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1. ABSTRACT

On July 7, 2010 the European Patent Bulletin 2@L612ntioned the publication of the extended
European search report for a European patent apipid EP 1 997 972) concerning an improved
connector for space frames. According to the E@oearch opinion, which is included in the
above-mentioned search report, this improved cdoneueets the requirements regarding
novelty and inventive step. Patent No. GR 1 005c&@#@erning the same connector was granted
in 2008.

It is an object of the present paper to communit&t¢echnical effects which have been achieved
as a result of this patent. Another object is tmrmarize the current version of Skytéch
SYSTEM 2000—a space frame system comprising sptherades, tubular structural members
and connectors.

Keywords: Space structures; space frame systems; connestaustural reliability; high tensile
strength; sustainable construction; lightweightdedspan; internally tensioned space structures

2. INTRODUCTION

Space frame systems comprising spherical nodeslatustructural members and connectors
have been well known for over sixty years. The immmercially available system of this type

was developed by Dr.-Ing. Max Mengeringhausen asdall team of close collaborators in

Berlin. In this system the connector disclosedate® Nos DE 874 657 (date of filing: March

12, 1943) [1] and DE 901 955 (date of filing: JAB; 1950) [1]—both Patents issued to Dr.-Ing.
Max Mengeringhausen in 1953—is used. Figure 1 siiogvBatent drawings of this connector.

Connectors of this type gained in popularity afiter Second World War—patrticularly after the
expiry of the above mentioned patents in the 18&94—and were originally used for temporary
exhibition buildings. However, during the 1970s/there used in large-span permanent buildings.

In connectors of this type, a relatively large opgngimade on the pipe portion of the tubular
structural member for the insertion of the boltkjolw reduces both the ultimate tension and the
ultimate compression resistance of the pipe. Incds® of compression, it is possible to have



failure of the pipe due to asymmetrical local @igskastic buckling of the walls of the pipe
(“fasymmetrical” because of the fact that only opereng is provided, although claim 2 of
document DE 901 955 recommends symmetrical—withesto the longitudinal axis of the
tubular framework member—openings).

Zu der Patentschrift 874 657 Zu der Patentschritt 901 955
K187 Gr.802 K376 Gr.802

Fig. 1. Patents DE 874 657 and DE 901 955 issadorting. Max Mengeringhausen, Wirzburg

Figure 2 shows the modes of failure of the tubstarctural members of a steel space frame
canopy covering the excavations of a 3,700-yeaaattieological site on Santorini, one of the
Cycladic Islands. The canopy partially collapse8a@ptember 2005. The canopy was designed to
carry a 150 mm layer of earth to make it blendith ¥he surrounding environment.
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Fig. 2: Partial collapse of a steel space frameagan Santorini, 2005

Furthermore, the longitudinal slotted holes throtighwalls of the sleeve, as in Figures 1 and 2
of document DE 901 955, reduce the ultimate corsfmesesistance of the sleeve. In this case, it
is possible to have premature failure of the sleeseto plastic buckling.



In addition the above mentioned strength problerthefsleeve, the longitudinal slotted holes
through the walls of the sleeve expose the modihhigtressed portion of the bolt to the
environment; thus it is possible for dust and wigierollect between the bolt and the walls of the
sleeve. In this case, the presence of specific icAkroompounds in the environment, e.g.
aqueous electrolytes, particularly when contairtih§, may induce cracking of the bolt. This
cracking (stress-corrosion cracking) may take dine fof a relatively slow, stable crack extension
or, as is often the case, an unpredictable cgvastréracture. It is thus necessary to effectively
protect the bolt with the pin against corrosion.

For many years, it has been the usual practiceotegd the bolt with the pin against corrosion
with electroplated coatings. Since, however, balesnow made of high-strength steels, e.g. of
property class 10.9, electroplating—including piallfor scale and rust removal—increases the
probability for a hydrogen-induced fracture of theit (hydrogen embrittlement). Hydrogen
embrittlement can cause dangerous and sometimestrophic failures, if it occurs in critical
tubular structural members, particularly in widewsproof structures. The probability of
encountering hydrogen embrittlement can be redogagsing lower-strength steels, by limiting
immersion times in acid or plating baths, and bgriocess (intermediate) baking. According to
International Standard ISO 4042:1999(E) “Fastenéiieetroplated coatings”, page 3: “In cases
of parts with high tensile strength or hardnesstich have been surface hardened, which have
absorbed hydrogen and are under tensile stress ithehe risk of failure due to hydrogen
embrittlement.”; and, page 4Cbmplete elimination of hydrogen embrittlement canot be
assured. If a reduced probability of encountering kidrogen embrittlement is desired,
alternative procedures should be evaluatetl[2].

Patent No. GR 1 004 166 discloses a connector ichvihere are no openings through the walls
of the structural components of the framework mes)leeg. no relatively large openings on the
pipe portion [3] and no longitudinal slotted hallesough the walls of the sleeves of the structural
members. Figure 3 shows the connector disclosgocniment GR 1 004 166 [1].
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Fig. 3: Patent No. GR 1 004 166 issued to Gam&uesyge A., Thessaloniki



Notwithstanding the advantages of connectors stftyipie, the problem of the confirmation—that
the bolt is completely screwed into the threadéd dithe node—still needed to be solved.

Incomplete (i.e. less than the required) lengtbngfagement in the threaded assembly is likely to
happen under the following possible conditions: mie length of the internal thread of the node
has been manufactured to a length shorter thaedaeed length of engagement, when there is a
manufacturing error, or damage, in the internaatirof the spherical node or in the external
thread of the bolt, or when the erection worker matsfully screwed the bolt into the threaded
hole of the spherical node. If this occurs in tlsseanbled space frame, the corresponding
connector cannot carry tension; and, when the dp@oe is loaded, the redistribution of internal
forces may overload neighboring tubular structorambers.

If failure of the threaded assembly should octus, preferable for the bolt with the pin to break
rather than to have either the external or intehwakd stripped; and the length of engagement of
mating threads should be sufficient to carry thieldiad necessary to break the bolt without the
threads stripping. This length determines the reduength of engagement to prevent stripping
of either the external or internal thread in cotwrsoof this type.

3. BRIEF DESCRIPTION OF THE IMPROVED CONNECTOR

Patent No. GR 1 005 940 [1] discloses an improweethector for space frames. Figure 4 shows
the Patent drawings of this improved connectowds an object this invention to provide a
solution to the problem of the confirmation thag tholt with the pin is completely screwed into
the threaded hole of the node; and, as a consezjuiyat the corresponding connector in the
assembled space frame can carry tension as wadhasression. Another object was to provide
an improved connector which solves the connectiohl@m of the pipe in a simple, economical
and aesthetic manner; and this with a minimum nurabdifferent components. Still another
object was to provide an improved connector witiaased structural reliability by eliminating
the above mentioned disadvantages of prior artemtars (see 1. Introduction). By rotating the
sleeve (3) (see figure 4), a torque is transmitidgtie bolt (8) through the pin (4), thus screwing
the bolt (8) into the spherical node (1). Whenlibk (8) is fully screwed in, the sleeve (3) is in
contact with both the spherical node (1) and th@ceb end (7). By applying an appropriate
torque to the sleeve (3), the bolt (8) with the(dintightens the spherical node (1) and the cbnica
end (7) on the sleeve (3), the bolt head (19) bieimgntact with the rear bearing surface (29) of
the conical end (7). Next, the socket set screvis(R)lly screwed in. If the rear end (24) of the
socket set screw (2) is at least flush with themuobst peripheral surface (25) of the sleeve (3),
this confirms that the bolt (8) with the pin (4c@mpletely screwed into the threaded hole (10) of
the node connector (1). In the assembled threerdiomal structure, tension from the pipe (9) to
the spherical node (1), and conversely from thersgd node (1) to the pipe (9), is transmitted
through the bolt (8); compression is transmittedugh the sleeve (3). In this way a closed
system—with no openings through the walls of tmactiral components—was achieved in
which the engagement of the bolt into the nodemditned by visual inspection and/or by touch.
Furthermore the bolt can be fully retractable.

The improved connector of Figure 4 is useful fag ttonstruction of space frames of any
structural form, e.g. flat, cylindrical, sphericalfree-form.

As will be illustrated herein below, the conneabFigure 4 can also be used for the realization
of lightweight wide-spaimternally tensioned space structures.



Fig. 4: Patent No. GR 1 005 940 issued to Gam&uesyge A., Thessaloniki

4. SKYTECH® SYSTEM 2000

Skytect SYSTEM 2000 is a space frame system comprisingrisphaodes, tubular structural
members and connectors. The improved connectatehPNo. GR 1 005 940 (granted in 2008)
is used in this space frame system. The firstoreisi SkytechSYSTEM 2000 was presented at
the 8" Space Structures Conference in 2002 [4].

Skytectf SYSTEM 2000 was revised in 2009 in order to cormptii the new Product Standards
on Fasteners and Screw Threads and with EC3 (BB Rfrts 1-1, 1-2, 1-8, and 1-10). In this
major revision the number of different parts washter reduced, the maximum bolt size was
increased to M100, and the reliability of the systeas further improved.



The structural modeling, design and analysis ofctiraponents of SkyteElsYSTEM 2000 is
carried out in accordance with Clause 13 (FEM-¢afians) in prEN 1993-1-5 (see Figure 5).
FEM-calculations are verified by mechanical testing

Sleeve for bolt M64 (SM64) Material: 25CrMo4 (1.7218)

Fig. 5: FEM-calculations of the components of &&§ftSYSTEM 2000

Skytecht SYSTEM 2000 is appropriate for use in the desidavelopment and construction of
steel space frames subject to static loads, srexe land wind or seismic actions. This system is
especially adaptable to buildings requiring spexsthetic forms in wide-span roof construction,
e.g. sports arenas, exhibition halls, shoppingeegnttc. (see Figure 6).

Fig. 6: Applications of SkytetlsYSTEM 2000

5. REALIZATION OF INTERNALLY TENSIONED SPACE STRUC TURES

The improved connector can also be used for tHeatan of lightweightinternally tensioned
space frame structureandshell-like reticulated space enclosurégving tension components,
compression components, pre-stressing componadtsoales.

The tension components form nets of tension commpsnthe compression components form
non-connected sets of interconnected compressionpatents, and both the tension and
compression components are preloaded by the pssisty components, the pre-stressing
components being independent of the tension comp®raad interconnected only with the
compression components.

In these structural systems the tension compowrantbe slender tubular structural members, or
“cables”, the compression components can be tusiniatural members having a low slenderness
ratio, or “struts”, the pre-stressing componenislsa high-strength steel rods (e.g. 42CrMo4), the
nodes can be spherical, and both the tension canigoand the compression components are
inter-connected, through the spherical nodes, gisengnproved connector.



Furthermore, due to the low slenderness ratio@ttdmpression components, together with the
inherent favourable distribution of material incallar hollow sections, the exploitation of the
material approaches its maximum. In this way, swsbée lightweight wide-span internally
tensioned space structures can be realized, vetméximum degree of industrialization of their
construction and with a minimum number of differestituctural components, so that the
industrial manufacturing of both the tubular stmsat members and the improved connectors is
carried out at minimum cost.

6. MODULAR SPACE STRUCTURES: A SUSTAINABLE WAY OF
CONSTRUCTION

In his paper on “The Industrialization of ModulgraBe Structures” [5], S. Du Chateau illustrates
the advantages of what he cattpén-ended type of industrializatipavhich “offers the economic
advantage of an industrial mass production teckniggmbined with a high degree of
flexibility...”. Also, the small amount of materiper square meter required to bridge a large span,
together with the greatly reduced erection timesita labour costs, and waste and dust on site,
make these structural systems quiet competitive.

Furthermore, the efficient selection of structanakterials and the use of appropriate manufacturing
processes [4], combined with good design, assistdaocing energy consumption, waste, and
pollution, thus achieving a sustainable way of trangon. To this end thshell molding process
[Patent Nos DE 832 937 and US 2 706 163] playsmportant role in the mass production of
high-strength cast steel structural componentsctomectors. In this process, scrap of
certified steel plate is recycled.

7. CONCLUSIONS

An improved connector for space frames, and a sfpanee system in which this improved

connector is used, were presented. Some advardates novel connector are:

e The connection problem of the tubular member izexblin a simple, aesthetic, and
sustainable manner, and this with a minimum nurobdifferent components.

¢ A closed system was achieved in which the engagemhére bolt into the node is confirmed
by visual inspection and/or by touch. Furtherméne,bolt can be fully retractable.

e Due to the increased structural reliability of tnection, it is possible to realize light-
weight wide-span space structures and space enetostiany structural form.
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INEPIAHYH

Y1g 7 IovAiov 201010 Evponaikd Aeitio Authopdtov Evpeotteyviag 2010/29avaesps
v dnuocicvon g extetapévng Evpomaikng ékbeong €pesuvag oyetikd pe po aitnon
Evponaikod Authduatog (EP 1 997 972)w0 éva. BeETiopévo cOVEEGUO Yo XOPOSIKTVOTOVG
eopeic. Xoppova pe v Evpomaiky dnoyn épevvag, n omoia cvumeptiapfdavetor oty
npoavagepbeica Exbeon épevvag, 0 PEATIOUEVOC GUVOEGHOC €ival VEOS KOl EUTEPLEYEL
epevpetikn opoatnpiotnta. To Aimhopo Evpeotteyviog GR 1 005 940w tov 1610 Peltiopévo
ovvoeapo yopnyndnke to 2008.

YKOmOG TNG TOPOVoAG epyaciog gival vo Tpofdihel To. TEXVIKG OPEAN TTOV EMLTLYYAVOVTOL
ooV OmOTELECUO TNG EKUETAAAEVONG TOL Tpoavapepbivioc Amhopatog Evpeoiteyviag.
"Evog dAhoc oxomdg eivor vo cuvoyicel Ty péyovoa £kdoon tov SkytechSYSTEM 2006
EVOC GLOTNUATOS SOUIKDV YOPOIIKTUMUATOV TOL omoteheitor amd ceaptkovg KOUPovg,
COANVOTEG pAPBdoLS, Kot BEATIOUEVOVG GUVOEGLOVG.

Mepikd TAEOVEKTAUATO, TOV PEATIOUEVOL GUVIEGHOL Eiva:

e Adbvel t0 TPOPANUA cVVOESNS TNG COANVOTAG pafdov pe éva amhd, kaloicOnto Kot
Budoipo tpomo, Kot LAAGTO e VO EAAYLOTO OPLOUO SLULPOPETIKAV EAPTNUAT®V.

o Amotelel kAe1oTo GVOTNHO X®PIG AVOTYUATO OTIC COANVAOTEG PAPAOVG 1) TOVG GUVOEGHOVCE,
omov to TANPES Pidwua Tov kKoyria otov KOpPo emPePardveTarl pe Edeyyo omTikd kot
apnc. Emmiéov, o xoyAlag, o omicOw 6¢om pv v Evapén tov Prdduatog, propet va
Bpioketor 0AOKANPOG EVTOC TOV GUVOEGLLOV.

e Adyo g avEnuévng odopkng aflomotiog g obvdeong, kobiotatar dvvartn m
VAOTOINGT ELAPPDV YOPOSIKTUOTAOV POPEMV Y10, KAADYT LEYAA®V ELEVOEPDV YDPOV.



