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(54) Title: ROOF ARCHES WITHOUT BENDING MOMENTS

I~ (57) Abstract: A dome type clear-span roof construction, having an exterior, polygonal arch frame (1), and a pre-tensioned, doubly
\O curved membrane cover (2), which is suspended from the arch frame and is tied down to anchors (9) along its perimeter. Underneath
@R the arch frame, a single, continuous suspension cable (4), anchored to the arch's end supports (8), is alternately taken through a
series of upper pulleys (6) secured to the underside of the arch break points, and lower pulleys (5) secured at similar spacing to the
membrane's ridge line (3), creating a multiple block-and-tackle suspension mechanism in the full length of the arch. The suspen-
sion mechanism converts the random membrane loads into concentrated, identical arch loads. The centerline of the polygonal arch
coincides with the constant pressure line of its concentrated loads, which therefore do not cause bending moments in the arch.
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ROOF ARCHES WITHOUT BENDING MOMENTS

FIELD OF THE INVENTION

The invention relates to clear-span dome roofs, with tensioned membrane covers supported by one

arch or a plurality of arches.

BACKGROUND OF THE INVENTION

Axches are widely used as supports for membrane roofs with long spans and no internal supports.
The maximum length of clear-span arches, built with known technologies, is limited by the
magnitude of stresses in the arches’ cross sections, due to axial compression forces and bending
moments. As arch spans increase, the increase in stresses due to axial compression is linear, but the
increase in flexural or bending stresses is exponential. Therefore, in order to build arches with
longer spans, and also with greater material economies, their bending moments are to be reduced
or preferably eliminated altogether. In theory this is possible, but only with symmetrical loading,
such as uniformly distributed snow load, because the arch curve can be designed to coincide with
the pressure line of such symmetrical load, in which case no flexural stresses will result in any
cross section of the arch. However, in reality, natural loads on roofs are not symmetrical. Snow

load may be symmetrical, but very rarely, and only for a short time, and wind load never is.

Therefore, in order to build arches with longer clear spans, and greater material economy, than
what is possible with known techniques of the prior art, a novel method and apparatus is needed,
which reduces or eliminates the bending moments in arches, by converting asymmetrical roof
loads into symmetrical arch loads. Such method would be especially advantageous, if it also
assures that the arches’ loads so converted remain not only symmetrical but also equal with each

other, at all times, because the pressure line of such loads is a constant curve, and if the arch
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curvature is designed to follow this pressure line, then the arch will be free of bending moments at
all times. The purpose of this invention is to provide such method and apparatus, that eliminates

bending moments from roof arches, and thereby increases the length of their maximum clear span.
SUMMARY OF THE INVENTION

In reality snow and wind load on a curved roof are always asymmetrical. Therefore, as longas a
roof arch is subjected to such loads directly, it would be impossible to convert these loads into
symmetrical ones. This invention is based on the discovery, that if these loads are acting directly
not on the roof arch, but on a separate roof surface suspended below the arch, then, by using a
special suspension mechanism to transfer the loads of that separate surface to its supporting arch,

they can be converted from asymmetrical surface loads into symmetrical arch loads.

The present invention is therefore applicable, for example, to structures in which a‘ pre-stressed
membrane surface is supported by one or more arches. In most such structures of the prior art, the
membrane surface is placed on top of the supporting arches. In the structures of the present
invention, the membrane is suspended underneath the arches. It is through the suspension

mechanism that the asymmetrical membrane loads are converted to symmetrical arch loads.

The suspension mechanism of the invention is based on the well know physical law of block and
tackle, in which a continuous, flexible, linear tensile element, such as a rope or a cable, is taken
through a series of pulleys or sheaves. In such an apparatus the forces in all sections of the cable
are equal, regardless of the magnitude of loads applied to individual pulleys. By suspending a pre-
stressed membrane cover from its supporting arch by a single, continuous suspension cable, that is
taken through a series of lower and upper pulleys, all asymmetrical and unequal membrane loads
are transmitted to the arch as concentrated, symmetrical and equal arch loads, and therefore the

arch can be designed to support these loads in axial compression only, without bending moments.
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DETAILED DESCRIPTION OF THE INVENTION

Fig. 1is a fragmentary view of a corner of the structure. It shows the polygonal arch 1, and the
flexible membrane cover 2 suspended below the arch. The ridge cable 3, which is anchored down
to the arch footing 4, and is extended parallel with the polygonal arch, forms the upper edge of the
merhbrane cover’s two surfaces. The lower edges of the membrane cover are tied down to
peripheral anchors 5. The membrane cover may also have additional reinforcing 6, made of

webbing, cables or rods, shown with dash lines.

Pairs of upper pulleys 7 are secured to the underside of the polygonal arch’s break points.
Similarly spaced single lower pulleys 8 are secured to the membrane cover’s ridge cable 3. A
single, continuous suspension cable 9, anchored to the arch footing 4, is taken through an upper, a
lower, and an upper pulley, and then over to the next group of three pulleys, together comprising a

series of block-and-tackle units of the suspension mechanism.

Tensioning the suspension cable 9 with a turnbuckle 10, or a winch, or with other suitable
tensioning means, pulls the upper and lower pulleys towards each other. This causes compression

in the arch, and tension in the membrane cover.

The importance of tying down the membrane cover to the peripheral anchors is illustrated in Figs.
2 and 3, each showing two sets of block-and-tackle, attached to the support above, and tied down
by cables to the floor below. In these schematic drawings the tie-down cables represent the tensile
membrane of the structure. In Fig. 2 the suspension cable is pre-tensioned with a 2T force, causing
identical 4T loads, or reactions, in the floor below and in the support above. In Fig. 3 two unequal
loads are added. At the suspension unit on the left 2T is added, which reduces at that location the
tie-down cable force and its reaction in the floor to 2T. At the suspension unit on the right 4T is
added, which reduces at that location the tie-down cable force and its reaction in the floor to 0. It is
seen, that the addition of these different loads does not alter the magnitude of the identical reaction
forces of the overhead support. Adding the 4T load eliminates the initial tension of the right tie-

down cable, which becomes slack. However, this could be prevented by increasing the suspension
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cable’s initial pre-tensioning. This simple, schematic presentation of the principle of the
suspension method and apparatus demonstrates how a structure of this invention can be “tuned” to

its anticipated loads.

Tension membrane structures acquire their dimensional stability by being pre-tensioned into
doubly curved, anticlastic or saddle surfaces, in which the curvatures in opposite directions have
opposite signs, i.e. concave vs. convex. In Figs. 4, 5, 6 and 7, which are conceptual drawings of
various structural embodiments of the invention, the membrane curvatures are indicated by straight
lines, which follow the surface curvature tangentially. However, in large structures these lines may
also represent a cable net, reinforcing the coated fabric skins, or a network of tension rods,
supporting building panels. The drawings show the direction of the suspension loads as radial,

therefore the break points of the polygonal arches are on a circle.

Fig. 4. shows three projected views of a membrane structure, having one supporting arch, and a
tensioned membrane cover, suspended from the arch along its ridge line, and divided into two
opposing, anticlastic surfaces, which are anchored down along the curved perimeter of the

enclosed space.

Fig 5. is a perspective view of a roof structure covering a square plan, having two diagonal
supporting arches intersecting at the apex, and a tensioned membrane cover, suspended from the
arches along its ridge lines, comprising four anticlastic surfaces. The anchors are located along the

four sides of the covered square.

Fig. 6. is a perspective view of a roof structure covering a pentagonal plan, having five half-arch
supports connected to each other at the apex of the structure, and a tensioned membrane cover,

suspended from the half-arches along its ridge lines, comprising five anticlastic surfaces.

Fig 7. is an interior perspective view of a roof structure covering a hexagonal plan, having three
diagonal arches which intersect at the apex. The arch supports may also be described as six half-
arches which are connected to each other at the apex. The tensioned membrane cover, suspended

from the arches along its ridge lines, is comprised of six anticlastic surfaces. The bottom edge of
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each of the six surfaces is terminated along a base catenary cable, which is secured to two arch
bases. For the sake of clarity the membrane is not shown in this interior view. However, the
drawing may also be considered as showing a membrane that is made of a transparent foil,

supported by a cable net or a grid of tensioned rods.

For simplicity and clarity, the drawings show the arches as having fixed connections to their
supports and to each other at the apex. These connections may be hinges. The break points of the
polygonal arches are shown as being identically spaced on a circle, with suspension loads in radial
directions. In reality, the arch curves and suspension directions may be altered by the distribution
of the arches’ self weight, by equipment suspended from the apex, or by other factors. Structural
details not directly related to the invention, such as varying arch width, or additional guy cables,

which may be used as means to prevent lateral buckling or bending of the arches, are not shown.

The membrane’s elastic or thermal expansion or contraction will slightly alter the direction of the
arches’ suspension loads. Snow, wind and other loads acting directly on the arches themselves will
also cause slight eccentricities of the arch’s pressure line. However, these effects are very small
compared to the magnitude of the membrane loads, which do not cause bending moments in the

roof arches.

In addition to its primary object of creating clear-span roof structures with much longer spans and
greater economies, than what is possible with known technologies of the prior art, another object

of the invention is to erect these structures easier, faster and safer.

It is a well-known fact, that large sheets made of coated fabric, foil, or other flaccid materials, are
extremely vulnerable to wind damage during erection, prior to becoming fully pre-tensioned in
their final shape. In fact, the membranes of large roof structures of the prior art, and even their
supports, may be subjected to higher stress levels during erection, than the maximum design

stresses of the completed structure.

The preferred method of erecting the structures of this invention begins with first completing the

arch frame first. The flaccid membrane sheet is laid out on the ground next, together with its
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reinforcing cable net, if such is used,. Finally, on a calm day, the membrane is lifted up with the
suspension pulley system, in a matter of hours, until the membrane is in its final position and it is
fully pre-tensioned with the suspension cables. To dismantle, the same procedure is reversed. To
provide a more energy efficient and more reliable alternate for air supported structures, the

membrane may be seasonally dismantled and re-installed, leaving the arches permanently in place.

The membrane cover of very large structures of the invention, instead of being a single, continuous
flaccid sheet, may preferably be constructed as a pre-tensioned anticlastic surface grid, with
individual, prefabricated building panels secured to it. The surface grid may have continuous
cables, or may be assembled from individual steel rods with threaded ends and connection hubs.
Erection of such structures starts with building the arch frame and the surface grid to gether. When
the arch frame and the surface grid are completed, the suspension cable is tensioned to the
maximum force to which it will be subjected at any location by any design load or combination of
loads. This unique capability to be pre-loaded, upon erection, with its most extreme design load,
gives a structure of the invention unprecedented safety. When pre-loading is done, the building
panels are individually lifted up and are secured to the surface net. This may start with panels at
any location, and may proceed in any sequence, because regardless of the location of such random
surface loads, the arch loads remain symmetrical and identical at all times. For the same reason,
the completed structure may have openings of any size, anywhere in the membrane surface, for

ventilation or for other purposes.



WO 2006/136867 PCT/HU2005/000066

CLAIMS
What is claimed is:

(1)  Anarch-supported tensioned membrane roof structure, comprising a polygonal arch

support,

a doubly curved, flexible membrane cover, suspended from the arch, and anchored down along the

cover’s perimeter,

a single, continuous suspension cable, extended underneath the arch, the suspension cable’s ends:
being secured by adjustable tensioning means to the arch’s end supports, the suspension cable
being taken alternately through upper pulleys secured to the break points of the polygonal arch
support, and through lower pulleys secured to the ridge cable of the membrane cover, the
suspension cable and the pulleys together forming a continuous suspension means of multiple

block-and-tackle units, and

the polygonal supporting arch having its centerline designed to coincide with the resultant pressure
line of its concentrated, identical loads, which are transferred from the membrane cover to the arch

by the said suspension means.

(2)  Aroof structure according to Claim 1, in which the membrane cover is made of a flexible

material.

(3) A roof structure according to Claim 2, in which the membrane cover is reinforced with a

tensioned grid of cables.

(4) A roof structure according to Claim 1, in which the membrane cover is made of a tensioned

grid of cables with roof panels secured thereto.
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(6) A roof structure according to Claim 1, comprising a plurality of polygonal supporting

arches.

(7) A roof structure according to Claim 6, in which the arches are in intersecting planes and are

connected to each other at the apex of the structure.

(8)  Aroof structure according to Claim 6, in which the arches are in parallel planes.
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