. 3 is a top plan view depicting an upper

set of tension elements used in a preferred embodiment
of the invention; }

FIG. 4 is a plan view similar to FIG. 3
depicting a set of diagonal tension elements and three
hoop-like tension elements used in a preferred
embodiment of the invention;

FIG. 5 is a view along the major axis of the
non-circular curve in FIG. 3;

FIG. 6 is a view along the minor axis of the
non-circular curve of FIG. 3;

FIG. 7 is a section taken through one node on
the compfession ring, at line 7-7 of FIG. 3;

FIG. 8 is a section taken through another
node on the compression ring, at line 8-8 of FIG. 3;

FIG. 9 is a top plan view similar to FIG. 3
depicting an alternate compression ring comprising a
triangular truss; '

FIG. 10 is a section through lines 10-10 and
10'-10' of FIG. 9;

’ FIG. 11 is a top plan view of an upper node
of a compression member;

FIG. 12 is a section through line 12-12 of
FIG. 11; ]

- FIG. 13 is a top plan view of a lower node of
a compression member;

FIG. 14 is a section through line 14-14 of
FIG. 13;

FIG. 15 is a top plan view depicting an
alternate embodiment of the roof structure shown in
FIGS. 3 and 4; and

FIG. 16 is a top plan view of another
embodiment of the present invention.
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conpr essi on nenber 70 and which in turn affi ﬁngtﬁcgwqmﬁTSHEEﬁ f
conpression nenber 70 to hoop-like tension ng 0. Lower
attachnent 140 includes: a first plate 142 fdr atia‘clﬁﬂgg r end of
conpression nmenber 70; a second attachnent pljate 144 %ted on{ an outer
side of conpression nenber 70 for attaghing thelseeend—ends—110p, 11llb of
di agonal tension nenbers 110, 111, mhlch extephd inwardly from upper nodes
80 of a proximal pair of conpression menbers! out er

adj acent hoop-1like tension nenber 50; and a third attachment plate 146 for

e 10go® s OPBEaTIRaOboEANGR 308 (THC L0 el O feh NS Of
nmenbers 50. A

FIG. 1 illustrates, in side elevation view, a

preferred embodiment of a triangulated roof structure,
generally designated by the numeral 2, designéd in
accordance with my invention. Roof structure 2 defines
an enclosed area for an underlying building space
having a non-circular perimeter. Roof structure 2
includes a flexible membrane constructed from a
plurality of diamond shaped panels, which provides a
roof for the enclosed space. Cross-sections and plan
views of this triangulated roof are shown in FIGS. 2-6.
FIG. 2 -illustrates one non-circular
configuration for which the present invention may be
used, including a compression ring 10 having a non-

- circular plan which substantially matches the perimeter
of an underlying building space 1 having major and
minor axes. Constructed on compression ring 10 is a
non-circular curve 12 which comprises a plurality of
circular arcs. Non-circular curve 12 includes a first
pair of circular arcs 20, 21 having their centers A, A!
on the major axis of the non-circular curve formed by
the perimeter of underlying building structure 1.
Centers A, A' .of circular arcs 20, 21 are eguidistant

~ from the minor axis and on opposite sides. Circular

-arcs 20, 21 form end sectors 22, 23 for the area
enclosed by non-circular curve 12. Non-circular curve
12 further includes a second pair of circular arcs 30,
31 having centers B, B' located on the minor axis of
the non-circular curve formed by the perimeter of
underlying building structure 1. Centers B, B' of
circular arcs 30, 31 are equidistant from the major
axis and on opposite sides. Circular arcs 30, 31 form
intermediate segments 32, 33. As shown in FIG. 2,
first pair of circular arcs 20, 21 and second pair of

circular arcs 30, 31 intersect to form non-circular
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beneath plate 146, may al so be included t ar me—Tower) end of
conpress?on menber 70yto hoop- 1 i ke tensiow'ﬁgﬁﬁGENtUT'sﬂﬁﬂgr attachnent 140
i s designed such that the axial centerlings[0 ragon bngi on nenber s
110, 111 and conpression nenber 70 as wel s {t heMARABSY cepterline of
hoop- | i ke tensi on nmenber 50 attacheqthgraté coincide with Jower node 90.

l

curve 12. Similarly, end sectors 22, 23 combine with

intermediate segments 32, 33 to form the area enclosed
by non-circular curve 12.

A plurality of hoop-like tension members 50
are concentrically arranged within non-circular curve
12 at different heights relative to a common plane.
Vertical compression members 70, having upper and lower
ends, are attached at their lower ends to each tension
member 50 at spaced-apart locations 60 on the tension
member. ?he upper ends of compression members 70
define upper attachment points or nodes 80 and the
lower ends define lower attachment points or nodes 90.
Compressi;n members 70 are located on each hoop-like
tension member 50 such that a compression member 70 on
a first hoop-like tension member.so and a proximal pair
of compression members 70 on an adjacent hoop-like
tension member 50 form, in plan, the vertices of a

. substantially isosceles triangle. Similarly,
attachment points (of nodes) 40 are located on outer

- compression ring 10 such that a node 40 located on
outer compression ring 10 and a proximal pair of
compression members 70 on an outermost hoop-like
tension member 50 form, in plan, the vertices of a
substantially isosceles triangle.

Nodes 40 on compreséion ring 10, lying within
end sectors 22; 23 are located at the intersections of
non-circular curve 12 with alternating ones of a
plurality of radial lines drawn in end sectors.22, 23
through centers A, A' of circular arcs 20, 21,
respectively. Similarly, compression members 70 on
hoop-like tension members 50, lying within end sectors
22, 23 are located at the intersections of alternating
ones of hoop-like tension members 50, with alternating
ones of the above-mentioned plurality of radial lines

\
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- 20 - Overlyi ng upper tension nmenbers 100-106 of the

triangul ated support structure is a flexible
for the underlying structure. Menbrane 5 nay
Teflon[err]-coated fiberglass, silicone coatﬁ
steel, although it is contenplated that gthe
al so be used. Preferably, however,

nodor L
FefBHafe—o—Set-yH i".{ as a roof

bEEH’chOEMEi\B'ySHEET

bl |JUI ycot et cqrr ugat ed

—.

aifq pwm ﬂgyh ag§ canvas nmay

drawn through centers A, A' of circular arcs 20, 21,
respectively.

In similar fashion, nodes 40 on compression
ring 10, lying within intermediate segments 32, 33 are
located at the intersections of non-circular curve 12
with alternating ones of a plurality of radial lines
drawn in intermediate segments 32, 33 through centers
B, B' of circular arcs 30, 31, respectively.
Compression members 70 on hoop-like tension members 50,
lying within intermediate segments 32, 33 are located
at tﬁé intersections of alternating ones of hoop-like
tension members S50 with alternating ones of the above
plurality of radial lines drawn through centers B, B'
of circular arcs 30, 31. In this manner, the
triangulated geometry of the present invention is
adapted to a wide range of non-circular perimeters to
accommodate an underlying structure.

One roof construction according to the .
present invention is shown in FIGS. 3 and 4, wherein
compression ring 10, having an oval shape to match the
perimeter of unéerlying building structure 1 rests upon
a number of concrete support columns or other suitable
foundation which may extend ﬁpward from underlying
structure 1. Non-circular curve 12 is constructed on
compression ring 10 as described above. A plurality of
hoop-like tension members 50 are concentrically
arranged within non-circular curve 12 on compression
ring 10. As best seen in FIGS. 5 and 6, hoop-like

tension members 50 are arranged within compression ring

10 at different heights relative to a common reference

plane. A plurality of vertical compression members 70
are affixed at their lower ends to each of hoop-like
tension members 50. .

- A plurality of tension elements are provided
for interconnecting each compression member 70 affixed
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menbrane 5 is constructed of Teflon[err]-coated fiberglass In
the preferred enbodi ment, nenbrane 5 conprisgs—& ‘|u1a||[§ (0]
di anond- shaped panel s, such as panel abcd sh wﬁEPhAGENENYB HERE hertices of
t hese ropf panels coincide with upper nodes nbers 70
and are secured to upper attachments 130. @s uchy ¢ hegei®tiTanond shaped
panel s form hyperbolic parabol oids. This™ y illustrated |in| FIG 1.

Significantly, the hyperbolic parabol oid sha e~ 1001 panel s |ake when
secured to upper nodes 80 of conpression ne rs 70 contributesjto the
structural stiffness, of these Eanels w,t hou gse of addltlonil cabl es
on top of menbEana g;rs hoop-like tension mem er 0 to a proxim

pair of compression members 70 affixed to an adjacent
hoop-like tension member 50. Fig. 3 depicts, in plan,
the triangulated arrangement of the tension elements
that run between the upper ends of the compression
elements. Fig. 4 depicts, in plan, the hoop—iike
tension members 50 as well as the triangulated
‘arrangement of diagonal tension elements that run
between the upper end of one compression element and
the lower end of an adjacent compression element.
As best shown in FIGS. 3-6, these tension elements

.include: a first upper tension member 100 (Fig. 3)
extending %rom upper node 80 of compression member 70
affixed to the first hoop~like tension member 50 to

- upper node 80 of one of the proximal pair of
compression members 70 affixed to the adjacent hoop-
like tension member 50; a second upper tension member
101 (Fig. 3) extending from upper node 80 of
compression member 70 affixed to the first hoop-like
tension member 50 to upper node 80 of the other one of
the proximal pair of compression members 70 affixed to
the adjacent hoop-like tension member 50; a first
diagonal tension member 110 (Fig. 4) extending from
upper node 80 of compression member 70 affixed to the
first hoop-like tension member 50 to lower node 90 of
one of the proximal pair of compression members 70
affixed to adjacent hoop-like tension member 50; and a
second diagonal tension member 111 (Fig. 4) extending
from upper node 80 of compression member 70 affixed to
the first hoop-like tension member 50 to lower node 90
of the other one of the proximal pair of compression
members 70 affixed to adjacent hoop-like tension member
50.

The triangulated structure of the present

invention also includes means for securing the

THIS SHEET HAS BEEN
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For conveni ence, a network of catwal ks 150 ¢

hoop- | i ke
tensi on nenbers 50 to provide for maintenanc §ﬁ3LAG§WENTzﬁH56EH ersonnel ,
as well as to provide nmounting for service |i{ghfThg,—Speaket d rigging

for specjal events. Catwal ks 150 may have handrpi§sj M eggzeift her side to
provi de safety. The uni queness of tlhej cabl e truss qtr
designed in accordance with the present-lawerjti on 1S Dest—deronstrated by
FIG 1. In particular, the triangul ated |ocatli on of conpressi on nenbers 70
on hoop-like tension menbers 50 in an offset relatron, grves Trse to the
uni que hyperbolic parabol oi d shape of

outermost hoop-like tension member 50 and compression

members 70 attached thereto to compression ring 10. 1In
the preferred embodiment, a plurality of tension
elements interconnect each compression member 70
affixed to outermost hoop-like tension member 50 to a
proximal pair of nodes 40 on compression ring 10.

Preferably, the plurality of tension elements
include: a first upper tension member 102 (Fig. 3)
extending outwardly from upper node 80 of compression
member -70 affixed to outermost hoop~like tension member
50 to one of the proximal pair of nodes 40 on
compression ring 10; and second upper tension member
103 (Fig. 3) extending outwardly from upper node 80 of
compression member 70 affixed to outermost hoop-like
tension member 50 to the other one of the proximal pair
of nodes 40 on compression ring 10; a first diagonal
tension member 112 (Fig. 4) extending outwardly from
lower node 90 of compression member 70 affixed to
outermost hoop-like tension member 50 to. one of the
proximal pair of nodes 40 on compression ring 10; and a
second diagonal member 113 (Fig. 4) extending outwardly
from lower node 90 of compression member 70 affixed to
outermost hoop-like tension member 50 to the other one
of the proximal pair of nodes 40 on compression ring
10.

As shown in FIGS. 7 and 8, nodes 40 further
include attachment members 42 for attaching upper
tension members 102, 103 to compression ring 10 and
attachment members 44 for attaching diagonal tension
members 112, 113 to compression ring 10. Attachment
members 42, 44 are designed such that the intersection
of the axial centerlines of all tension members
attached to compression ring 10 coincide with nodes 40.
In the preferred embodiment, compression ring i0
comprises a concrete box girder. Since nodes 40 lie on
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t he roof panels when attached to upper nodef r oh nmenbers 70.
The triangulated structure ﬁ%ﬁﬁ%&&ﬁ@&? SHEET -21-
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non-circular curve 12 constructed on compression ring

10, the location of nodes 40 on compression ring 10
varies around non-circular curve 12. Accordingly, the
location of attachment members 42, 44 also varies
around compression ring 10.

In an alternate embodiment, illustrated in
FIGS. 9 and 10, compression ring 10 comprises
triangular truss 210. Triangular truss 210 further
includes horizontal top truss 212 and a pair of
inclined side trusses 214, 216 which are secured to top
truss 212 and which extend downward from top truss 212
to a common point. The shape of triangular truss 210
varies around the perimetef of the underlying structure
to accommodate the change in the location of nodes 40
relative to the underlying structure, due to the
approximation of the perimeter by non-circular curve
12. Truss 210 in FIG. 10 illustrates the shape of the
truss when node 40 lies inside a support column of
underlying structure 1, such as at line 10-10 of FIG.
9. Truss 210' illustrates the shape of the truss when
node 40 lies directly above a support column of
underlying structure 1, such as at line 10'-10' of FIG.
9. .

In the preferred embodiment, a cable truss
120, shown in FIG. 5, is positioned along the major
axis between centers A, A' of circular arcs 20, 21 to
incorporate a triangulated geometry intoc a non-circular
configuration. Cable truss 120 preferably includes an
upper tension member forming a top chord 122,.é lower

" tension member parallel to top chord 122 forming a

bottom chord 124, a plurality of compression members _
126 and 127, of varying heights, having upper and lower
ends. The lower ends of compressions members 126, 127
are affixed to bottom chord 124. The upper ends of
compression members 126 are affixed to top chord 122,
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provides an added degree of stability over prior_art structyres while
mnimzing the nunber of structural nenberls E?BN& MEHT‘SHEETCf parti cul ar

| mportance |s—%he~%eﬁ%-++ke—aﬁﬁearance of it he_qQvera stryctiure, due
primarily to the e nent of cable trussy 1p0 _al Qﬁ jlor axis

FIG 15 |IIust fi- ci r cukag-cbn iéu}ﬁ@onﬁ or{ whi ch the

pr esent |nvent , i n which |ike upbered in a

| i ke manner. Iso i ncl udesja conpression rinfg 218 having a
non-circul ar plan mhlch substantlally mat ¢hes the perireter—df the

underlying Ruiih@d RGmpREE&Sion members 127 are affixed to top chord

122 at some point below their upper ends.

Cable

truss

120 also includes a plurality of diagonal tension

members extending from the point at which a first

compression member 126,

127 is affixed to top chord 122

to the lower end of an adjacent compression member 126,

127,

forming diagonal chords 128.

Also, a plurality of tension elements are

provided for interconnecting an innermost hoop-like

tension member 50 to cable truss 120.

In the preferred

embodiment, these tension elements interconnect each
compression member 70 affixed to innermost hoop-like

tension meniber 50 to at least one compression member

126,
FIGS.

127 of cable truss 120.
3 and 14,

Preferably,
these tension elements include:
least one upper tension member 104 (Fig.

as shown in
at
3) extending

inwardly from upper node 80 of compression member 70
affixed to innermost hoop-like tension member 50 to the

upper end of at least one compression member 126

, 127

of cable truss 120 and at least one diagonal tension

~member 114 (Fig.

4) extending inwardly from upper node

80 of compression member 70 affixed to innermost hoop-
like tension member 50 to the lower end of at least one

compression member 126,

127 on cable truss 120.

In order to provide a roof which has an

overall downward slope,

an uppermost tension member 106

(Fig. 3) is positioned along the major axis between A,

A',

ends of compression members 127.

above cable truss 120 and is connected to the upper

One particular advantage of the present
invention is that the number of structural members in
tension is maximized to more efficiently utilize the

tensile property of the building materials.

the structural members that are

in tension are’

. Therefore,

preferably formed of flexible materials such as cables.

THIS SHEET HAS BEEN
REPLACED




In this enbodi nent, however, a discontinuous olar-turye 219 is
constructed on COﬁﬁfess+£#L44imL£Uji__ron1a pIL#EhhAéﬁN%NTC$HEﬁﬁ r arcs,
wher ei n each of the anﬁi has the same radius] Non-crrcurar cyrye 219

includes a first palb mzm%ﬂplamdcs 220, $21 hpayi HHRtWB87 r|cénters on the

=

maj-or axi s of the no e fornmed by fthe perinmeterjoff the

under | yi ng building centeﬂ§-o1 circular arc 0] 221 are
equi distant fromthe m nor axis and on oppoé te sides. Non-cifcular curve
219 further includes a second pair of circular arcs 230, 231 having theit
centers |ocated on the mnor axis of the non-circular curve formed by the
perimeter of thg widapdld nhoop-like tension members 50, upper

tension members 100-106, diagonal tension members 110-

114, top chord 122, bottom chord 124, and diagonal
chord 128 of cable truss 120, preferably comprise
cable such as wire strand, or wire rope. 1In the
preferred embodiment, upper tension members 100-106
comprise a plurality of cables which may drop off
toward the center of the structure. Compression
members 70 as well as compression members 126, 127 of
cable truss 120 are preferably rigid posts such as
steel pipe.

FIGS. 11 and 12 illustrate an upper
attachment 130 which may be affixed to the upper end of
compression members 70. Upper attachment 130 is
designed to attach to a compression member 70 first
ends 100a, 10la of a first set of upper tension members
100, 101, second ends 100b, 101lb of a second set of
upper tension members 100, 101, and first ends 110a,
l1lla of a set of diagonal tension members 110, 111.
Upper attachment 130 includes: a first attachment
plate 131 for attaching the upper end of compression
member 70; a pair of attachment plates 132, 133 located
on an outer side of compression member 70 for attaching
second ends 100b, 101b of upper tension members 100,
101, which extend inwardly from upper nodes 80 of a
proximal pair of compression members 70 located on an
oufer adjacent hoop-like tension member 50; a second
pair of attachment plates 134, 135 located on an:inner
side of compression member 70 for attaching first ends
100a, 10la of upper tension members 100, 101, which >,
extend inwardly from upper node 80 of compression
member 70 to upper nodes 80 of a proximal pair of
compression members 70 located on an inner adjacent
hoop-like tension member 50; a saddle-like plate 136
positioned above attachment plates 134, 135 and
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bui l di ng structure. The centers of circular dﬁ§E§§§$ T—are-equi di st ant
GAIENT SHEE

fremthe maj or axis amnd on uppuaute—5|des

lljar arcs 220,

221 and second pai s 230, 231 er Sec r

di sconti nuous non- g&ﬁ&h&ﬁé’ee X I Aol M 99y df fhoop-1i ke

t ensi on nenbers 250 aIIy afgangedf wi t hi n non-cijrcjul ar curve
t

219 at different he|

o a commor] pl ane. Nodes O lare | ocated

at the intersections of the above descri bed (dircular curves whijch make up

non-

conforming to the geometry therebetween for providing
additional structural support to the attachment of
upper tension members 100, 101; and a second attachment
plate 137 for attaching first ends 110a, 1lla of
diagonal tension members 110, 111, which extend
inwardly from upper node 80 of compression member 70 to
lower nodes 90 of a proximal pair of compression
members 70 located on an inner adjacent hoop-like
tension member 50. Significantly, upper attachment 130
is designed such that the intersection of the axial
centerlines of all tension members 100, 101, 110, 111
and compression member 70 attached thereto coincide
with upper node 80.

FIGS. 13 and 14 illustrate a lower attachment
140 which may be affixed to the lower end of
compression member 70 and which in turn affixes the
lover end of compression member 70 to hoop-like tension
member 50 at nodes 60. Lower attachment 140 includes:
a first plate 142 for attaching the lower end of
compression member 70; a second attachment plafe 144
located on an outer side of compression member 70 for
attaching the second ends 110b, 111b of diagonal '
tension members 110, 111, which extend inwardly from

upper nodes 80 of a proximal pair of compression

. " members 70 located on an outer adjacent hoop-like ot

tension member 50; and a third attachment plate 146 for
securing the lower end of compression member 70 to
hoop-like tension members 50. A plate 148, 1ocated'
beneath plate 146, may also be included to secure the
lower end of compression member 70 to hoop-like tension
member 50. Lower attachment 140 is designed such that
the axigl centerlines of diagonal tension members 110,
111 and compression member 70 as well as the radial
centerline of hoop-like tension member 50 attached
thereto coincide with lower node 90.
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- 22 - circular curve 219. Additional nodes_240 are evenly spaced

bet ween the nodestocated at these intersecti pnss [ essi on
menbers 270 havi ngm@g@gtﬂmc,{@ﬁgedends are a Egﬁégéwﬁ?h%]?ﬁbmr ends to

each hoop-like tensi mmmmﬁ“lm at spaced- apal

t
| 11 MAR 1997
Overlying upper tension members 100-106 of

_19..

the triangulated support structure is a flexible
membrane 5 serving as a roof for the underlying _
structure. Membrane 5 may be formed by Teflon™-coated
fiberglass, silicone coated polyester, or corrugated
steel, although it is contemplated that other materials
such as canvas may also be used. Preferably, however,
membrane 5 is constructed of Teflon™-coated fiberglass.

In the preferred embodiment, membrane 5

~comprises a plurality of diamond-shaped panels, such as
panel'ébcd shown in FIG. 3. The vertices of these roof
panels coincide with upper nodes B0 of compression
members 70 and are secured to upper attachments 130.
As such, these diamond shaped panels form hyperbolic
paraboloids. This is best illustrated in FIG. 1.
significantly, the hyperbolic paraboloid shape the roof
panels take when secured to upper nodes 80 of
compression members 70 contributes to the structural
stiffness of these panels, without the use of
additional cables on top of membrane 5.

For convenience, a network of catwalks 150
can be constructed on hoop-like tension members 50 to
provide for maintenance and installation personnel, as
well as to provide mounting for service lighting,
speakers and rigging for special events. Catwalks 150
may have handrails 152 on either side to provide
‘safety.

The unigueness of the cable truss structure
designed in accordance with the present invention is
best demonstrated by FIG. 1. In particular, the
triangulated location of compression members 70 on
hoop-like tension members S50 in an offset relation,
gives rise to the unigue hyperbolic paraboloid shape of
the roof panels when attached to upper nodes 80 of
compression members. 70. ‘The triangulated structure :
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| ocations 260 on the tension nenbers. Conpression nenbers 270 are |ocated
on each hoop-| ke tTension nenber 250 such tr““REPLAGHHEﬁﬁfﬂqEE menber 270 on

a first hoop- |1 kgpit SRS&IHRBRERRMEd250 and a pfo |__palr

an out ernost hoop-'l nber 250 ar

oppr essi on

b |

a node 240

menbers 270 on an 1ike tension ningbﬂﬂggg n plan, the
vertices of a sub ul cel es t2bPangj e r* He7bers 270 on
a
c

| ocat ed on outer conpression ring 218 and a.
menbers 270 on the outer nost hoop-I|ike tensi

proxi mal pair of cenpression

in plan,

-SR—FRRBe+—250—F-6M
the verticespobviadegbanandiatll jegseecefestabiidiglye ovArcBELETt PSS 320 is

positioned gtryctures while minimizing the

number of structural

members required. Also of particular importance is the

tent~like appearance of the overall structure, due

primarily to the employment of cable truss 120 along

the major axis.

FIG. 15 illustrates another non-circular

configuration for which the present invention may be

used, in which like elements are numbered in a like

manner. This embodiment also includes a compression

ring 218 having a non-circular plan which substantially
matches the perimeter of the underlying building space.

In this embodiment, however, a discontinuous non-

circular curve 219 is constructed on compression ring

218 from a plurality of circular arcs, wherein each of

the arcs has the same radius. Non-circular curve 219

includes a first pair of circular arcs 220, 221 having

their centers on the major axis

of the non-circular

curve formed by the perimeter of the underlying

. building structure. The centers of circular arc 220,

221 are equidistant from the minor axis and on opposite

sides. Non-circular curve 219 further includes a

second pair of circular arcs 230, 231 having their

centers located on the minor axis of the non-circular

curve formed by the perimeter of the underlying

building structure. The centers of circular arc 230,

231 are equidistant from the major axis and on opposite
sides. First pair of circular arcs 220, 221 and second
pair of circular arcs 230, 231 intersect to form
discontinuous non-circular curve 219.

A plurality of hoop-like tension members 250

are concentrically arranged witl

1in non-circular curve

219 at different heights relative to a common plane.
Nodes 240 are located at the intersections of the

above-described circular curves

which make up non-
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along the naj or aXIS-_?rfﬁﬂﬂﬁﬂﬁﬂ?ﬁ4¥3—trlangu|EHR%%L ENYISHEET As

respectively,

described with respaﬁssf,eglﬁap d| ment showh 41 the
structure includes u t ensi on ngers ﬁ%g oL gnd 310,
mq ct each cojmpie sTJﬁ foer| 20 on a
to thejproki pf essi on

first hoop- | i ke ten5|

menbers 270 on an adjacent hoop | i ke tension,penber 250. Al so, upper and
tensi on nenbers 302, 312 interconne i ber 270
| ocat ed on outernost hoop-like tension nmenber 250 to a proximal pair of

nodes 240 on Qut.eL188MBLeYS @A 9N NG.dAL81onaINddes ARSIk vt S

di agonal

spaced between the nodes located at these
jntersections. Vertical compression members 270 having
upper and lower ends are attached at their lower ends

. to each hoop-like tension member 250 at spaced-apart
jocations 260 on the tension members. Compression
members 270 are located on each hoop-like tension
member 250 such that a compression member 270 on a
first hoop-like tension member 250 and a proximal pair
of compression members 270 on an adjacent hoop-like
tension member 250 form, in plan, the vertices of a
substantially isosceles triangle. Compression members
270 on an dutermost hoop-like tension member 250 are
located such that a node 240 located on outer
compression ring 218 and a proximal pair of compression
members 270 on the outer most hoop-like tensioh member
250 form, in plan, the vertices of a substantially
isosceles triangle. A cable truss 320 is positioned
along the major axis to complete the triangulated
structure.

As described with respect to the embodiment
shown in FIGS. 3 and 4, the structure includes upper
and diagonal) tension members 300, 301 and 310, 311,
respectively, which interconnect each compression
member 270 on a first hoop-like tension member 250 to
the proximal pair of compression members 270 on an
adjacent hoop-like tension member 250. Also, upper and
diagonal tension members 302, 312 interconnect a
compression member 270 located on outermost hoop-like
tension member 250 to a proximal pair of nodes 240 on
outer compression ring 218. Finally, tension elements
are provided to interconnect compression members 270 on
an inner most hoop-like tension member 250 to cable
truss 320.

THIS SHEET HAS BEEN |
REPLACED




are provided to interconnect conpression nenbers 270 on an inner nost

hoop-|i ke tenSien—HEﬂbgL‘g§9_£2NEEPIe trussr326:
-723 - REPLACEMENT SHEET
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In this embodiment, all of the upper

attachments on any one hoop-like tension member 250 are
identical since the angular relation of tension members
arriving at an upper node are identical for each
compression member on the hoop. Similarly, all of the
lower attachments are identical. Only the upper and
lower attachments for compression members lying along
lines 340 are different for each hoop. '

FIG. 16 illustrates another non-circular
configuration for which the present invention may be
used, where like elements are designated by like
numerals. This embodiment is drawn specifically to an
underlying structure having a substantially triangular
perimeter. A compression ring 410 is provided having a
plan which substantially matches the triangular
perimeter of the underlying building space. 1In this
embodiment, a discontinuous non-circular curve 412 is
constructed from three circular arcs”having the same
radius. The centers of these arcs are located on
meridians 420 which are drawn from each vertex of the

. triangle to a middle point of the opposite side of the
triangle. 1In this manner, non-circular curve 412 is
constructed which substantially matches the perimeter
of the underlying building space.

Nodes 440 are located at each vertex of the
triangle and additional nodes 440 are evenly spaced
along non-circular curve 412 between each vertex. A
plurality of hoop-like tension members 450 are:
concentrically arranged within non-circular curve 412
at different heights relative to a common plane.
Vertical compression members 470 are attached at their
lower ends to each hoop-like tension member at spaced-
apart locations 460 on the tension members such that a
compression member 470 on a first hoop-like tension

member 450 and a proximal pair of compression members

[ THIS SHEET HAS BEEN
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In this enbodiment, all of the upper attachnents on any one hoop i ke

t ensi on nenber 250 are identical since the angutrar—retattroen—of— ensi on
menbers arrivimg—at—amupper—mode are |dentH:ﬂﬁa%ﬂCéMEHTdﬁﬁﬁie>S|on menber
on the hoop. Sfﬂsd%é B nRe ahe | ower attaphfemts—are—Tdentital .- Only

t he upper and | o for conpressipn ngnpqﬁgghgqyu; a ong |ines
340 are differen =23- A6 | l'ustrates pnot her
non-circul ar con mhlch t he present T hvVeEntrTron be used,

where |ike elenents are deS|gnated by |ike n@gerals Thi s enbodjnent is

drawn specifically to an
470 on an adjacent hoop-like ten51on member 450 form,

in plan, the vertices of a substantially isosceles
triangle.

Upper and diagonal tension members 500, 501
and 510, 511, respectively, are provided which
jnterconnect compression member 470 on the first hoop-
1ike tension member 450 to the proximal pair of
cémpression members 470 located on the adjacent hoop-
1ike tension member 450. Also, upper and diagonal
tension members are provided which interconnect each
compression member 470 on an outermost hoop-like
tension member 450 to at least one node 440 on outer
compression member 410.

- In addition, a tension element 520, such'as a
post, is provided at a center point of the triangle.
Tension elements are also provided which iﬁterconnect
each compression member 470 on an innermost hoop-like
tension member 450 to inner tension element 520. 1In
this manner, a triangulated structure is achieved
wherein the upper and lower attachments along each
hoop-like tension member are the same.

While the drawings illustrate a roof
structure for a non-circular underlying structure, it
is apparent that the triangulated cable arrangement
disclosed in the present invention is also applicable
to circular stadiums or arenas. 1In the case of a
circular stadium or arena, a single tension member,
such as an inner hoop-like tension member or single
post, is employed at the center of the circle. ' As
previously described with respect to a non-circular
configuration, compression members on circular tension
hoops and nodes on a circular compression ring are
located at the intersections of alternating ones of a
plurality of radial lines drawn through the center of
the circle with alternating ones of the tension hoops

THIS SHEET HAS BEEN
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underlylng structure having a substantially triangular perineter. A
f—tfH-e-h—subst-anti-al

caonmpression ring 410 is provides—having a pl a
the triangul ar pPeThidgHe®iaOee RE la underlying bu

enbodi nent, a disc % cul ar curv
t hr ee C|rcul ar arc MB nme radius. T
| ocated on neri-di a e drawRdfroni

to a mddle point of the opposite side of the

— (D
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b
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t

.'S
non-circul ar curve 412 is constructed which §ubstant|ally natch

S

|y matches
i S

ed from

b arcs are
b triangle
manner,

ps t he

perimeter of the underlying building space.

at each vert emidfa tdiercular curve constructed on the compression

NOUUCS 446

are | ocated

ring. Compression members define upper and lower nodes

as described before, and upper tension members as well

as diagonal tension members interconnect each

compression member on a first tension hoop to a

proximal pair of compression members on an adjacent

tension hoop. 1In this manner, a triangulated circular

roof structure is constructed.

In a similar manner, an

structure may also be constructed.

eye—-shaped roof
In this case,

a

pair of circular arcs, each having a center located on

the minor axis, eguidistant from the major axis and on

opposite sides, intersect to form a discontinuous eye-
shaped curve which approximates the perimeter of the

underlying structure. A tension member,

such as a

cable truss, is positioned along the major axis and a

plurality of tension hoops are concentrically arranged

within the eye-shaped curve.

Nodes are located on a compression ring at

the intersections of the two circular arcs.

" nodes are evenly spaced along the eye-shaped curve
between the nodes located at these intersections.

Additional

Compression members are located on the tension hoops

such that a compression member on a first tension hoop

and a proximal pair of compression members on an
adjacent hoop form, in plan, the vertices of a

substantially isosceles triangle.

Also, compression
members on an outermost tension hoop are located such

that a compression member on the outermost tension hoop

and a proximal pair of nodes on the compressoin ring
form, in plan, the vertices of a substantially
isosceles triangle. A plurality of tension elements

interconnect each compression member on a first tension

hoop to the proximal pair of compression members on an
adjacent hoop. Finally, a plurality of tension

THIS SHEET HAS BEEN
REPLAGED




triangl e and additional nodes 440 are evenly spaced al ong non-circul ar
curve 412 between each vertex. A plurality of &&@ﬁ- N nj menbers 450
are concentrically arranged within non-circulp Abtﬁlﬁﬂjgesﬂfﬁﬁﬁ, ferent
hei ghts relative to a conmon plane. Vertical fofpression nenberg 470 are
attached at their |ower ends to each hoop-Ilikpk {erlst MARM®Yer| aj spaced-
apart |ocations 460 on the tension nenbée 3~ sukhlthat a conpr essfon menber

N

h
470 on-a first hoop-like tension menber 450 aphd a proximal pairjof
conpr essi on nenbers g

elements interconnect each compression member on the
outermost hoop to the proximal pair of nodes on the
compr9551on ring.

As is apparent from the description above,
the present invention is well-suited for adapting
triangulated structure to a wide variety of non-
circular and circular configurations. By using at
jeast one circular arc to approximate the configuration
of the underlying structure, an efficient cable
arrangement is derived. By approximating an underlying
non—difcular configuration with a plurality of circular
arcs, the triangulated geometry disclosed in the
present invention may be used for a wide variety of
shapes while reducing the variety of cable attachment
geometries and increasing the number of attachments in
which the geometry of cables arriving thereat is the
same. This allows for the use of one upper attachment
to be used at a plurality of upper nodes as well as one
lower attachment to be used at a plurality of lower
nodes. R

While the invention has been described in
conjunction with specific embodiments, it is evident
that numerous alternatives, modifications, and
variations will be apparent to those skilled in the art
in light of the foregoing description.
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- 24- 470 on an adjacent hoop-like tension nenber 450 form in plan, the

vertices of a substantially isosceles triangle. Upper and di agona
t ensi on nenbers 500, 501 _

1
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Claims

What is claimed is:

1. A triangulated structure for supporting
a roof that projects in plan a substantially closed
oval curve having major and minor axes, comprising:

a substantially horizontal outer compression
ring;

a substantially planar cable truss positioned
along the major axis of the oval;

a plurality of oval tension hoops
concentrically arranged within said compression ring at
different heights relative to a common reference plane;

a plurality of substantially vertical
compressibn'members having upper and lower ends,
defining upper and lower nodes, affixed at their lower
ends to one of said oval tension hoops, wherein
compression members affixed to a first tension hoop are
not radially aligned with compression members affixed
to an adjacent tension hoop;

a plurality of tension elements
interconnecting a compression member affixed to the
first tension hoop to a proximal pair of compression
members affixed to an adjacent tension hoop, said
tension elements including:

a first upper tension member
extending from the upper node of

-

said compression member affixed to
This Sheet Has Been Rep

,, said first tension hoop to the
"m”"',”"”l”", upper node of one of said proximal

compression members affixed to said
adjacent tension hoop;

a second upper tension member
extending from said upper node of

said compression member affixed to

LR B R THS SHEET AAS BEER
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and 510, 511, respectively,

are provided which interconnect conpression

mepber 470 on the first hoop- like tension nenb
of conpression nmenbers 470 | ocated on the adjac

HERpAGEME SHERRY O P

menber 450. Also, upper and diagonal tension nme
I nterconnect each conpression nmenber 470 on an
menber 450 to at | east one node 440 61#7Guter co

efs are Aﬁ{)ow dgd phi ch
ut pr Aos A BT ilkel t ensi on
ression nmenber {410

In addition, a tension elenment 520, such as a pgdst, is provided at

point of the triangle. Tension elenents are als

i nterconnect each conpressi on nenber 470 on an i nnernost
said first tension hoop to the

upper node of the other one of said

proximal compression members
affixed to said adjacent tension
hoop;

a first diagonal tension
member extending from said upper
node of said compression member
affixed to said first tension hoop

. to the lower node of one of said
proximal compression members
affixed to said adjacent tension
hoop; and

a second diagonal tension
member extending from said upper
node of said compression member
affixed to said first tension hoop
to the lower node of the other one
of said proximal compression-
members affixed to said adjacent
tension hoop; '

a center
ich . F
hoop- | i ke

LT

means for securing an outermost tension hoop

and the vertical compression members attached thereto

to said compression ring; and

means for securing an innermost tension hoop

to said cable truss.

2. The triangulated structure of
wherein said substantially closed oval curve

at least two circular arcs.

3. The triangulated structure of
wherein said substantially closed oval curve
four circular arcs. =

claim 1

comprises

claim 2

comprises

- This Sheet Has Been Replaced THIS SHEET HAS BEEN.
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tensi on nenber 450 to inner tension el enent 520.]
triangul ated structure is achieved wherein the u

Iﬁ&‘:&-and\" F& /\&?’{Eg?t hchnent s

aFong each hoop-Ilike tension nmenber are the sane VWi T€ the
drawi ngs illustTate a roof structure for a non-c reullat MERI&EIA I ng
structure, it

I n the present
In the case of

= IR o gz oo peble ar angenent i oci oscd
! pplica to rcul ar stadi uns of arenas.

a circul &r &tadi um or arena, . a Sig e tensi on nmehbet, such

as an inner hoop-like tension nmenber or S|ngle.ppst 'S enployed‘g. t he

center of the
non-ci rcul ar

circle. Ag preylQue Yafgarikldstbllebeerse! c18if 5

wherein the area enclosed by the substantially closed
oval curve comprises:

first and second end sectors formed by first
and second circular arcs, the centers of which lie on
the major axis of said oval curve, eguidistant from the
minor axis and on opposite sides thereof; and

first and second intermediate segments formed
by first and second intermediate circular arcs, the
centers of which are located on the minor axis of said
ovallcurve, at a predetermined distance from said major
axis on opposite side thereof.

5. The triangulated structure of claim 4
wherein compression members located in said first end
sector are affixed to said tension hoops at positions
defined by the intersections of alternating ones of
said tension hoops with alternating ones of a plurality
of radial lines drawn through the center of said first
circular arc; and

wherein compression members located in said
second end sector are affixed to said tension hoops at
positions defined by the intersections of alternating
ones of said tension hoops with alternating ones of a
plurality of radial lines drawn through the center of
said second circular arc.

6. The triangulated structure of claim 5
wherein compression members located in said firsf
intermediate segment are affixed to said tension hoops
at positions defined by the intersections of™
alternating ones of said tension hodps with alternating
ones of a plurality of radial lines drawn through the
center of said first intermediate arc; and

This Sheet Has Been Repl THIS SHEET HAS BEEN
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configuration, conpression nenbers on circular_tension hoops _and nodes on a
ci¥cular conpression ring are lTocated at theli ﬁEﬁLﬁ(%MEI\HnSHEET"l ternating

ones of a pl uralrms)éh&'r gilqge lhdei€s drawn thr the circle

W|th al ternating “mH II nsi on hoozp9

wherein compression members located in said
second intermediate segment are affixed to said tension

hoops at positions defined by the intersections of

11 MAR 1897

alternating ones of said tension hoops with alternating
ones of a plurality of radial lines drawn through the
center of said second intermediate arc.

7. The triangulated structure of claim 1
wherein said compression ring comprises a plurality of
nodes forming a substantially closed oval curve

concentric to said outermost tension hoop.

8. The triangulated structure of claim 7
wherein said means for securing said outermost tension
hoop and the vertical compression members attached
thereto to said compression ring comprises a plurality
of tension elements interconnecting a compression
member affixed to said outermost tension hoop to a

proximal pair of nodes on said compression ring.

9. The triangulated structure of claim 8
wherein said plurality of tension elements comprise:

a first upper tension member extending
outwardly from the upper node of said compression
member affixed to said outermost tension hoop to one of
said proximal nodes on said compression ring; . |

' a second upper tension member extending
outwardly from said upper node of said compression
member affixed to said outermost tension hoop tp the
other one of said proximal nodes on said compression
ring;

a first diagonal tension member extending
outwardly from the lower node of said compression
member affixed to said outermost tension hoop to one of

sald proximal nodes on said compression ring; and

AR R D O 0 [ ST s
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- 25 - and a circular curve constructed onfth
Conpr essi on nenbers define upper and | ower nogd
upper tension nenbers as well as di agonal tengi

- CONMPLESSI US| ng.
P&QCEQE Ti éﬁ before, and
g) ers Tt er,onnect each
conpressi on nenber on a first tension hoop to pqox|M@ﬂi

[
a
conpressi on menbers on an adj acent tensign hoppjy In this nanner a
triangul ated circular roof structure i 53 onst | u

a second diagonal tension member extending
outwardly from said lower node of said compression
member affixed to said outermost tension hoop to the

other one of said proximal nodes on said compression
ring.

10. The triangulated structure of claim 7

vherein said compression ring comprises a concrete box
girder.

11. The triangulated structure of claim 10
wherein“the location of said nodes relative to the
cross~section of said girder varies around the
perimetef of said compression ring.

12. The triangulated structure of claim 7
wherein said compression ring comprises a triangular
truss having a horizontal top truss and a pair of
inclined side'trusses secured to said top truss, which

extend downward from said top truss to a common point.

13. The triangulated structure of claim 1
wherein the number of- compression members on each
tension hoop is the same.

14. The triangulated structure of claim 1

wherein said tension elements comprise'a plurality of
cables. '

15. The triangulated structure of claim 14

wherein each of said upper tension members comprise

wire rope.
R O O
‘This Sheet Has Been Replac | ' |
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In a simlar manner, an eye-shaped roof structure may al so be construct ed.

CCTIU Tl

In this case, a pair of circular arcs, eachpteavirmT
m nor axis, equidistant fromthe najor aX|s{é

pcat ed on the

Eﬁmgmssu&as des,

intersect to forma discontinuous eye- shapkdcurve—which—appfoxi mates the

perimeter of the underlying structureﬁ3fgteHS|o foe
truss, is positioned along the major axis aphd}a plurality of
are concentrically arranged within the eye-khapet—curve:

neasuchlas a cable

ensi on hoops
Nodes

are located on a conpression ring at the infersections of thejftwo circular
arcs. Additional nodeggarergyep) yaspasatedl B8GuERAr8YELSHIRER CHIVe

wherein each of said diagonal tension members comprise

wire strand.

17. The triangulated structure of claim 4

wherein said cable truss comprises:

an upper tension member forming a. top chord;

a lower tension member parallel to said
chord, forming a bottom chord;

top

a plurality of compression members of varying

heighté'which are affixed to said top and bottom
chords; and

a plurality of diagonal tension members

extending from said top chord to said bottom chord

between adjacent compression members, forming diagonal

chords.

18. The triangulated structure of claim 17

wherein each of said upper, lower and diagonal tension

members comprise wire strand.

19. The triangulated structure of claim 17

wvherein each of said upper, lower and diagonal tension

members comprise wire rope.

20. The triangulated structure of claim 17
wherein said top chord, bottom chord, diagonal chord

and compression members all lie in a vertical plane.

21. The triangulated structure of claim 20
wherein said cable truss has first and second ends
which coincide with the centers of sajd first and

second circular arcs, respectively.

T "
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bet ween the nodes | ocated at these intersectjans...Conpressi.ga.genbers are
| ocat ed on the—t—eﬁs—i—mrhrrcrps“s'u_ch that a co prmp\gmmmn a first

t ensi on hoop and r.OX mm Ly of conpress on,mp =Y ~SaTa} pdj acent hoop
form in plan, iﬁﬁﬁ a substanti al f&g*\,g SE iangle. Al so,
cenpressi on nenb rmost tensjon 10 p a edl such that a
conpressi on nmenb rmost tension po |l pair of
nodes on the conpressoin rlng form in plan,{the vertices of a
substantially isosceles triangle. A plurality—et—tenstor—etenents
i nterconnect each conpsgssi §he

sﬁgeﬂaeeé' LEbukenskoBeh@eRi koo he

proxi mal pair, of conpression nenggrs on
whereiln saild first and second ends of said cable truss

comprise compression members.

23. The triangulated structure of claim 22
said means for securing said innermost tension
hoop to said cable truss comprises a plurality of

wherein

tension elements interconnecting a compression member
affixed to said innermost tension hoop to at least one
compression member of said cable truss.

24. The triangulated structure of claim 1

* wherein said oval tension hoops comprise a plurality of
cables.

25. The triangulated structure of claim 24

each of said tension hoops comprise a plurality
of wire strands.

wherein

26. The triangulated structure of claim 24

* wherein each of said tension hoops comprise a plurality
of wire ropes.

27. The triangulated structure of claim 1

further including a flexible membrane overlying said
structure.

28. The triangulated structure of claim 27
wherein said flexible membrane is selected from

Teflon™-coated fiberglass, silicon coated polyester and
corrugated steel. |

29. The triangulated structure of claim 27
wherein said membrane comprises a plurality of diamond
shaped panels, the vertexes of which coincide with the

*C Panels, the verte

QL TLITTEL — | TS SIEET S G
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adj acent hoop. Einally, a plurality of tension

- 26 - el enents i nterconnect each conpression nenbegr
This Sheet Has Been Replaced
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-33-

'l

upper nodes of the substantially vertical compression
members.

30. The triangulated structure of claim 29
wherein each of said diamond shaped panels forms a
hyperbolic paraboloid when secured to said upper nodes
of said vertical compression members.

31. A triangulated cable arrangement for
. supporting a roof comprising:

an inner tension member;

a plurality of substantially horizontal
tension hoops concentrically arranged about said inner
tension member at different heights relative to a
common reference plane;

a plurality of substantially vertical
compression members having an upper end and a lower
end, defining upper and lower nodes, affixed at their

..lower ends to one of said tension hoops, wherein
compression members affixed to a first hoop are not
radially aligned with compression members affixed to an
adjacent tension hoop;

a plurality of tension elements
interconnecting a first compression member affixed to
said first tension hoop to a proximal pair of
compression members affixed to said adjacent tension
hoop, said tension elements including:

a pair of upper tension

members extending from the upper

node of said compression member

affixed to said first tension hoop

to the upper nodes of each of said

(WAUIIM I~ proximes peix of compression
* c L M S *

members affixed to said adjacent
tension hoop; and
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outernost hoop to the proxinal pair of nodes on the conpression ring.
As Ts apparent fromthe description above, the present |1 HL]UH S
wel | -suited for adapting triangulated structure to a cétp o$HﬁHh
circular and circular configurations. By using at |eas one’C|rCU|dr agcito
approxi mate the configuration of the d derlying structyiré¢, fam BRRIGAEN
cabl e arrangenent is derived. By approximating an undefl yi ng non-circuf ar
configuration with a plurality of circular arcs, the t{iangulaied geonetjy

di sclosed in the present invention or a wde variety of shapes
Shi e reduci ng the vart ety 08 Phit e Shasktirensiof

members extending from said upper

node of said compression member

affixed to said first tension hoop

to the lower nodes of each of said

proximal pair of compression

members affixed to said adjacent

tension hoop;

means for securing an innermost tension hoop
and the compression members attached thereto to said
inner tension member; and

means for securing an outermost tension hoop
to a support structure.

32. The triangulated cable arrangement of
claim 31 wherein saié means for securing said innermost
tension hoop to said inner tension member comprises a
plurality of tension elements interconnecting
compression members affixed to said innermost tension
hoop to said inner tension member.

33. The triangulated cable arrangement of
claim 32 wherein the roof projects in a plan a

substantially closed circular curve.

34. The triangulated cable arrangement of
claim 33 wherein compression members affixed to every
other tension hoop are radially aligned.

35. N support structure for anchoring cables
of a triangulated structure which supports a roof
projecting in plan a substantially closed oval curve,
to an underlying structure having a non-circular
perimeter comprising:

m”'si’l,m:im””, i W 0y Ul




geonetries and increasing the nunber of attachnents in which the geonetry
of cables arriving thereat is the sane. This allo

upper attachment to be used at a plurality of uppef REBUBSEMENTVWSHEERS| one

| ower attachnment to be used at a plurality of |owef frodes: i | e
the invention has been described in conjunction w}h|sgecisfag 1@gpoadi frent s,
it is evident that nunerous alternativesa5modificakipns, and vari atipns
will be apparent to those skilled in the art in |i [
description. l

a compression beam having a plan
corresponding to the non-circular perimeter of the
underlying structure; and

a plurality of nodes forming in plan a

_ substantially closed oval curve concentric to the
: substantially closed oval curve of the roof.

36. The support structure of claim 35
wherein said nodes lie along a closed oval curve
defined by first and second circular arcs, the centers
of which lie on a major axis of the noncircular
perimeter of the underlying structure, equidistant from
a minor axis and on opposite sides thereof; and first
and second intermediate circular arcs, the centers of
which are located on the minor axis of the noncircular
perimeter of the underlying structure, equidistant from
the major.axis and on opposite sides thereof.

37. The support structure of claim 36
wherein nodes are located at positions defined by the
intersections of said oval curve with a plurality of
radial lines drawn through the centers of said first
and second circular arcs and said first and second
intermediate arcs.

38. The support structure of claim 37
wherein the location of said attachment points relative
to the cross-section of said compression beam varies
around the perimeter of said support structure.

39. The support structure of claim 38

wherein said compression ring comprises a concrete box
girder.

. - THIS SHEET Hé -
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40. The support structure of claim 38

wherein said compression beam comprises a triangular
truss having a horizontal top truss and a pair of
inclined side trusses secured to said top truss, which

extend downward from said top truss to a common point.

41. In a structure for supporting a roof, of
the type having a plurality of tension hoops
concentrically arranged at different heights relative
to a common reference plane, a plurality of
substanfié%ly vertical compression members having upper
and lower ends, affixed at their lower ends to one of
said tension hoops, at least one upper tension member
extending from the upper end of each compression member
affixed to a first tension hoop to the upper end of at
least one compression member affixed to an adjacent
tension hoop and at least one diagonal tension member
extending from the upper end of each compression member
affixed to said first tension hoop to the lower end of
at least one compression member affixed to said
adjacent tension hoop, tension member attaching means
comprising:

upper attachment means coupled to the upper
end of said substantially vertical compression members
for attaching at least one upper tension member and at
least one diagonal tension member to the upper end of
said compression members; and

lower attachment means coupled to the lower
end of said substantially vertical compression members
for attaching at least one diagonal tension member to
the lower end of said compression members and for
affixing the lower end of said compression members to
one of said tension hoops.

S
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havi ng maj or and mi nor axes, conpri sing: a substantially horizontal

out er conpression ring (10); a substantially plan
positioned along the major axis of the oval; ap

tensi on hoops (50) concentrically arranged within sai
different heights relative to a conmon-geterence pl ang;
substantially vertical conpression nenber (70) having

R

u and. | ower

defining upper and | ower nodes (80, 90), affixed at

eir
of said oval tension hoops, wherein conpression nmenb

PR

glat
y | of
emds,

| ower ends to}one
ixed (70\ tota

first tension hoop are4nqt Mm@ atdtaching means of claim 41 wherein
said upper attachment means are configured to attach at
least one upper tension member and at least one
diagonal tension member to the upper end of said
compression member such that the axial centerlines of
said at least one upper tension member and said at
least one diagonal tension member intersect at a
predetermined point lying on the axial centerline of
said compression member.

43. The attaching means of claim 41 wherein
said lower attachment means are configured to attach at
least one diagonal tension member to the lower end of
said compression member such that the axial centerline
of said at least one diagonal tension member and the
radial centerline of said tension hoop intersect at a
predetermined point lying on the axial centerline of
said compression member.

44. N triangulated structure for supporting
a roof that projects in plan a closed non-circular
curve, defining an enclosed area for an underlying
building space having a non-circular perimeter,
including major and minor axes, comprising: _

a substantially horizontal outer compression
member having a plan substantially matching the
éerimeter of the underlying building space;

a plurality of nodes located about the
perimeter of said compression member defining a
substantially closed non-circular curve closely
approximating the non-circular perimeter of the
building space, said curve comprising:

first and second circular
ThlsSh'=e'fﬁasBeenR nters of which are

IR o o orsesmsns i o
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aligned with conpression menbers affixed to an adjacent Lension_ hoop;
pldrality of tension elements interconnecting a conpres

to the first ThamadeotlsBO@RepIRea Proxi mal pair of conpres

to.an adj acent said tension el enents incl
first upper te ]
sai d conpressi

100) ext &A8ing from t he
affixed to said first
Egg)upfsr . node (80) of one of said proximl conpres$ion nenbers
~affixed to said gd]acent tension hoop (50) ;. econd upper
tensi on menber (101) %éé?\?ﬂ% axils qf cﬁﬁ%afs%n UPHRF e (80) of said
conpr essi on nenber building perimeter, equidistant

_ a
for T
u:c ;r)]e ntda @QB)TO

o

ensian..hoop (50]

from the minor axis and on opposite
sides thereof; and
"first and second intermediate
circular arcs, having a larger
radius than said first and second
circular arcs, the centers of which
are located at predetermined points —m o
on the minor axis of tne von- | [{ININ NNV
circular building perimeter; ; oL o s s
equidistant from the major axis and
on opposite sides thereof;
a plurality of hoop-like tension members
concentrically arranged within said non-circular curve
at different heights relative to a common reference
plane;
a plurality of substantially vertical
compression members located on each of said hoop-like
tension members, wherein compression members located on
a first tension member and a proximal pair of
compression members on an adjacent tension member form,
in plan, the vertices of a substantially isosceles
triangle;
a plurality of tension elements
interconnecting each compression member on said first
tension member to said proximal pair of compression
members on said adjacent member; and
means for interconnecting compression members
on an outermost hoop-like tension member to said nodes
on said outer compression member.

45. The triangulated roof of claim 44
wherein said first and second circular arcs define

first and second end sectors, and wherein said first

THIS SHEET HAS BEEN
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(70) affixed to said first tension hoop (50) to the upper node (80) of

the ot her one of said proximal conpr essi on nernpers

70 to
sai d adj acent ______Lens+{ﬁk4ﬁﬁﬂ@—f50) a fIrBEPhﬁQ@%ﬁNJ Q’iééglon
menber (110) extendin

nmenber

mysai d upper node (80)of~sad ToONpriesisi on

(70)“ﬁii iiiﬁ\m Tﬁf first tension hoop (FOY { gatthéna?

and second intermediate circular arcs define first and

csecond intermediate segments.

46. The triangulated roof structure of claim
45 wherein compression members in said first end sector
are located at the intersections of alternating ones of
said tension hoops with alternating ones of a plurality
of radial lines drawn through the center of said first
circular arc; and

wherein compression members in said second
end sector are located at the intersections of
alternating ones of said tension hoops with alternating
ones of a plurality of radial lines drawn through the
center of said second circular arc.

47. The triangulated roof structure of claim
46 wherein compression member in said first

intermediate segment are located at the intersections

- of alternating one of said tension hoops with

alternating ones of a plurality of radial lines drawn
through the center of said first intermediate arc; and
wherein compression members in said second
intermediate segment are located at the intersections
of alternating one of said tension hoops with
alternating ones of a plurality of radial lines drawn
through the center of said second intermediate arc.

48. The triangulated roof structure of claim
44 further comprising a substantially planar cable
truss positioned along the major axis of the non-
circulariperimeter of the building space, which extends
from the center of said first circular arc to the
center of said second circular arc.

AR R
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- 28- | ower node (90) of one of said proximl conpression menber s
(70) affixed to said adjacent tension hoop 56) a second
| %EHM&EME@ES%#E%(
DN

di agonal t ensi-on—rerber—{(111)—ext endi ng e (80) of
sai d conpressjion_nepber - 70) affixed to gaifd—fiTST tensi hoop (50) to

t-he | owert ¢ enReplsfd - ot her one of daild proMpReN?d? | donpression
menbers (70) a1 u adj acent —4¢0- tensilon hoop (50); nmeans
(102, 103, 112, ring an outernogt

49. A triangulated structure for supporting
a roof that projects in plan a closed non-circular
curve, defining an enclosed area for an underlying

building space having a non-circular perimeter having
major and minor axes, comprising:

an outer compression member having a plan
substantially matching the perimeter of the underlying
building space;

a substantially closed non-circular curve,
constructed on said compression member, closely
approximating the non-circular perimeter of the
underlying building space, including:

a first pair of circular arcs having
their centers on the major axis, equidistant
from the minor axis and on opposite sides
thereof, forming end sectors; and

a second pair of circular arcs having
their centers on the minor axis, eguidistant
from the major axis and on opposite sides
thereof, forming intermediate segments,
wherein said first and second pairs of
circular arcs intersect to form said non-
circular curve; )

a plurality of hoop-like tension members
concentrically arranged within said non-circular curve
at different heights relative to a common reference
plane;

a plurality of substantially vertical
compression members located on each of said hoop-like
tension members, wherein compression members located on
a first hoop-like tension member and a proximal pair of
compression members on an.adjacent tension member form,

in plan, the vertices of substantially isosceles

triangles;
_—
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tensi on hoop (50) and the vertical conpressioh REMBEEMENT SHERT
thereto to said conpression ring (10); and

ans—(104,"1U0p,
-securing an innernost tension hoop (50) to sa d caf bhezﬁ@u@§7(L2

ched
114) for
). 2.

The triangul aE‘deIsttth;BemEepbﬁedcl aim1 whereinjsgdi d substantiakly cl osed
oval curve co tmo circul ar arqs-rzu 217" 3. {The
‘triangul ated st |n12 wheLgin salF substantlally CL sed oval
curve conpri ses our C|rcular T

a plurality of nodes located on said outer
compression member wherein said nodes located on said
outer compression member and a proximal pair of
compression members on an outermost hoop-like tension
member form, in plan, the vertices of substantially
isosceles triangles;

a plurality of tension elements
interconnecting each compression member on said first
hoop-like tension member to said proximal pair of
compression members on said adjacent hoop-like member;
and

_means for interconnecting compression members
on said outermost hoop-like tension member to said

proximal pair of nodes on said compression member.

50. The triangulated structure of claim 49
wherein said non-circular curve is discontinuous.

51. The triangulated structure of claim 50
wherein the radius of said first and second pair of
" eircular arcs is the same.

52. The triangulated structure of claim 49
wherein said non-circular curve is continuous.

53. A triangulated cable arrangement for
supporting a roof comprising:

an inner tension member;

a plurality of substantially horizontal
tension hoops concentrically arranged about said inner
tension member at different heights relative to a
common reference plane;

a plurality of substantially vertical
compression members having upper and lower ends,
defining upper and lower nodes, affixed at thei

< GHEET HAS BEEN
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arcs (20, 21, 30, 31). 4. The triangul ated sgructUure B wherein
the area enclosed by the substantially cl osed PLAG?MQ&E§%%?TLESZ

first and second end sectors (22, 23) forned by fTT3ST _and secohd]circul ar
arcs (20, 21), the centers (A, A') of which lig dn ¢ peMARI8B97 aki § of said
aval curve, equidistant fromthe mnor _gxis and dn opposite sidleg thereof;
and first and second internedi ate segnentg (32, 33) fornmed Ry first
and second internediate circular arcs (30, 31), the centers (BB ) of

whi ch are | ocated on the mnor axis of said ovalr curve, at a predeterm ned

di stance frOEhaéi%o one of said tension hoops, wherein each

compression member located on a first tension hoop and
a proximal pair of compression members on an adjacent
tension hoop form, in plan, the vertices of a
substantially isosceles triangle;

a plurality of tension elements
interconnecting a first compression member affixed to
said first tension hoop to said proximal pair of
compression members affixed to said adjacent tension
hoop, said tension elements including:

| a pair of upper tension

members extending from the upper

node of said compression member

affixed to said first tension hoop

to the upper nodes of each of said

proximal pair of compression:

members affixed to said adjacent

tension hoop; and

a pair of diagonal tension
———  members extending from said upper
UIMUIN  rece = suie compression mesber
S e L WS affixed to said first tension hoop

to the lower nodes of each of said

proximal pair of compression

members affixed to said adjacent

tension hoop;

means for securing an innermost tension hoop
and the compression members attached thereto to said
inner tension member;

an outer compression member;

a plurality of nodes located on said outer
compression member; and

a plurality of tension elements

interconnecting an outermost tension hoop and the

This Sheet Has Been Replaced
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maj or axi s on opposite side thereof. 5. The triangul ated ructure of

claim 4 wherein conpression nenbers (70) |oda 41t SHEEP| end sector
€22) are affixed to said tension hoops (50) at g¥%¢gﬂ¥?ﬂd

\ . 11 MR 1297

-43~

compression members attached thereto to said nodes on
said outer compressipn member.

54. The triangulated cable arrangement of
claim 53 wherein the roof projects in plan a
substantially closed triangle.

55. The triangulated cable arrangement of
claim 54 wherein said nodes on said outer compression
member are located on a substantially closed,

discontinuous triangular curve comprising three
circular arcs..

$6. The triangulated cable arrangement of
claim 55 wherein the centers of said circular arcs are
located on meridians joining each vertex of said
triangular curve with a middle point of the opposite
side of said triangle.

57. The triangulated cable arrangement of
claim 56 wherein nodes are located at each vertex of
said triangle.

58. The triangulated cable arrangement of

claim 57 wherein nodes on said outer compression member
are evenly spaced.
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-29- defined by the intersection of alternating ones of said tension hoops

(50) with alternating ones of a plurality of rad
center (A of said first circular arc (20); and
menbers (70) located in said second end sector (

tensi on hoops (50) at positions defined by the ipt

(50) with alterpa rﬁgwégéﬁ%‘ﬁa

ones of "said tension hoops
of radial |lines drawn through the center (A ) of

(21).
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al. lines drawn through the
$si on
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urality
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6. The triangulated structure of claim 5 . wherein conpression nmenbers
(70) located in said first internedi ate segnent (22) are affixed to said

t ensi on hoops (50) at positions defined by the ifn sectTons—oef—akt er nati ng
ones of said tension hoops (50) with alternatin éé%ﬂQﬁMENTpSHEEﬂi ty of

radial |lines drawn through the center (B) of sajdi{fiTst Imtermeyi ate arc
(30); and wher ei n conpression nenberg (70) fodatfed MARsEOE $e¢ond
i nternmedi ate segnent (33) are affixed to said tengion hoops (pO at

positions defined by the intersections of alternating ones flsaid
t ensi on hoops (50) with alternating ones of a plurality of radial|lines

@)
0

FIG. 2
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drawn through the center (B') of said second intermediate arc (33). 7.
The triangul ated structure of claim1l whereingesaid _conpression ring (10)

conprises a plurality of nodes (40) form ng qﬁg @ ed oval
curve concentric to said outernpst tension hgopel 6 : tﬁt.g“&ﬁe
triangul ated structure of claim7 wherein saijd ims for secUrijng said

out ernost tension hoop (50) and the vertjcal jco ds A8n 1882 nifer s (70)
attached thereto to said :

| Y
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Minor
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(10) 9. The triangulated structure of claim8 wherein said plurality of
temrsi on el enents conpri se: a first upper tension nmenber (102) extending

outwardly fromthe upper node (80) of said co ession nmenber (70) affixed
to.said outernost tension hoop (50) to one of sakgpﬁﬂﬁ%quJSgg S (40) on
r ) _neiber] (103)

said conpression ring (10); a second uppe L ension
or] menber

extendi ng outwardly from said upper node (80) df sa{q gﬁﬁp{g Si
(70) affixed to said outernost tens%on hoop (5Q) {t ot & ¢ 9

10 ~40
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the other one of said proximal nodes (40)

on said conpression ring

(10); a first diagonal tension nenber (112)._extending outwardly from
the | ower node (90) of said conpression nmenbef gpEB)ACEMENTESH dai d
out.er nost tension hoop (50) to one of said pr@xi, qn said
conpression ring (10); and ~a second diagonal.t?naﬁgnﬂgz e (113)
extending outwardly fromsaid | ower node (90) joff shitd'% ﬁ% s$i gn nenber
(70) affixed to said outernpst tension hgop (30)L orje of said
proxi mal nodes (40) on said conpression ring (10).
o
T o
=2,
{

FIG. 6




10. The triangul ated structure of claim7 wherein safd conpression ring
(10) conprises a concrete box girder. 11 structure of
claim 10 wherein the | ocation of said node HE%&?‘@EQPME of t he
crass-section of said girder varies around}the perineter sai d
conpression ring (10). 12. The triangul af el 4t¥ JeARAIY70f| c] ai m 7 wherein
said conpression ring (10) conprises a trijangular_truss (210)

[

L

/—~
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44

1120

FIG. 7
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having a horizontal top truss (212) and a pai p~ef—~-nclined sjde trusses
(214, 216) secured to said top truss (212), whiREPLAGEMBNT dsyppsard from said

top truss (212) to a conmon -point. - 31
) 11 MAR 1897
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16. The triangul ated structure of claim 14 wherein each of said di agonal

tensi on nenbers (110, 111) conprise wire strand. 17. The triangul at ed
structure of claim4 wherein said cable trusg—t20).caonprises; an
upper tension nmenber formng a top chord (12P)REPLACEMENT t ensi on nenber
parallel to said top chord (122), form ng a pog ) a
plurality of conpression nenbers (126, 127) pf sfwhich are

affixed to said top and bottom

10 l

12’ 44




chords (122, 124); and a plurality of @r n LEl nenber s
exteending fromsaid top chord (122) to said #ﬁ-ﬁ&t%gﬁ§@%§4 bet ween
adj acent conpression nenbers (126, 127), fO’&}ﬂg dragonal chofds (128).

18.. The triangul ated structure of claim 17| wherlel M&R 4871 | shi d upper,
| ower and di agonal tension nmenbers (122, 124, {128) conpriselwre strand.

19. The triangul ated structure of claim 17 Wherein each of
I i




sai d upper, |ower and diagonal tension nenbers (122, 124, 128) conprise
W re rope. 20. The triangul ated structure la b etn said top
, PEFLAGEET ShEeT

chord, bottom chord, diagonal chord (122, 1
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-32- conpression nmenbers (126-, 127) aII |REP!HOE r pl ane. 21.
The-triangul ated structure of claim 20 _.n eaggﬁféiﬂégt: russ (120) has

first and second ends which coincide withti qfq$ﬁ£%F%A ) of said first
and second circular arcs (20, 21), respe /e THe g ri angul at ed
structure of claim21 wherein said
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fimst and second ends of said cable truss (120) conprise conpression
nmerrbers (126). 23. The triangul ated strucfU of —Tharm-22-wherein said
means for securing said innernost tension h Lﬁ@ﬁmfﬂTéﬂﬂﬁTcable truss
(120) conprises a plurality of tension el enen{S {T04—105—114)
i nterconnecting a conpression member (70) affixdgd]tasaegy i hnkrnost tension
hoop (50) to at |east one conpression nenbef {126, 127) of sajd cable

truss. 24. The triangul ated structure of fclaim I Wherai aj d

14 .

440-

6

FIG.



: ALLFasE- %
oval tension hoops (50) conprise a plurality rof cabl es. 25. The
triangul ated structure of claim 24 wherein eacpmef—said tension hoops (50)

conprise a plurality of wire strands. 26. T HEPLWEW%?’{E? ructure of
cl ai m 24. wherei n e&ch ‘of said tension hoops (50)cerpr-se rality of

wire ropes. 27. The triangul ated structure q ?2‘“}‘;‘!‘; W ndr
—B -

non-circular perimeter of the underlying structure. To
complete the triangulated structure, the present
invention also includes a plurality of tension elements
for interconnecting compression members affixed to an
innermost hoop-like tension member to the cable truss.
A flexible membrane overlays the tension elements and
is attached to the upper nodes of the compression
members to form a roof for the underlying structure.

As described above, I have devised a
triangulated roof structure for a non-circular
underlying building structure in which the plan of the
roof structure closely approximates the underlying
building structure. In this manner, substantial
economy in constructing the triangulated structure is
achieved by reducing the variety of unique upper and
lower node details that would otherwise occur at the
interconnections of each compression member on a first
hoop-like tension member to a proximal pair of
compression members on an adjacent hoop-like tension
member. Since the variety of unique node details is
reduced, the same or similar node configurations can be
used at a number of upper and lower ends of the

compression members throughout the structure.

Brief Description Of The Drawings

These and other objects, features and
advantages of my invention will be more readily
apparent from the following detailed description of a
preferred embodiment of the invention in which:

FIG. 1 is a side elevation view of a roof
structure in accordance with one embodiment of the
present invention;

FIG. 2 is a top plan view useful in
understanding the present invention;

EN
THIS SHEET HAS BE \
REPLACED




3 L RIVOLRNE: % -
§¥ncluding a flexibl ﬁ%ﬁHﬁQ§N5N65§H%ﬂérlylng said structure (2). é%
4riangul ated structyrg of clarm 27 perein said flexible nenbrane (5) |s

elected from Teflo [errZﬁcABReﬁgﬁlbprglass silicon coated and
iorrugated st eel . 29. The triangulated structure ofHEPbﬁGﬁ@gmvﬁaﬁeln sai d

menbr ane (5) conprl es a plurality of dlagnnd shaped

lacks é’degree of lateral stability at the top radial chord
of the dome and therefore relies on the flexible membrane
for stiffness. Furthermore, due to the radial arrangement
of the support members, this structure is only appropriate
for use in circular stadiums. Most stadiums or arenas are,
however, non-circular.

.Yet another circular éable dome system is illustrated
in US Patent No 4,757,650 to Berger. Like the system of
Gieger (’553), described above, Berger’s dome is not
triangulated. Also like Geiger, Berger'’'s dome comprises a
plurality of radially oriented support members. In
particular, Berger’s support members include an edge ring,
which forms the shape of the dome in plan. The edge ring
is supported on columns and  includes several nodes. A
series of:supporting lower and upper cables are attached at
their ends to spaced apart nodes on the edge ring, so that
the cables cross each other when viewed in plan. Vertical
support struts are attached on their lower and upper ends
to the lower and upper cables, respectively. More
specifically, the struts are positioned where the cables
cross each other, which is radially inward from the édge
ring. As a result, the placed struts form the shape, when
viewed ‘in plan, of a first inner ring concentric to the
edge ring. -Each of these struts also includes nodes to
which additional lower and upper cables may be attached.
Subsequent inner rings may be formed by attaching these
cables to spaced apart nodes on the struts of the first
inner - ring and positioning additional wvertical struts
between the upper and lower cables radially inward from the
first inner ring to form a second inner ring. This
placement of cables and struts may continue until the
desired number of support rings and corresponding cable
supports have~been;constructed. However, 1like Geiger’s
dome, Berger'’s radial arrangement of the support members is
not appropriate for non-circular buildings.

Roof structures have been developed to support a roof
for such non-circular buildings. For example, US Patent
No. 3,841;038 to Geigér relates to a non-circular roof



-

i‘:33- panel s, tHeR\E/«E\IF‘}CA:%EqNTnﬁHE Tch coincide with the upper nodes (80)

of the substantiallfy | vertical rgssi on nmenbers (70). 30. The
e _ﬁﬂ PR 19980 T ,

._rfriangulated st ructfur erein each of
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structure which defines an encloséd building space,
including a ring which projects in plan substantially to a
closed curve having méjor and minor axes and a plurality of
skewed axes of symmetry. In this roof structure, a
plurality of‘sets of rigid arches are connected to the ring
to form the roof, with the arches of at least two sets
respectively extending in plan substantially parallel to a
separate one of the skewed axes of symmetry of the closed
curve, and the arches of another set extending in plan
substantially parallel to the major or minor axis of the
closed curve. These arches impose a funicular load on the
ring and support a roof deck structure to form a domed
surface. '

This, structure, while applicable to non-circular
structures is unnecessarily complicated, requiring at some
points the intersection of up to six arches. This causes
extremely complicated.attachments at these intersections.
Also, this structure is constructed with rigid arches and,
therefore, does not efficiently use the tensile strength of
building materials and may also result in a roof structure
having a high aspect ratio.

Because of the drawbacks highlighted above none of
these prior art roof structures efficiently utilize a
triangulated arrangement of tension members



Eald di anond shaped panel's forns a hyperbolic parabol oid when secured to
sai d upper nodes (8 | conpression menbers (70). 31. A
rftrlangulat_ed cabl e aREBDMﬁﬂNENT'SHEEB pporting a roof conprising: an
I nner tension nmenbgr rality of substantially horizonta

t-ensi on hoops (450) con Ntan y arra ed about said inner tension nenber
(520) at different jhe ﬁ [\qugsb tjo z?gcommn ref erence pl ane;

plurality of substgnt! onpr essi on REPLACEMENTSHEET

and compression members to construct a roof adaptable

to a variety .of non-circular underlying arenas.

Summarvy Of The Invention

I have devised a roof structure for a non-
circular underlying building structure, such as a
stadium, arena or the like, which overcomes the
disadvantages and shortcomings of the above-mentioned
prior art structures when such structures are applied
to non-circular stadiums. Specifically, I have devised
a triangulated roof structure for a non-circular
underlying structure which reduces the degree of
complication of the joint detéils by approximating the
shape of the undérlying structure with a series of
circular arcs. This triangulated arrangement provides
greater redundancy and is better able to handle the
nonsymmetric loading conditions which such structures
typically encounter.

In accordance with the present invention, a
triangulated.cable arrangement is disclosed for
supporting a roof that projects in plan a closed non-
circular curve. The roof defines an enclosed area for
an underlying building space having a non-circular
perimeter including majér and minor axes. The roof
structure includes an ocuter compression ring having a
plan which substantially matches the perimeter of the
underlying building. A non-circular curve is
constructed on the compression ring, using a plurality
of circular arcs, which closely approximates the non-
circular perimeter of the underlying building space.

The triangulated structure of the present
invention also includes a plurality of hoop-like
tension members which are concentrically arranged
within the non-circular curve at different heights

relative to a common reference plane. A plurality of



L'menbers (470) haV|ng an upper end and a | ower end, defining upper and | ower

nodes, affixed atr—tterT to one of said tension hoops (450),
mhereln conpre55|oﬁEWéWE@ (§§ ffixed to a first hoop (450) are not
“radially al i gned {wi FA~conpr essi o nbers (470) affixed to. an adjacent

tension hoop (45Q);]1 2 1 PR 18981 ilt } of tension el enents RE‘PMGEMERHOSHEE a
first conpression nenber (470) afifilxed” tH=said first tension hoop (450)
to a proxinmal palir of conpression| nmenbers (470) affixed to said adjacent
tensi on hoop (450), said tensjion.elenents including: a pair of
upper tens'v%'}tri%ﬁek%n(p'i(%%mw}nember%xb%ﬂ@io&sf r oy wppedr rede of said

co ressi on
P lower ends, are affixed at their lower ends at spaced-

apart locations on each of the hoop-like tension
members. The upper and lower ends-of the compression
members define upper and lower attachment points or
nodes, respectively. The compression members are
located on each of these hoop-like tension members,
such that each compression member located on a first
hoop-like tension member and a proximal pair of

- compression members on an adjacent hoop-like tension
member form, in projection on the plan, the vertices of
a substantially isosceles triangle. Similarly,
attachment points or nodes are located on the non-
circular cﬁrve constructed on the outer compression
ring such that each node located on the compression
ring and a proximal pair of compression members located
on an outermost hoop-like tension member also form, in
plan, the vertices of a substantially isosceles
triangle.

' The structure further includes a plurqlity of
tension elements interconnecting each compression
member on a first hoop-like tension member to a
proximal pair of compression members on an adjacent
hoop-like tension member. Tension elements are also
provided for interconnecting each compression member on
the outermost hoop-like tension member to a proximal
pair of nodes on the outer compression ring.

In this manner, the structure, when viewed in
plan, appears as a plurality of substantially: isosceles
triangles arranged within the non-circular curve
constructed on the compression ring. Accordingly, the
structure is triangulated. _

In accordance with another important aspect
of the present invention, a tension member, such as a
cable truss, is provided along the major axis of the



rember (470) affi QﬂﬁkﬁpgﬁtﬂTféﬁéﬁf 'epsion hoop (450) to the upper
0 proxinal_pajrjo
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complete the triangulated structure, the present

invention also includes a plurality of tension elements
for interconnecting compression members affixed to an
“innermost hoop-like tension member to the cable truss.
A flexible ‘membrane overlays the tension elements and
is attached to'the_upper nodes of the compression
members to form a roof for the underlying structure.
As described above, I have devised a
triangulated roof structure for a non-circular
underlying building structure in which the plan of the
roof structure closely approximates the underlying
building structure. In this manner, substantial
economy in constructing the triangulated structure is
achieved by reducing the variety of unigque upper and
lower node details that would otherwise occur at the
interconnections of each compression member on a first
hoop-like tension member to a proximal pair of
compression members on an adjacent hoop-like tension
member. Since the variety of unique node details is
reduced, the same or similar node configurations can be
used at a number of upper and lower ends of the
compression members throughout the structure.

Brief Description Of The Drawinas
These and other objects, features and

advantages of my invention will be more readily
apparent from the following detailed description of a
preferred embodiment of the invention in which:

FIG. 1 is a side elevation view of a roof
structure in accordance with one embodiment of the
present invention;

FIG. 2 is a top plan view useful in
understanding the present invention;
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FIG. ] is a tob plan.view depicting an upper
set of tension elements used in a preferred embodiment
of the invention;

FIG. 4 is a plan view similar to FIG. 3
depicting’a set of diagonal tension elements and three
hoop-like tension elements used in a preferred
embodiment of the invention;

FIG. 5 is a view along the major axis of the
non-circular curve in FIG. 3;

FIG. 6 is a view along the minor axis of the
non-circular curve of FIG. 3;

FIG. 7 is a section taken through one node on
the compﬁession ring, at line 7-7 of FIG. 3;

: FIG. 8 is a section taken through another
node on the compression ring, at line 8-8 of FIG. 3;

FIG. 9 is a top plan view similar to FIG. 3
depicting an alternate compression ring comprising a
triangular truss; |

FIG. 10 is a section through lines 10-10 and
10'-10' of FIG. 9; '

FIG. 11 is a top plan view of an upper node
of a compression member;

FIG. 12 is a section through line 12-12 of
FIG. 11; ,

FIG. 13 is a top plan view of a lower node of
a compression member;

FIG. 14 is a section through line 14-14 of
FIG. 13;

FIG. 15 is a top plan view depicting an
alternate embodiment of the roof structure shown in
FIGS. 3 and 4; and

FIG. 16 is a top plan view of another
embodiment of the present invention.
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Detajiled Description Of The Preferred Embodiment

FIG. 1 illustrates, in side elevation view, a
,préferred empodiment of a triangulated roof structure,
generally designated by the numeral 2, designed in
accordance with my invention. Roof structure 2 defines
an enclosed area for an underlying building space
having a non-circular perimeter. Roof structure 2
includes a flexible membrane constructed from a
plurality of diamond shaped panels, which provides a
roof for the enclosed space. Cross-sections and plan
views of this triangulated roof are shown in FIGS. 2-6.

FIG. 2 -illustrates one non-circular
configuraﬁion for which the present invention may be
used, including a compression ringllo having a non-
circular plan which substantially matches the perimeter
of an underlying building space 1 having major and
minor axes. Constructed on compression ring 10 is a
non-circular curve'lz which comprises a plurality of
circular arcs. Non-circular curve 12 includes a first
pair of circular arcs 20, 21 having their centers A, A!
on the major axis of the non-circular curve formed by
the perimeter of underlying building structure 1.
Centers A, A' of circular arcs 20, 21 are equidistant
from the minor axis and on opposite sides. Circular
arcs 20, 21 form end sectors 22, 23 for the area

enclosed by non-circular curve 12. Non-circular curve

12 further includes a second pair of circular arcs 30,
31 having centers B, B' located on the minor axis of
the non-circular curve formed by the perimeter of
underlying building structure 1. Centers B, B' of
circular arcs 30, 31 are equidistant from the major
axis and on opposite sides. Circular arcs 30, 31 form
intermediate segments 32, 33. As shown in FIG. 2,
first pair of circular arcs 20, 21 and second pair of
circular arecs 30, 31 intersect to form non-circular
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menbers affi xed t. ﬁEP[NC%@ENT'SHEEF'On hoop are radially aligned. 35. A
Support structure f or__anchoring lles of a triangulated structure which

supports a roof prloje 1 4 substantially closed oval curve, to an
h ﬁi%&agﬁﬁ@n ci :

under |l ying structure rcul ar perineter CO@EPLg@Q@ENTSHEEﬁ
conpr essi on beam ({10 n korrdgponding to the non-circul ar

perimeter of the underlying structure, and a plurality of attachnent
poi nts (40, 42, 44

curve 12. Similarly, end sectors 22, 23 combine with

intermediate segments 32, 33 to form the area enclosed
by non-circular curve 12.

A plurality of hoop-like tension members 50
are concentrically arranged within non-circular curve
12 at different heights relative to a common plane.
vertical compression members 70, having upper and lower
ends, are attached at their lower ends to each tension
memberISO at'spaced—apart locations 60 on the tension
member. The upper ends of compression members 70
define upper attachment points or nodes 80 and the
lower ends define lower attachment points or nodes 90.
Compressisn members 70 are located on each hoop-like
tension'member 50 such that a compression member 70 on
a first hoop-like tension member 50 and a proximal pair
of compression members 70 on an adjacent hoop-like
tension member 50 form, in plan, the vertices of a
substantially isosceles triangle. Similarly,
attachment points (or nodes) 40 are located on outer
compression ring 10 such that a node 40 located on
outer compression ring 10 and a proximal pair of
compression members 70 on an outermost hoop-like
tension member 50 form, in plan, the vertices of a
substantially isosceles triangle.

Nodes 40 on compression ring 10, lying within
end sectors 22; 23 are located at the intersections of
non-circular curve 12 with alternating ones of a
plurality of radial lines drawn in end sectors 22, 23
through centers A, A' of circular arcs 20, 21,
respectively. Similarly, compression members 70 on
hoop-like tension members 50, lying within end sectors
22, 23 are located at the intersections of alternating
ones of hoop-like tension members 50, with alternating

ones of the above-mentioned plurality of radial lines
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35 wherein said dttachiment points (j40, 421344) lie along a cl osed oval

drawn through centers A, A' of circular arcs 20, 21,
respectively.

In similar fashion, nodes 40 on compression
ring 10, lying within intermediate segments 32, 33 are
located at the intersections of non-circular curve 12
with alternating ones of a plurality .of radial lines
drawn in intermediate segments 32, 33 through centers
B, B' of circular arcs 30, 31, respectively.
Compression members 70 on hoop-like tension members 50,
lying within intermediate segments 32, 33 are located
at the intersections of alternating ones of hoop-like
tension members 50 with alternating ones of the above

- plurality of radial lines drawn through centers B, B'

of circular arcs 30, 31. In this manner, the
trianguléted geometry of the present invention is
adapted to a wide range of non-circular perimeters to
accommodate an underlying structure.

One roof construction according to the
present invention is shown in FIGS. 3 and 4, wherein
compression ring 10, having an oval shape to match the
perimeter of unéerlying building structure 1 rests upon

‘a number of concrete support columns or other suitable

foundation which may extend ﬁpward from underlying
structure 1. Non-circular curve 12 is constructed on
compression ring 10 as described above. A plurality of
hoop-like tension members 50 are concentrically
arranged within non-circular curve 12 on compression
ring 10. As best seen in FIGS. 5 and 6, hoop-like
tension members 50 are arranged within compression ring
10 at different heights relative to a common reference
plane. A plurality of vertical compression members 70
are affixed at their lower ends to each of hoop-like
tension members 50.

- A plurality of tension elements are provided

for interconnecting each compression member 70 affixed
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to a first hoop-like tension member 50 to a proximal
pair of compression members 70 affixed to an adjacent
hoop-like tension member 50. Fig. 3 depicts, in plan,
the triangulated arrangement of the tension elements
that run between the upper ends of the compression
elements. Fig. 4 depicts, in plan, the hoop-iike
tension members 50 as well as the triangulated
arrangement of diagonal tension elements that run
between the upper end of one compression element and
the lower end of an adjacent compression element.

As best shown in FIGS. 3-6, these tension elements
include: a first upper tension member 100 (Fig. 3)
extending_}rom upper node 80 of compression member 70
affixed to the first hoop-like tension member 50 to

- upper node 80 of one of the proximal pair of
compression members 70 affixed to the adjacent hoop-
like tension member 50; a second upper tension member
101 (Fig. 3) extending from upper node 80 of
compression member 70 affixed to the first hoop-like
tension member 50 to upper node 80 of the other one of
the proximal pair of compression members 70 affixed to
the adjacent hoop-like tension member 50; a first
diagonal tension member 110 (Fig. 4) extending from
upper node 80 of compression member 70 affixed to the
first hoop-like tension member 50 to lower node 90 of
one of the proximal pair of compression members 70
affixed to adjacent hoop-like tension member 50; and a
second diagonal tension member 111 (Fig..4) extending
from upper node 80 of compression member 70 affixed to
the first hoop-like tension member 50 to lower node 90
of the other one of the proximal pair of compression
members 70 affixed to adjacent hoop-like tension member
50.

The triangulated structure of the present
invention also includes means for securing the
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outermost hoop-like tension member 50 and compression
members 70 attached ‘thereto to compression ring 10. 1In
the preferred embodiment, a plurality of tension
elements interconnect each compression member 70
affixed to outermost hoop-like tension member 50 to a
proximal pair of nodes 40 on compression ring 10.

Preferably, the plurality of tension elements
include: a first upper tension member 102 (Fig. 3J)
extending outwardly from upper node 80 of compres;ion
member 70 affixed to outermost hoop-like tension member
50 to one of the proximal pair of nodes 40 on
compression ring 10; and second upper tension member
103 (Fig. 3) extending outwardly from upper node 80 of
compressisn member 70 affixed to outermost hoop-like
tension member 50 to the other one of the proximal pair
of nodes 40 on compression ring 10; a first diagonal
tension member 112 (Fig. 4) extending outwardly from
lower node 90 of compression member 70 affixed to
outermost hoop-like tension member 50 to one of the
proximal pair of nodes 40 on compression ring 10; and a
second diagonal member 113 (Fig. 4) extending outwardly
from lower node 30 of compression member 70 affixed to
outermost hoop-like tension member 50 to the other one
of the pfoximal pair of nodes 40 on compression ring
10.

As shown in FIGS. 7 and 8, nodes 40 further
include attachment members 42 for attaching upper
tension members 102, 103 to compression ring 10 and
attachment members 44 for attaching diagonal tension
members 112, 113 to compression ring 10. Attachment
members 42, 44 are designed such that the intersection
of the axial centerlines of all tension members
attached to compression ring 10 coincide with nodes 40.
In the preferred embodiment, compression ring 10
comprises a concrete box girder. Since nodes 40 lie on
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(214, 216) securg¢d to said top trugs (212 whi ch
non-circular nstructed on compression ring

10, the location of nodes 40 on compression ring 10
varies around non-circular curve 12. Accordingly, the
jocation of attachment members 42, 44 also varies
around compréssion ring 10.

in an alternate embodiment, illustrated in
FIGS. 9 and 10, compression ring 10 comprises
triangular truss 210. Triangular truss 210 further
includes horizontal top truss 212 and a pair of
inclined side trusses 214, 216 which are secured to top
truss 212 and which extend downward from top truss 212
to a common point. The shape of triangular truss 210
varies around the perimeter of the underlying structure
to accommodate the change in the location of nodes 40
relative to the underlying structure, due to the
approximation of the perimeter by non-circular curve
12. Truss 210 in FIG. 10 illustrates the shape of the
truss when node 40 lies inside a support column of
underlying structure 1, such as at line 10—16 of FIG.
9. Truss 210' illustrates the shape of the truss when
node 40 lies directly above a support column of
underlying structure 1, such as at line 10'-10' of FIG.
9. . . *

In the preferred embodiment, a cable truss
120, shown in FIG. 5, is positioﬁed along the major
axis between centers A, A' of circular arcs 20, 21 to
incorporate a triangulated geometry into a non-circular
configuration. Cable truss 120 preferably includes an
upper tension member forming a top chord 122, .a lower
tension member parallel to top chord 122 forming a
bottom chord 124, a plurality of compression members
126 and 127, of varying heights, having upper and lower
ends. The lower -ends of compressions members 126, 127
are affixed to bottom chord 124. The upper ends of
compression members 126 are affixed to top chord 122,
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122 at some point below their upper ends. Cable truss
120 also includes a plurality of diagonal tension
members extending from the point at which a first
compression member 126, 127 is affixed to top chord 122
to the lower end of an adjacent compression member 126,
127, forming diagonal chords 128.

Also, a plurality of tension elements are
provided for interconnecting an innermost hoop-like
tension member 50 to cable truss 120. In the preferred
embodiment, these tension elements interconnect each
compression member 70 affixed to innermost hoop-like
tension member 50 to at least one compression member
126, 127 of cable truss 120. Preferably, as shown in
FIGS. 3 and 4, these tension elements include: at
least one upper tension member 104 (Fig. 3) extending
inwardly from upper node 80 of compression member 70
affixed to innermost hoop-like tension member 50 to the
upper end of at least one compression member 126, 127
of cable truss 120 and at least one diagonal tension
member 114 (Fig. 4) extending inwardly from upper node
80 of compression member 70 affixed to innermost hoop-
like tension member 50 to the lower end of at least.one
compression member 126, 127 on cable truss 120.

In order to provide a roof which has an
overall downward slope, an uppermost tension member 106
(Fig. 3) is positioned along the major axis between A,
A', above cable truss 120 and is connected to the upper
ends of compression members 127.

One particular advantage of the present
invention is that the number of structural members in
tension is maximized to more efficiently utilize the
tensile property of the building materials. Therefore,
the structural members that are in tension are

preferably formed of flexible materials such as cables.
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' For example, hoop-like tension members 50, upper
tension members 100-106, diagonal tension members 110-
114, top chord 122, bottom chord 124, and diagonal
chord 128 of cable truss 120, prefefably comprise
‘cable such as‘wire strand, or wire rope. In the
preferred eﬁbodiment, upper tension members 100-106
comprise a plurality of cables which may drop off
toward the center of the structure. Compression
members 70 as well as compression members 126, 127 of
cable truss 120 are preferably rigid posts such as
steel pipe.

FIGS. 11 and 12 illustrate an upper
attachment 130 which may be affixed to the upper end of
compression:members 70. Upper attachment 130 is
designed to attach to a compression member 70 first
ends 100a, 10la of a first set of upper tension members
100, 101, second ends 100b, 101b of a second set of
upper tension members 100, 101, and first ends 110a,
11la of a set of diagonal tension members 110, 111.
Upper attachment 130 includes: a first attachment
plate 131 for attaching the upper end of compression
member 70; a pair of attachment plates 132, 133 located
on an outer side of compression member 70 for attacliing

. second ends 100b, 101b of upper tension members 100,
101, which extend inwardly from upper nodes 80 of a
proximal pair of compression members 70 located on an
outer adjacent hoop-like tension member 50; a second
pair of attachment plates 134, 135 located on an inner
side of compression member 70 for attaching first ends
100a, 10la of upper tension members 100, 101, which

' extend inwardly from upper node 80 of compression
member 70 to upper nodes 80 of a proximal pair of
compression members 70 located on an inner adjacent
hoop-like tension member 50; a saddle-like plate 136
positioned above attachment plates 134, 135 and
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plate 137 for attaching first ends 110a,
111,
inwardly from upper node 80 of compression member 70 to

diagonal tension members 110,

lower nodes 90 of a proximal pair of compression
members 70 located on an inner adjacent hoop-like
tension member 50. Significantly, upper attachment 130
is designed such that the intersection of the axial
centerlines of all tension members 100, 101, 110, 111
and compression member 70 éttached thereto coincide
with upper node 80.

_ . FIGS. 13 and 14 illustrate a lower attachment
140'which'may be affixed to the lower end of
compression member 70 and which in turn affixes the
lower end of compression member 70 to hoop-like tension
member 50 at nodes 60. Lower attachment 140 includes:
a first plate 142 for attaching the lower end of
compression member 70; a second attachment plate 144
located on an outer side of compression member 70 for
attaching the second ends 110b, 111b of ‘diagonal
tension members 110, 111, which extend inwardly from

upper nodes 80 of a proximal pair of compression

- members 70 located on an outer adjacent hoop-like

tension member 50; and a third attachment plate 146 for
securing the lower end of compression member 70 to
hoop-like tension members 50. A plate 148, located
beneath plate 146, may also be included to secure the
lower end of compression member 70 to hoop-like tension
member 50. Lower attachment 140 is designed such that
the axial centerlines of diagonal tension members 110,
111 and compression member 70 as well as the radial
centerline of hoop-like tension member 50 attached
thereto coincide with lower node 90.
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the triangulated support structure is a flexible

membrane 5 serving as a roof for the underlying
structure. Membrane 5 may be formed by Teflon™-coated
fiberglass, 'silicone coated polyester, or corrugated
steel, although it is contemplated that other materials
such as canvas may also be used. Preferably, however,
membrane 5 is constructed of Teflon™-coated fiberglass.

In the preferred embodiment, membrane 5
comprises a plurality of diamond-shaped panels, such as
panel abcd shown in FIG. 3. The vertices of these roof
panels coincide with upper nodes 80 of compression

- members io'gnd are secured to upper attachments 130.
As such, the;e diamond shaped panels form hyperbolic
paraboloids. This is best illustrated in FIG. 1.
Significantly, the hyperbolic paraboloid shape the roofl
panels take when secured to upper nodes 80 of
compression members 70 contributes to the structural
stiffness of these panels, without the use of
additional cables on top of membrane 5.

For convenience, a network of catwalks 150
can be constructed on hoop-like tension members 50 to
provide for maintenance aﬁd installation personnel, as
well as to provide mounting for service lighting,
speakers and rigging for special events. Catwalks 150
may have handrails 152 on either side to provide
‘safety.

The unigueness of the cable truss structure
designed in accordance with the ﬁresent invention is
best demonstrated by FIG. 1. In particular, the
triéngulated location of compression members 70 on
hoop-like tension members 50 in an offset relation,
gives rise to the unique hyperbolic paraboloid shape of
the roof panels when attached to upper nodes 80 of

compression members 70. The triangulated structure
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provides an added degree of stability over prior art

structures while minimizing the number of structural
members required. Also of particular importance is the
tent-like appearance of the overall structure, due
primarily to the employment of cable truss 120 along
the majorfaxis. '

FIG. 15 illustrates another non-circular
configuration for which the present invention may be
used, in which like elements are numbered in a like
manner. This embodiment also includes a compression
ring 218 having a non-circular plan which substantially
matches the perimeter of the underlying building space.
In this embodiment, however, a discontinuous non-
circular :curve 219 is constructed on compression ring
218 from a plurality of circular arcs, wherein each of
the arcs has the same radius. Non-circular curve 219
includes a first pair of circular arcs 220, 221 having
their centers on the major axis of the non-circular
curve formed by the perimeter of the underlying
building structure. The centers of circular arc 220,
221 are equidistant from the minor axis and on opposite
sides. Non-circular curve 219'§grther includes. a '

second pair of circular arcs 230, 231 having'their’

centers located on the minor axis of the non-circular
curve formed by the perimeter of the underlying
building structure. The centers of circular arc 230,
231 are equidistant from the major axis and on opposite
sides. First pair of circular arcs 220, 221 and second
pair of circular arcs 230, 231 intersect to form
discontinuous non-circular curve 219.

A plurality of hoop-like tension members 250
are concentrically arranged within non-circular curve
219 at different heights relative to a common plane.
Nodes 240 are located at the intersections of the

above-described circular curves which make up non-
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circular curve 219. Additional nodes 240 are evenly
spaced between the nodes located at these
intersections. Vertical compression members 270 having
upper and lower ends are attached at their lower ends
to each hoop-like tension member 250 at spaced-apart
1ocation55260 on the tension members. Compression
members 270 are located on each hoop-like tension
member 250 such that a compression member 270 on a _
first hoop-like tension member 250 and a proximal pair
of compression members 270 on an adjacent hoop-like
tension membef 250 form, in plan, the vertices of a
substantially isosSceles ‘triangle. Compression members
270 on an dutermost hoép—like tension member 250 are
located Such that a node 240 located on outer
compression ring 218 and a proximal pair of compression
members 270 on the outer most hoop-like tension member
250 form, in plan, the vertices of a substantially
isosceles triangle. A cable truss 320 is positioned
along the major.axis to complete the triangulated
structure.

As described with respect to the embodiment
shown in FIGS. 3 and 4, the structure includes upper
and diagonal tension members 300, 301 and 310, 311,
respectively, which interconnect each compression
member 270 on a first hoop-like tension member 250 to
the proximal pair of compression members 270 on an
adjacent hoop-like tension member 250. Also, upper and
diagonal tension members 302, 312 interconnect a
compression member 270 located on outermost hoop-like
tension member 250 to a proximal pair of nodes 240 on
outer compression rihg 218. Finally, tension elements
-are provided to interconnect compression members 270 on

an inner most hoop-like tension member 250 to cable
truss 320. - ”
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attachments on any one hoop-like tension member 250 are

v conpri sing: an
substantially match
-a plurality of node

- rmenber (10) definin
approxi mati ng the npn:
conpri si ng: 1
centers (A, A) of

jidentical since the angular relation of tension members
arriving at an upper node are identical for each
compression member on the hoop. Similarly, all of the
lower attachments are identical. Only the upper and
lower attachments for compression members lying along
lines 340 are different for each hoop.

FIG. 16 illustrates another non-circular
configuration for which the present invention may be
used, where like elements are designated by 1like
numerals. This embodiment is drawn specifically to an
underlying structure having a substantially triangular
perimeter. A compression ring 410 is provided having a
plan which substantially matches the triangular
perimeter of the underlying building space. 1In this
embodiment, a discontinuous non-circular curve 412 is
constructed from three circular arcs having the same
radius. The centers of these arcs are located on
meridians 420 which are drawn from each vertex of the
trianglé_to a middle point of the opposite side of the
triangle. 1In this manner, non-circular curve 412 is
constructed which substantially matches the periméter
of the:underlying building space.

Nodes 440 are located at each vertex of the
ﬁriangle and additional nodes 440 are evenly spaced
along non-circular curve 412 between each vertex. A
plurality of hoop-like tension members 450 are
concentrically arranged within non-circular curve 412
at different heights relative to a common plane.
Vertical compression members 470 are attached at their
lower ends to each hoop-like tension member at spaced-
apart locations 460 on the tension members such that a
compression member 470 on a first hoop-like tension

member 450 and a proximal pair of compression members



*opposite sides therept—and +4rst and second internediate circul ar
arcs (30, 31), t 1&%&%?&(5HET) of which are |ocated at :
.’predet er m ned poi nt s{ og—tte-nimor—axj s{of the non- circular building
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t her eof ; a plurality " ho op-{1i e 24 ensi R pLATEREN B SHESD)
concentrically arrange M[[nln sard—hop- C|rcular curve at different helghts
relative to a commonjreference. pl ane; a pIurallty of substantially

vertieal conprees) on TRTIELe Fak TR efl B hafbad ol e8Py L 2 o o
menber (50)lgnglphoxthaIVpatnceﬁ of a substantially isosceles

rriangle. .
Upper and diagonal tension members 500, 501
and 510, 511, respectively, are provided which
ijnterconnect compression member 470 on the first hoop-
1ike tension member 450 to the proximal pair of
compression members 470 located on the " adjacent hoop-
jike tension member 450. Also, upper and diagonal
tension members are provided which interconnect each
compression member 470 on an outermost hoop-like
tension member 450 to at least one node 440 on outer
.compression member 410. |

Tin addition, a tension element 520, such as a
post, is provided at a center point of the triangle.
Tension elements are also provided which interconnect
each compression member 470 on an innermost hoop-like
tension member 450 to inner tension element 520. In
this manner, a triangulated structure is achieved
wherein the upper and lower attachments along each
hoop-like tension member are the same.

While the drawings illustrate a roof
structure for a non-circular underlying structure,‘it
is apparent that the triangulated cable arrangement
disclosed in the present invention is also applicable
to circular stadiums or arenas. In the case of a
circular stadium or arena, a single tension member,
such as an inner hoop-like tension member or single
post, is employed at the center of the circle. :As
previously described with respect to a non-circular
configuration, compression members on circular tension
hoops and nodes on a circular compression ring are
located at the intersections of alternating ones of a
Plurality of radial lines drawn through the center of
the circle with alternating ones of the tension hoops
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and a circular curve constructed on the compression
ring. Compression members. define upper and lower nodes
as described before, and upper tension members as well
as diagonal tension members interconnect each

compression member on a first tension hoop to a

proximal pair of compression members on an adjacent

tension hoop. In this manner, a triangulated circular
roof structure is constructed.

In a similar manner, an eye-shaped roof
structure may also be constructed. In this case, a
pair of circular arcs, each having a center located on
the minor axis, equidistant from the major axis and on
opposite sides, intersect to form a discontinuous eye-
shaped curve which approximates the perimeter of the

underlying structure. A tension member, such as a

cable truss, is positioned along the major axis and a
plurality of tension hoops are concentrically arranged
within the eye-shaped curve.

Nodes are located on a compression ring at’
the intersections of the two circular arcs. Additional
nodes are evenly spaced along the eye-shaped curve
between the nodes located at these intersections.
Compression members are located on the tension hoops
such that a compression member on a first tension hoop
and a proximal pair of compression members on an
adjacent hoop form, in plan, the vertices of a
substantially isosceles triangle. Also, compression
members on an outermost tension hodp are located such
that a compression member on the outermost tension hoop
and a proximal pair of nodes on the compressoin ring
form, in plan, the vertices of a substantially
isosceles triangle. A plurality of tension elements
interconnect eacﬁ compression member on a first tension
hoop to the proximal pair of compression members on an

adjacent hoop. Finally, a plurality of tension

i n plan,
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said first and second circul ar arcs
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outermost hoop to the proximal pair of nodes on the

compression ring.

As is apparent from the description above,

the present invention is well-suited for adapting

triangu
circula
" least O
of the

lated structure to a wide variety of non-

r and circular configurations. By using at

ne circular arc to approximate the configuration
underlying structure, an efficient cable

arrangement is derived. By approximating an underlying

non-circular configuration with a plurality'of circular

arcs, the triangulated geometry disclosed in the

present invention may be used for a wide variety of

shapes

while reducing the variety of cable attachment

geometries;and increasing the number of attachments in

which the geometry of cables arriving thereat is the

same.

This allows for the use of one upper attachment

to be used at a plurality of upper nodes as well as one

lower attachmerit to be used at a plurality of lower

nodes.

While the invention has been described in

conjunction with specific embodiments, it is evident

that numerous alternatives, modifications, and

'variations will be apparent to those skilled in the art

in light of the foregoing description.



«intermediate circular arcs (30, 31) define first and second internediate
segnents (32, 33). HEET‘ ated roof structure of claim45
_“wherei n conpressionj éu%LAL ??g : id first end sector (22) are |ocated
“at ‘the intersection nf altf§$ ngg o es of said tension hoops (50) with
al ternating ones of {a{pldifaf adi al22 Fnes dr awn REPOAGAMENTSKELT: er
(A) of said first ciirdulat_.arc (20) nd wher ei n conpressi on nenbers
(70) in said end sector (23) e located at the intersections of
alternating éﬁ@iﬂﬂf | '

(50) with alternating ones of a
1. A triangulated structure (2) for supporting a roof
that projects in plan a substantially closed oval curve
having major and minor axes, comprising:

fan)

~a sGbstantially horizontal outer compression ring
(10) ;

a substantially planar cable truss (120) positioned
along the major axis of the oval;

a plurality of oval tension hoops (50) concentrically
arranged within said compression ring at different heights
relative to a common reference plane;

a plurality of substantially wvertical compression
member (70) having upper and lower ends, defining upper and
lower noées (80, 90), affixed at their lower ends to one of
said oval tension hoops, wherein compression members
affixed (70) to a first tension hoop are not radially
aligned with compression members affixed to an adjacent
tension hoop;

a plurality of tension elements interconnecting a
compression member affixed to the first tension hoop to a
proximal pair of compression members affixed to an adjacent
tension hoop, said tension elements including:

a first upper tension member (100) extending from

the upper node (80) of said compression member (70)

affixed to said first tension hoop (50) to the upper

node (80) of one of said proximal compression members

(70) affixed to said adjacent tension hoop (50);

a second upper tension member (101) extending
from said upper node (80) of said compression member

(70) affixed to said first tension hoop (50) to the

upper node (80) of the other one of said proximal

compression members (70) affixed to said adjacent

‘tension hoop (50); )

a first diagonal tension member (110) extending .
from said upper node (80) of said compression member

(70) affixed to said first tension hoop (50) to the

R O UL
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. Wher éi n conpressi on nbers (70) infsdid first internmediate segnent (

ar€ |located at. the ilntersections of aljtergating one o QF e Qﬂh
(50) with alternatiha ones of a pluralfif f radlal |an§A F awn $ﬁ u
center (B) of said first intermedi ate arc and wherei n

conpr essi on menbéP¥er7@Pden $4)d 2ecoRd Pﬁtéﬁmﬁngﬁ9¥%ﬂﬁﬁnﬁﬂmR§Eﬁs%ﬂ%
| ocated at the i membeest iy OiAfflkednabi gridheadfasent tension NooRs

Wi th

(50} ; and _
a second diagonal tension member (111) extending

from said uppér node (80) of said compression member

(70) affixed to said first tension hoop (50) to the

lower’node (90) of the other one of said proximal

compression members (70) affixed to said adjacent

tension hoop (S0);

means (102, 103, 112, 113) for securing an outermost
tension hoop (50) and the vertical compression members (70)
attached thereto to said compression ring (10); and

d
32)

oops
gh the

(50)

means (104, 105, 114) for securing an innermost’

tension hoop (50) to said cable truss (120).

2. The triangulated structure of claim 1 wherein said
substantially closed oval curve comprises at least two
circular arcs (20, 21). '

3. The triangulated structure of claim 2 wherein said
substantially closed oval curve comprises four circular
arcs (20, 21, 30, 31).

4. The triangulated structure of claim 3 wherein the area
enclosed by the substantially closed oval curve comprises:
first and second end sectors (22, 23) formed by first
and second circular arcs (20, 21), the centers (A, A’) of
which lie on the major axis of said oval curve, equidistant
from the minor axis and on opposite sides thereof; and
first and second intermediate segments (32, 33) formed
by first and second intermediate circular arcs (30, 31),
the centers (B, B’) of which are located on the minor axis
of said oval curve, at a predetermined distance from said
major axis on opposite side therxreof.

5. The triangulated structure of c¢laim 4 wherein
compression members (70) located in .said first end sector
(22) are affixed to said tension hoops (50) at positions-

O O |



calternating ones of ahdaly sGEET q4di al lines drawn through the center
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defined bv_the innasseeéé$ns of alternating ones of said
tension hoops (50) with alternating ones of a plurality of

radial lines drawn through the center (A) of said first
circular arc (20); and

wherein. compression members (70) located in said
second end sector (23) are affixed to said tension hoops
(50) at positions defined by the .intersections of
alternating ones of said tension hoops (50) with
alternating ones of a plurality of radial lines drawn
through the center (A’) of said second circular arc (21).

6. The triangulated structure of ‘claim S wherein
compression members (70) located in said first intermediate
segment (22) are affixed to said tension hoops (50) at
positionsdefined by the intersections of alternating ones
of said tension hoops (50) with alternating ones of a
plurality of radial lines drawn through the center (B) of
said first intermediate arc (30); and

wherein compression members (70) located in said
second intermediate segment (33) are affixed to said
tension hoops (50) at positions defined by the
intersections of alternating ones of said tension hoops
(50) with alternating ones of a plurality of radial lines
drawn through the center (B’) of said second intermediate
arc (33).

7.  The triangulatéd structure of claim 1 wherein said
compression ring (10) comprises a plurality of nodes (40)
forming a substantially closed oval curve concentric to
said outermost tension hoop (50).

8. The triangulated structure of claim 7 wherein said
means for securing said outermost tension hoop (50) and the
vertical compression members (70) attached thereto to said
compression ring (10) comprises a plurality of tension
elements (102, 103, 112, 113) interconnecting a compression
member (70) affixed to said outermost tension hoop (50) to
a proximal pair of nodes (40) on said compression ring

[



*48. The triangul ated roof structure aof claim44 further conprising a

substantially: planar’ Hggﬂ positioned along the major axis of
.'the non-circular perlngfﬁﬁZdi ﬂﬁpéh i ng space, which extends fromthe

center (A) of said f| t C|r§§ha$ g t (20) to the center- (A) of said
second circular arc ﬁ iriggngul ated structure of claim44
wherein said non-circul ksdont i nuous. REPLACEMENTSHEET

(10) .

9. The triangulated structure of claim 8 wherein said
plurality of tension elements comprise:

a first upper tension member (102) extending outwardly
from the upper node (80) of said compression member (70)
affixed to said outermost tension hoop (50) to one of said
proximal nodes (40) on said compression ring (10);.

a second upper - tension member (103) 'éxtending
outwardly from said upper node (80) of said compression
member (70) affixed to said outermost tension hoop (50) to
the other one of said proximal nodes (40) on said
compression ring (10);

a first diagonal tension member (112) extending
outwardly :from the lower node (90) of said compression
member (70) affixed to said outermost tension hoop (50) to
one of said proximal nodes (40) on said compression ring
(10); and

a second diagonal tension member (113) extending
outwardly from said lower node (90) of said compression
member (70) affixed to said outermost tension hoop (50) to
the other one of said proximal nodes (40) on said
compression ring (10).

10. The triangulated structure of claim 7 wherein said
compression ring (10) comprises a concrete box girder.

11. The triangulated structure of claim 10 wherein the
location of said nodes (40) relative to the cross-section
of said girder varies around the perimeter of said .
compression ring (10).

12. The triangulated structure of claim 7 wherein said
compression ring (10) comprises a triangular truss (210)
having a horizontal - top truss (212) and a pair of inclined
side trusses (214, 216) secured to said top truss (212),
‘which extend downward from said top truss (212) to a common

point. N R Hl[l 0!




*50. The triangul at €dzSimeciENg SHEE! &i m 49 wherein the radius of said first

and second pair of jci he sane. 51. The triangul ated
,structure of clain144-%P r e hdindn-circular curve is continuous. 52.
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13. Th Structure of claim 1 wherein the
number of compression members (70) on each tension hoop

(s0) is the same.

14. The triangulated structure of claim 1 wherein said
tension elements (100, 101, 110, 111) comprise a plurality
of cables.

15. The triangulated structure of claim 14 wherein each of
said upper tension members (100, 101l) comprise wire rope.

16. The triangulated structure of claim 14 wherein each of
said diagonal tension members (110, 111) comprise wire
strand.

17. The triangulated structure of claim 4 wherein said
cable truss (120) comprises:

an upper tension member forming a top chord (122);

a lower tension member parallel to said top chord
(122), forming a bottom chord (124);

a plurality of compression members (126, 127) of
varying heights which'are'affixed to said top and -bettom
chords (122, 124); and |

a plurality of diagonal tension members extending from
said top chord (122) to said bottom chord (124) between
adjacent compression members (126, 127), forming diagonal
chords (128).

18. The triangulated structure of claim 17 wherein each of
said upper, lower and diagonal tension members (122, 124,
128) comprise wire strand.

19. The triangulated structure of claim 17 wherein each of
said upper, lower and diagonal tension members (122, 124,
128) comprise wire rope.

20. The triangulated structure of claim 17 wherein said
top chord, bottom chord, diagonal chord (122, 124, 128) and
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+53. The triangul at ed| RARLACEMENTSHEENt | of cl ai m 31 wherein said nmeans for
securing an outernost|temsi aj support structure conpri ses:

~.'an outer conpression”nETb9r1(5§§D§%? a plurality of nodes (440) | ocated
on ‘sai d outer conprespgi onnenber % 10); } and REPLACBVENY SHEET ensi on
el ements i nterconnect] n tEﬁSan-hoop (450) and the
conpression nenbers (B70) attached therpto to said nodes (440) on said

out er conpr eEwHgHeSE B he (12672 TIne 411 dnigyliat adveabieadr ppagenent of
cl ai m 53 wherein

21. The triangulated structure of claim 20 wherein said
cable truss (120) has first and second ends which coincide
with the centers (A, A’) of said first and second circular
arcs (20, 21), respectively.

22. The triangulated structure of claim 21 wherein said
first and second ends of said cable truss (120) comprise
compression members (126).

23. The triangulated structure of claim 22 wherein said
means for securing said innermost tension hoop (50) to said
cable truss (120) comprises a plurality of tension elements
(104, 105, 114) interconnecting a compression member (70)
affixed to said innermost tension hoop (50) to at least one
compression member (126, 127) of said cable truss.

24. The triangulated structure of claim 1 wherein said
oval tension hoops (50) comprise a plurality of cables.

25. The triangulated structure of claim 24 wherein each of
said tension hoops (50) comprise a plurality of wire
- strands. - )

26. The triangulated structure of claim 24 wherein each of
said tension hoops (50) comprise a plurality of wire ropes.

27. The triangulated structure of claim 1 further
including a flexible membrane (5) overlying said structure
(2).

28. The triangulated structure of claim- 27 wherein said
flexible membrane (5} is selected from Teflon™-coated
fiberglass, silicon coated polyester and corrugated steel.

29. The triangulated structure of claim 27 wherein said
membrane (5) comprises a plurality of diamond shaped

T T




+sai d nodes (440) on ression menber (470) are |ocated on a
substantially cl ose REPEAUPMENT“?H?E? rfi angul ar curve (412) conprising three
‘circul ar arcs. 55.] The_triangu d.lcabl e arrangenent of claim 54 wherein
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panels, j{the vertexes of whijch coincide with the upper nodes
i .

(80) of Yy vertical compression members

(70) .

30. The triangulated structure of claim 29 wherein each of
said diamond shaped panels forms a hyperbolic paraboloid
when secured to said upper nodes (80) of said vertical
compression members (70).

31. A triangulated cable arrangement for supportlng a roof
comprising:

an inner tension member (520);

a plurality of substantially horizontal tension hoops
(450) concentrically arranged about said inner tension
member (520) at different heights relative to a common
reference plane;

a plurality of -substantially'-vgrtical compression
members (470) having an upper end and a lower end, defining
upper and lower nodes, affixed at their lower ends to one
of said tension hoops (450), wherein compression members
(470) affixed to a first hoop (450) are not radially
aligned with compression members (470) affixed to an
adjacent tension hoop (450);

a plurality of tension elements interconnecting a
first compression member (470) affixed to said first
tension hoop (450) to a proximal pair of compression
members (470) affixed to said adjacent tension hoop (450),
said tension elements including:

a pair of upper tension members (S00, 501)
extending from the upper node of said compression
member (470) affixed to said first tension hoop (450)
to the upper nodes of each of said proximal pair of
compression members (470) affixed to said adjacent
tension hoop (450); and

a pair of diagonal tension members (510, 511)
extending from said upper node of said compression
member (470) affixed to said first tension hoop (450)

to the lower nodes of each of said proximal pair of
R S
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- 40 - (420) joining ea@ﬁPv%##@%”5§H§§Ic triangular curve with a mddle
. point of the opposite s;Fe of said trifarjgle (412). 56. The triangul ated

.‘cabl e arrangenent of d af n? 945 ARRe#988n {nddes (440) are located at each

vertex of sai'd trianglle. 57..The trilangul ated cabl cl ai m
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compression members (470} affixed to said adjacent
tension hoop (450);

means for securing an innermost tension hoop (450) and
the compression members (470) attached thereto to said
inner tension member (520); and

means for securing an outermost tension hoop (450) to
a support structure.

32. The triangulated cable arrangement of claim 31 wherein
said means for securing said innermost tension hoop (450)
to said inner tension member (520) comprises a plurality of
tension elements interconnecting compressioh members (470)
affixed to said innermost tension hoop (450) to said inner
tension member (520).

33. The triangulated cable arrangement of claim 32 wherein
the roof projects in plan a substantially closed circular
curve.

34. The triangulated cable arrangement of claim 33 wherein
compression members affixed to every other tension hoop are
radially aligned.

35. A support structure for anchoring cables of a
triangulated structure which supports a roof projecting in
plan a substantially closed oval curve, to an underlying
structure having a non-circular perimeter comprising:

a compression beam (10) having a plan corresponding to
the non-circular perimeter of the underlying structure; and

a plurality of attachment points (40, 42, 44) located
on the compression beam (10) forming in plan a
substantially closed oval curve concentric to the
substantially closed oval curve of the roof, said plan
formed by the " attachment points (40, 42, 44) being
different from the plan of the compression beam (10) .

36. The support structure of claim 35 wherein said
attachment points (40, 42, 44) lie along a closed oval

Ry 1T




- nodes (440) on said ott bnber (410) are evenly spaced. 58.

The triangul ated stru pMherei n said outer conpression
-menber (10) is substa Al } . 59. ‘The triangul ated structure

> of cl-aim44 wherein shi dofirst _and 'sebopd intermediate circular arcs (30,

31) have a | arger ra? us than sai-d firs{ 3gnd secoREPCACKMENT SHEES (20, 21).
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curve defined by first and second circular arcs (20, 21),
the centers (A, A’) of which lie on a major axis of the
non-circular perimeter of the underlying structure,
equidistant from a minor axis and on opposite sides
thereof; and first and second intermediate circular arcs
(30, 31), the centers (B, B’) of which are located on the
minor axis of the non-circular perimeter of the underlying
structure, equidistant form the major axis and on opposite
sides thereof.

37. The support structure of claim 36 wherein attachment
points (40, 42, 44) are located at positions defined by the
intersections of said oval curve with a plurality of radial
lines drawn through the centers (A, A’, B, B’) of said
first and-second circular arcs (20, 21) and the first and
second intermediate arcs (30, 31).

38. The support structure of claim 37 wherein the location
of said attachment points (40, 42, 44) relative to the
cross-section of said compression beam (10) varies around
the perimeter of said support structure.

39. The support structure of claim 38 wherein said
compression ring (10) comprises a concrete box girder.

40. The support structure of claim 38 wherein said
compression beam comprises a triangular truss (210) having
a horizontal top truss (212) and a pair of inclined side
trusses (214, 216) secured to said top truss (212), which
extend downward from said top truss (212) to a common
point.

41. 'In a structure for supporting a roof, of the type
having a plurality of tension hoops (50) concentrically
arranged at different heights relative to a ‘common
reference plane, a plurality of substantially vertical
compression members (70) having upper and lower ends (80.

90), affixed at their lower ends to one of said teﬁsion
_
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-60. The triangul at ed| SRERLACEMENDGSREEA fn 44 wherein said circular arcs (20,
21) and internedi ate ¢i D,]131) intersect to formsaid .
.‘non-circular curve (1p). 9 §1&ggﬁ§§%t hngul at ed structure of claim44
wherein said plurality f'hodes_(40 otated on said outer ﬁéﬁpression'
menber (10) and a proki mar p p{ essi on REkuG@WQWRﬁ an out er nost
hoop-1i ke tension menper (50) form in-f@6an, the vertices of substantially

i soscel es trjgngl e¢sg), at least one upper tension member (100, 101)
extending from the upper end (80) of each compression
member (70) affixed to a first tension hoop (50) to the
upper end (80) of at least one compression member (70)
affixed to an adjacent tension hoop (50) and at least one
diagonal tension member (110, 111) extending from the upper
end (80) of each compression member (70) affixed to said
first tension hoop (50) to the lower end (90) of at least
one compression member (70) affixed to said adjacent
tension hoop (50),' tension member attaching means
comprising: '

upper attachment means (130) coupled to the upper end
of said substantially vertical compression members (70) for
attaching at least one upper tension member (100, 101) and
at least .one diagonal tension member (110, 111) to the
upper end (80) of said compression members (70); and

lower attachment means (140) coupled to the lower end
(90) of said substantially vertical compression members
(70) for atﬁaching'at least one diagonal tension member
(110, 111) to the lower end (90) of said compression
members (70) and for affixing the lower end (90) of said
compression meﬁbers (70) to one of said tension hoops (50).

42. The attaching means of claim 41 wherein said upper
attachment means (130) are configured to attach at least
one upper tension member (100, 101) and at least one
diagonal tension member (110, 111) to the upper end (80) of
said compression member (70) such that the axial
centerlines of said at least one upper tension member (50)
and said at least one diagonal tension member (50)
intersect at a predetermined point (80) lying on the axial
centerline of said compression member (70).

43. The attaching means of claim 41 wherein said lower
attachment means (140) are configured to attach at least
one diagonal tension member (110, 111) to the lower end
(90) of said compression member (70) such that the axial
centerline of said at least one diagonal tension member and
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ension hoop (50) intersect

at a predetermined point (90) lying on the axial centerline
of said compression member (70).

the radial c¢

44. A triangulated structure for supporting a roof that
projects in plan a closed non-circular curve, defining an
enclosed area for an underlying building space having a
non-circular perimeter, including major and minor axes,
comprising:

an outer compression member (10) having a plan
substantially matching the perimetér' of the underlying
building space; _

a plurality of nodes (40) located about the perimeter
of said compression member (10) defining a substantially
closed non-circular curve closely approximating the non-
circular perimeter of the building space, said curve
comprising:

first and second circular arcs (20, 21), the
centers (A, A’) of which are located at predetermined
points on the major axis of the non-circular building
perimeter, equidistant from the minor axis and on
opposite sides thereof; and

first and second intermediate circular arcs-(30,

31), the centers (B, B‘) of which are located at’

predetermined points on the minor axis of the non-

circular building perimeter, equidistant from the

major axis and on opposite sides thereof; .

a plurality of hoop-like tension members (50)
concentrically arranged within said non-circular curve at
different heights relative to a common reference plane;

a plurality of substantially wvertical compression
members (70) located on each of said hoop-like tension
members (50), wherein compression members (70) located on
a flrst' tension member (50) and proximal pair of
compre551on members (70) on an adjacent tension member. (50)
form, in plan, the vertices of a substantially isosceles
triangle; . .

a plurality of tension elements (100, 101, 110, 111)
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interconnecting each compression member (70) on said first
tension member (50) to said proximal pair of compression
members (70) on said adjacent member (50); and

-means (102, 103, 112, 113) . for interconnecting
compression 'members (70) on an outermost hoop-like tension
member (50) to said nodes (40) on said outer compression
member (10). ' ;

45. The triangulated roof of claim 44 wherein said first
and second circular arcs (20, 21) define first and second
end sectors (22, 23), and wherein said first and second
intermediate circular arcs (30, 31) define first and second
intermediate segments (32, 33).

46. The -triangulated roof structure of claim 45 wherein
compression members (70) in said first end sector (22) are
located at the intersections of alternating ones of said
tension hoops (50) with alternating ones of a plurality of
radial lines drawn through the center (A) of said first
circular arc (20); and

. wherein compression members (70) in said second end
sector (23) are located at the intersections of alternating
ones of said tension hoops (50) with alternating ones of a
plurality of radial lines drawn through the center.(A') of
said second circular arc (21).

47. The triangulated roof structure of claim 46 wherein
compression members (70) in said first intermediate segment
(32) are located at the intersections of alternating one of
said tension hoops (50) with alternating ones of a
plurality of radial lines drawn through the center (B) of
said first intermediate arc (30); and

wherein compression members (70) in said second
intermediate segment (33) are located at the intersections
of alternating one of said tension hoops (50) with
alternating ones of a plurality of radial lines drawn
through the center (B’) of said second intermediate arc
(31).

. ' |
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48. The trian§ulated roof structure of claim 44 further
comprising a substantially planar cable truss (120)
positioned along the major axis of the non-circular
perimeter of the building space, which extends from the
center (A) of said first circular arc (20) to the center
(A’) of said second circular arc (21).

49. The triangulated structure of claim 44 wherein said
non-circular curve is discontinuous.

50. The triangulated structure of claim 49 wherein the
radius of said first and second pair of circular arcs is
the same.

51. The triangulated structure of claim 44 wherein said
non-circular curve is continuous.

52. The triangulated cable arrangement of claim 31 wherein
the roof projects in plan a substantially closed triangle.

53. The triangulated cable arrangement of claim 31 wherein

said means for securing an outermost tension hoop to a

support structure comprises: |
an outer compression member (410);

a plurality of nodes (440) located on said outer
compression member (410); and

a plurality of tension elements interconnecting an
outermost tension hoop (450) and the compression members
(470) attached thereto to said nodes (440) on said outer
compression member (410).

S4. The triangulated cable arrangement of claim 53 wherein
said nodes (440) on said outer compression member (470) are
located on a substantially closed, discontinuous triangular
curve (412) comprising three circular arcs.

'55. The triangulated cable arrangement of claim 54 wherein
the centers of said circular arcs are located on meridians

. * € L M 5
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(420) joining each vertex or-said trlangular curve with a
middle point of the opposite side of said triangle (412).

56. The triangulated cable arrangement of claim 55 wherein
nodes (440) are located at each vertex of said triangle.

57. The triangulated cable arrangement of claim 56 wherein
nodes (440) on said outer compression member (410) are
evenly spaced.

58. The triangulated structure of claim 44 wherein said
outer compression member (10) is substantially horizontal.

59. The triangulated structure of claim 44 wherein said
first and second intermediate circular arcs (30, 31) have
a larger radius than said first and second circular arcs
(20, 21).

60. The triangulated structure of claim 44 wherein said
circulaxr arcs (20, 21) and intermediate circular arcs (30,
31) intersect to form said non-circular curve (12).

61. The triangulated structure of claim 44 wherein said
plurality of nodes (40) located on said outer coﬁbression
member (10) and a proximal pair of compression members (70)
on an outermost hoop-like tension member (S50) form, in
plan, the vertices of substantially isosceles triangles.

62. The triangulated cable arrangement of claim 31 wherein
each compression member (70) located on a first tension
hoop (50) and a proximal pair of compression members (70)
on an adjacent tension hoop (S0) form, in plan, the
vertices of a substantially isosceles triangle.

—
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ABSTRACT

TRIANGULATED ROOF STRUCTURE

A triangulated roof structure for supporting a roof that
projects in plan a substantially closed oval curve having major
and minor axes, includes a substantially horizontal outer
compression ring (10), a substantially planar cable truss (120)
positioned along the major axis of the oval, a plurality of oval
tension hoop:(50) concentrically arranged within the compression
ring at different heights relative-to a common reference plane,’
and a plurality of substantially vertical compression members
(70) having upper and lower ends (80, 90) affixed at their lower
ends (90) to each of the oval tension hoops (50). The compression
members (70) -are located so that compression members affixed to
a first tension hoop (50) are not radially aligned with
compression members affixed to-an adjacent tension hoop (50). The
structure also includes a plurality of tension elements (100,
101, 110, 111) interconnecting a compression member affixed to
the first tension hoop to a proximal pair of compression members
affixed to an adjacent tension hoop.

Fig. 5



