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1. ABSTRACT

Steel greenhouse structures of commercial produétie to a significant extent designed
and manufactured, as far as the countries of thepgean Union are concerned, in the
Netherlands, Italy and Spain (and to some extesat ial France). Evidently, these countries
differ in seismic hazard, a fact well depicted lwe trelevant loading combinations within
EN13031.01. Hence, the structural efficiency ofteek greenhouse designed for low
seismicity is strongly doubted, and the need ofitaddhl design requirements is due, so
that such a structure could be officially accemeddequate and installed in areas prone to
strong earthquakes. The present work tackles themkntioned problem in a systematic
manner, offering well - established design solwgianiented from standard steel design
practice. These, if adopted, may lead to a unifggbroach, without alternations of



geometry and connectivity of the most common typlesteel commercial greenhouses in
Europe. The effectiveness of the proposed strengtgesolution is demonstrated via a
case study, regarding a Venlo type glass - covetessl greenhouse, originally designed in
France and imported to Greece through Italy.

2. INTRODUCTION

Greenhouses are highly sophisticated structures ¢batain unique structural and
functional characteristics, aiming at providing ableconditions for satisfactory plant
growth and production throughout the year. A wesidned greenhouse must maintain all
the important climate factors as close as possibteesired optima and hence it is required
to allow high light transmittance, low heat constimm sufficient ventilation efficiency,
adequate structural strength and good overall nmecilabehaviour combined with low
construction and operation costs. All the abovéutes have been systematically reviewed
by von Elsner et al. [1,2] for greenhouses in EaespUnion countries. In these works,
both the design requirements and typical designgr@#nhouses in Europe are presented,
the local factors influencing their variation areabsed and the importance of the
development of a European Standard for greenhoesgrd towards a unified approach
for construction regulations, is pointed out.

This Standard, namely EN13031.01 [3], was forma#lyued and published in 2001,
providing rules for the design and constructioncommercial production greenhouses.
Since galvanized steel is one of the most commardgd materials for greenhouse
construction (especially in areas where wood iseage), the aforementioned Standard
together with Eurocode 3 [4,5] and Eurocode 8 [Bjvjdes a global platform for the

design of steel greenhouses in particular.

Among EU countries, Italy, the Netherlands and Sjgand to a certain extent also France)
are the major designers and manufacturers of varieidely used types of steel
greenhouses [1]. Their high quality and very contipet price make them a price-
performance commercial product, which cultivator€ElJ countries often directly import
from their original source. However, the climatterrain and seismic conditions vary
significantly between these countries (and evewéen different areas of each individual
country) and hence it is quite unlikely that a kigreenhouse originally designed for a
country of low seismicity is structurally accep®bl in conformity with the
aforementioned Standards — for installation andmuseeas prone to strong earthquakes.

To address this problem, the present work offensndied approach for meeting the
additional design requirements for earthquake tasi® of steel greenhouse structures,
without altering their geometry and thus maintagnall their other functional aspects. The
proposed approach is based on standard steel dpsagtice, follows well-established
additional bracing techniques and may serve aslddothe development of a much more
systematic treatment of the structural efficiendéytypical steel greenhouses within the
European Union, regardless of their design orignd @nstallation target. Finally, its
efficiency is demonstrated via a case study reggrda Venlo-type glass-covered
greenhouse imported to Greece from lItaly, but adesigaccording to French specifications
and with no knowledge whatsoever whether seisnaddowere taken into account, even
for Italian conditions.



3. PROBLEM STATEMENT AND PROPOSED APPROACH
3.1 Typical European steel greenhouses and their bracing system

According to standard engineering practice conogrsingle-storey steel buildings of high
flexibility and regularity in plan in both principadirections, as typical commercial
production greenhouses (for more details see [4] [@h), the only way of providing
adequate earthquake resistance is to design ttrastuges using a bracing system that can
function properly for both seismic and wind actiohevertheless, since the structures
dealt with must provide (a) maximum clear area gtant cultivation and (b) minimal
obstacles inside spans and also in the transversetidn, the bracings can only be
installed on the sides and the roof, in a mannérobscuring ventilation openings, not
decreasing light transmittance and so that thesgmce acts also in favour of, or at least
against, permanent installations and often requiraaging crops. In the sequdl,is of
major importance to explore the bracing system of widely used steel commercial product
greenhouses made in Italy, the Netherlands and Spain (for reasmentioned in the
Introduction) seek whether these systems may also provide adequate resistance to
earthquake loads, and if not propose solutions not affecting the overall geometry and
ther efore performance of the greenhouse. Some typical design plans of Italian, Spanish and
Dutch greenhouses are depicted in Figures 1-3 cagpky, while special attention is given
on the famous Venlo type “glasshouse”, originatednf Holland (but manufactured also in
other EU countries), and the schematic picturelitivis shown in Figure 4.
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Fig.1: Typical designs of Italian steel greenhouses
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Fig. 2: Various Dutch steel greenhouse configurations
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Fig. 3: Typical design of a Spanish steel greenhouse extremely resistant to wind and snow

All the above Figures are representative but natuske, since a variety of forms and
configurations is also available in the market f@sinstance the Almeria type Spanish

greenhouse as well as other Multi-Span,

Multi-Gotland Multi-Tunnel types (for cold,

moderate and warm climates), which are not showaitmdor brevity. All these however
are accompanied by a minimal bracing system, capablwithstanding along with the
main load bearing capacity units wind actions anavigational loading, while, to the
knowledge of the authors, none of these forms aeeldped with transverse vertical
bracing, known to provide resistance to lateratifoim this direction.
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Fig. 4: Typical drawings of a Venlo-type glass-covered greenhouse structure



Same comments apply for the Venlo-type greenhowsas,moreover one may observe
that their bracing is tension only, with some pneten, depending on the level of the
applied loads.

3.2 ULScombinationsfor seismic actionsin EN13031.01 and EC8 provisions

According to the Ultimate Limit State (USL) combiimas that include seismic actions,
according to EN13031.01, only three countries, nar@@rmany, Greece and Italy, must
account for earthquake loads in the analysis arsigdeof greenhouses. The relevant
provisions are given in the contents of Table 1:

Permanently
Combination Per manent present . Crop Seismic
. . . Snow actions . .
ID actions installation actions actions
actions
di Ga G - W20:Qks YaEAEk
d2 Ga G W20:Qk2 W20:Qk3 YaEAEk
y: combination coefficients;: partial factor (for their values/country see EBD31.01)

Table 1;: EN 13031.01 ULS combinations for seismic actions

In addition to the above, according to ECS8, alivgyaloads must be accounted for in the
determination of the mass of the structure, anthensequel in calculating the equivalent
lateral seismic loads, acting at the top of thepsujing columns on the sides (in both
directions). Hence, the percentage of the snow nealss accounted for should be equal to
the corresponding value @bqy, and in the same manner the crop mass shouldilmatetr
to the overall mass of the structure proportion&dlythe value ofy,q2, Where applicable.
Torsional effects must also be considered, whigblias a very efficient bracing system.

3.3 Proposed solution methodology

In order to enhance the load bearing capacity eélsfjreenhouses, not designed for
earthquake resistance, so that these become abl¢hgiand seismic actions, and thus to
be adopted for use in the target EU country of lsgismic hazard, the following steps are
proposed:

(@) Analyze the structure under the combination commgirseismic loads, i.e. d1, d2
were applicable, accounting for the local condsiohthe target country.

(b1) If the structure fails, identify the weak aseapply additional braces or change the
bracing system, and if required (without changstincture dimensions) apply larger
cross-sections or better steel quality to groupsnembers. Repeat step (a) until
efficiency is reached.

(b2) Offer more than one solution regarding thecimg system and overall changes.

(b3) Contact the original manufacturer and find which of the proposed solutions may
be readily constructed (accounting for any new tygeconnections) and also
available without severe additional cost.

(b4) If step (b3) does not lead to an acceptedisol@bandon the possibility of using the
specific type of greenhouse. If step (b3) is susfteproceed to step ().

(c) Continue with the analysis of the original sture, in case step (a) does not lead to
failure, or with the qualified newly designed stuwre according to step (b3), under
all ULS (and if required also under all SLS) condtians. If efficiency is reached,
the goal has been achieved. If not, maintain the loracing system and change steel



guality in member groups and/or choose larger esestions etc. until efficiency is
reached.
(d) For all the above steps, do not “worship tlesteveight God”.

Evidently, there is no magical recipe involved he tvhole scheme. Some general rules of
steel design practice are of course in order, hgineering judgment in conjunction with
the versatility of the original manufacturer wilsa play a very important role, while the
final choice will rely on the cultivator in the tget EU country.

4. A CASE STUDY

The proposed step-by-step method, in its worstasgens demonstrated via a case study,
which concerns a Venlo-type glass-covered greergoogorted in Greece through lItaly,
but originally designed according to French stadslaAt this point it should be noted that
the drawings and calculation details available werieimal, which is quite common in
these situations, especially if the target marketat that attractive to the manufacturers (a
“take it or leave it” well-known policy). The desigdrawings of the structure that were
available to the authors and the Greek importeshosvn in Fig.5. All modifications were
performed by the authors for clarity, since Freriebhnical vocabulary was present
throughout. Cross-sectional properties are alswsho this Figure in tabular form.
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Fig.5: Design drawings of the original structure of the case study

Afterwards, the steps described above where peddynthe original structure under
earthquake loading for Greek provisions showed ptare lateral-torsional buckling of
columns as well as excessive yielding of trellisigr members at the connections with the
intermediate vertical supports. After various regies efforts, only one feasible
restructuring was achieved, depicted in Figure i@nidnd toggle braces were adopted for
the front and rear sides, and the new design dicifiect all other required features. From
the contents of this Figure it is more than profbuhat a major redesign was required,
leading to a rather non-economic structure. Thgimal manufacturer was contacted, but
was very reluctant in co-operation; as a resuliptiogect was abandoned.
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Fig.6: Schematics of the new, earthquake resistant structure of the case study

5. CONLUDING REMARKSAND SUGGESTIONSFOR FUTURE TASKS

The proposed schems simple and may serve as a starting p~ fuse for future
European research. It is suggested that a majarte$hould be undertaken, wi
participation of all interested parties, towardum@iform design of steel greenhous
leading to the realizain of aTrans-European Grant.
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IIEPIAHYH

Ta yadoBowa Beppoxknmia mapaywyns omv Evpormaikn Eveoon oyxsddlovrar ot
Kotookevalovtal w¢ emi to migiotov oty OAhavdia, tnv Iomavia kot v Itaiio (Kol og
Kamowo Babud ot addria). Ot ydpeg avtég dapépovy acOnTd 6 GEIGUIKOTNTA, YEYOVOGS
OV OTOTVITAOVETAL GTOVG GVVOVLAGHOVS eOpTiong Tov EN13031.01.Xvvendg, n dopukn
aKepaldTTo €vOG Bepuokniov oyxedlacUévoy ympic v TPOPAEYN GEICUIKOV QOPTI®V
gtvar Wwitepa OUEIGPNTAGIUN, LE OTOTEAECUA VO TPOKVWYOLV EMTPOCHETEC OMALTHGELS
GYEOOGLOD Kol EVIOYLONG, TPOKELUEVOD L0l TETOL0 KATAGKELT| VOl KATOGTEL ATOSEKTY Y10.
Aertovpyia o TEPLOYESG VYN0V GeloUIKOV Kivdvvov. H mapodoa epyasio avipetomilel To
TPOPANUO  GLOTNUOTIKG, HECH EVPEMS OMOOEKTOV AVGEMV GYXEOIGULOD  YOAVPOVEOV
Kataokev@v. Ot Avtég pmopei va 00 ynoovV € Lo OLOOHOPPT TPOGEYYIGT] TOV BEUATOG,
YOPIG TNV ovAyKN S1popOTOiNoNG TNG YEMUETPIOG Kol TNG GUVOEGIUATNTOS TMV O KOOV
TOmOV yalvBovav Evporaikdv Oepuoknmokdv kotockevmdv. H arotelespaticotnTo g
TPOTACTG KOTOOEIKVOETOL PECH WHEAETNG TEpimT®OoNG evog Oeppokmmiov tomov Venlo
Follikov oyedopov, swonyuévov oty EAAGda péom Itariag, evd m OAn epyocio
ouvodevETaL Kot 0td TPOTOGT Y10l GUVOAMKN AVILETMMIGT TOL OAOL BEUATOG.



