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1. ABSTRACT

A system approach is employed for the collapseyaisabnd design of a conical steel
Schwedler dome, acted upon by dead, snow and veadsl The features of the
incremental — iterative" order plastic analysis of the NIDA Pro 8 software utilized,
which (a) allows for member and structure initrapierfections as well as the change of
structural geometry after loads, (b) accounts fer #9 order non-linear effects due to
axial force and the effect of member slendernestheraxial force capacity, (c) designs a
structure by section capacity check without thechetthe effective length, (d) checks
the member as well as the global structural instaland (e) captures all stages of
progressive yielding - failure during load increasig¢otal collapse. After initially choosing
the cross — sectional sizing of the dome’s tubmambers via linear elastic analysis, the
plastic analysis leads to the final choice of cresstions and to the most unfavorable
load combination. The collapse load is found 2.65ater than the factored elastic one,
while all intermediate local and global sway — dinckphenomena are comprehensively
revealed.

2. INTRODUCTION

Domes are one of the oldest and well-established&tral forms and have been used in
architecture since the earliest times. They arspafcial interest to engineers as they



enclose a maximum amount of space with a minimurfasa and have proved to be very
economical in terms of consumption of constructionaterials. Focusing on single-layer
braced domes, frequently referred to also as slagtr reticulated shells, and according
Makowski’s classification [1, 2], some commonly dsmnfigurations are shown in Fig.1.
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Fig. 1 Configuration of basic single layer domes

In particular, a Schwedler dome (after the namthefGerman engineer J.W. Schwedler,
who introduced this type of dome in 1863) consitsieridional ribs connected together
to a number of horizontal polygonal rings. To stiffthe resulting structure so that it will
be able to resist non-symmetric loads, each trapezormed in the above manner is
subdivided into two triangles by introducing a adiagl member. Its design may also
involve trimming to avoid overcrowding of the elemg at the upper part of the dome
(Fig.1c, d), while the popularity of this dome type due to the fact that, on the
assumption of pin-connected joints, the structuen de analyzed as statically
determinate. Evidently, as also valid for all tyméoraced domes, steel is the material of
choice and tubular members combined with variopesyof well-recognized joints are
used worldwide. An important point that should kerte in mind is that one should be
careful in using single layer domes unless thetijognsystem provides sufficient rigidity
for the connections and that the elements are degifpr resisting bending and shear in
addition to the axial forces. Otherwise, the stuues will be prone to snap through
buckling.

Depending on their dimensions and member conn@gtivi conjunction with material
geometrical nonlinearities (due to imperfection)ese structures under combined
conditions — mainly dead, snow and wind loads — meakibit numerous different
of progressive collapse and various local and dlotstability phenomena [3-7]. Hence,
the software tool that should be used for theirlymmaand design must be capable of



capturing all intermediate response stages tilhltédilure in a comprehensive manner,
including elasto-plastic material behavior. Thighe case of the program NIDA (Nonlinear
(Nonlinear Integrated Analysis and Design) Pro]3 d@veloped by Prof. SL. Chan in the
Hong Kong Polytechnic University, and more spealfic of the 29 order plastic
incremental — iterative analysis embedded theneimch provides versatile nonlinear
buckling solution methods (Conventional and Modifidewton-Raphson, Displacement
Control, Constant Work, ArcLength, Minimum ResitD&splacement, more details in the
the relevant web site) and possesses enhanceddeaiand capabilities, described in
follows: (a) When a member fails, a hinge is inedrto the member end closer to the
position and analysis continues until the collajmsed is reached. The collapse load is
taken as the load level which does not allow furtlead increase indicated as a curve
descended or stagnated in the load vs. deflectainlp design, this collapse load should
be greater than or equal to the factored desigd ioall load cases, (b) The program
calculates the displacements and rotations ahallnodes or junctions of elements or
members, allowing for the change of structural getrsn (PA and Ps effects) after
(c) Calculates the bending moments about the el¢é@ars, torsional moment about the
longitudinal length of the element and axial forc¢he member, allowing for the second-
order non-linear effects due to axial force. Sheilialso be determined in the computer
output, (d) Designs structure by section capacitgck that effective length is not
to be assumed. No explicit assumption or evaluatifogffective length is required. Thus,
the classification of sway and non-sway for detaation of effective length ratio as
required by some ultimate limit state design codesot needed. Note that effective
can hardly be assessed accurately in many read cggePerforms checking of members
well as global structural instability via a rigoimcremental-iterative process, (f) Designs
the structure by a system approach, in contraitéd'member —based” design method,
The design and buckling capacity of a structure lsarcomputed by incrementing the
until member failure, sensed by material yield ectgonal failure, occurs and (h) Assumes
elastic — plastic material behavior, including stfaardening.

According to all the above, the purpose of thiskuerto demonstrate the application of

the aforementioned methodology on the collapseyaisahnd design of a 60m in base
diameter, and 30m in center height conical steblv&dler dome, acted upon by dead,
wind and snow loads as prescribed in the ultimiang state combination requirements

of Eurocode 1 [9,10]. The initial choice of tubutaembers’ cross-sections and sizing was
the product of linear elastic analysis, with a siggnt capacity margin for seismic design,

while, after several attempts and alternations rokgsectional properties, the final

design lead to the collapse load being equal t6 findes the factored elastic design one.
All local and global instability phenomena were wapd during the process, the most
unfavorable load combination was identified and shay-buckling collapse mechanism

was captured.

2. DOME GEOMETRY, DESIGN CHALLENGES AND LOADING
2.1 Geometry and design challenges

The structure dealt with was a single-directioradiviedler Dome of conical shape, with
base diameter equal to 60m and height at the aPex @ith pin-jointed steel tubular
members made of S275 steel. In order to successddiiress problems concerning
constructability, medium slenderness of members stiashdard connection angles in
the cone was divided into 30 levels, with the diaéeneof each circle from intersection



hhe final dome structure consisted of

joi

2 density bases for all

decreasing by a step of 2.00m, while 90 meridiatsidns were adopted. No trimming
took place before the Tdevel, and the arrangement of members approa¢hmgpex

was performed on 1
2035 meridian, 2120 horizontal and 2030 diagonamimers, illustrated throughout

2 and 3.
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prescribed direction. The three major ultimate estadmbinations, e.g. 1.35G + 1.50Q,

1.35G + 1.50W, 1.35 (G+Q+W), were considered indhalysis outlined below, while as
far as self-weight was concerned (automaticallgwdated by the software) a 2.5 %

calculated according to Eurocode 1 and insertecbasentrated on the

As mentioned earlier, the loads considered in thays

snow, wind and self-weight. G

increase was inser

22 Load



3. ANALYSISAND DESIGN
3.1 Linear élastic analysisand preliminary choice of cross-sections

At first, a uniform CHS cross-section, namely 13@,Avas chosen for all members. After
performing linear elastic analysis of the dome NIBA (for the aforementioned three
load combinations), it was found that all membeesavseverely understressed and that
a significant variation of capacity performance wegealed; meridian members showed
a 75% redundancy, while this percentage was namtadgevn to 17% and 12% for the
horizontal and diagonal members. Hence, it wasdgekcithat three different cross-
sections should be adopted for the members grougedbove, i.e. one for the
meridians, a weaker one for the horizontals aneakast for the diagonals. In doing this,
CHS 219x5, 193.7 x5 and 139.7x4 were adopted, dioflthem exhibited an 1/2.7 = 37%
elastic redundancy.

Consequently, since seismic effects were not adealjrthe deformed configuration of
the linear elastic analysis was taken as the lndtisign stage of the"2order plastic
analysis that followed.

32 2"order plastic analysis, results and discussion

Thereafter, the™ order advanced analysis of NIDA was performed lwn structure, for
all three loading combinations, in order to captgag¢ the most unfavorable loading
pattern and (b) all related local and global inditgbphenomena till total failure —
collapse. Due to the dense connectivity of memb@esquite significant height, snapping
was never revealed, while the mechanism of swaldingcwas the one that lead to
collapse, due to the 1.35(G+Q+W) combination afi@rincrements of 0.05 times the
elastic load. Hence, the collapse load was foungaketp 2.65 times the factored elastic
one, and the progressive yielding for all increnaéndétages was comprehensively
identified for each and every member, while thebgldouckling response was captured
till total failure. Evidently, this may perceived ithe side and top views of the dome
structure at some characteristic stages, were thay-buckling phenomenon is
pronounced, given in Figures 4 and 5.
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Fig. 4 Side views of the dome near and at collapse



cycle 49 cycle 50

Fig. 5 Top views of the dome near collapse

Interestingly enough, it also was found that thenther ends displacement vs. load
factor behavior was not typical for all three memlgpes - horizontal, meridian and

diagonal - but to a quite significant extent thepense of the diagonals was different,
exhibiting a reversal at some late stage, as showigures 6 and 7. It is postulated that
this phenomenon is ought to (a) their smaller csesdion, (b) their stiffening effect on

the overall structure and (c) abrupt change of me&dion pattern due to yielding and/or
local buckling of neighboring members.

o Bt - O ..
[ | ind Do | e | o e [T — CoreT
—— - 1 7 -
Nake FRT v et Vemman g &) 5 Dok e | e BT e v Tl B R el
Ll (PR R XY T I e Tl
Laad Eefinzior. Carar PR baslrEnim R
[T e P [T ¥
" i i ¥ iy
| K O R £izid 1 B
Ly bk o, HESE I s
F T Cx
[ r LY
ke rz % 78 FE
[ e L -
b = it T i Dofeanan
& s = e
| L v 4 Loas e
b o | |l —hee - ¥ T
| 1
L L 1 il Dt
4 - '_ i Forpm
| || fa "
| B _ == (R y S M 1 11k
wT R TE o oF || ey e L L i |
= s

Fig. 6 Typical end displacement - load factor car¥@r horizontal and meridian members
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4. CONLUDING REMARKS

The second order plastic analysis employed henam,NIDA software, was found

adequate and successful in capturing all local gilothal phenomena related to the
collapse of the structure dealt with. More speallfc under the combined factored
loading of self-weight, wind and snow, the domeileited a sway-buckling mode, which
leads to collapse, after moderate choice of crestiems based on linear elastic analysis.

It is suggested that the proposed scheme shoulthdestarting point for preliminary
plastic design of steel space structures, the ou¢cof which would serve as background
material for more sophisticated FEM analyses, comtbiwith wind-tunnel scaled results.
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ITEPIAHYH

XPNOWOTOIEITOL LI GUGTNUIKY] TPOGEYYIST] Yo, TNV OVOALGY KOTAPPELONG KOl TO
oxedoopd evog yalvdvov B6hov Tomov Schwedlemvikov oyfuatog, vtd Eoptia 13iov
Bapovg, yroviov kot avéuov. Tovto mpaypatomoleital pe sPApUOY TG EXOVENTIKNAG —
EMAVOANTTIKAG TAAGTIKNG avdlvong 2% 1aéng tov hoyiopkov NIDA, mov (o) emitpémel
APYIKES OTELEIEG LEADV KOL TNV OAAOLYT] TNG YEMUETPIOG TOV Qopia Aoym g optiong, (B)
MpBaver voyn un Ypopkés emppods 2 1éng Moyom a&ovikhg éviaong kadme kot TV
EMPPON TNG AYNPOTNTOC HEADY OTNV avToyn Tovg o€ 0EoVikn dvvaun, (y) oxedalel o
KOTAGKELY] HEG® EAEYXOL SWTOUMV XWOPIG VO OToUTEITOL VITOAOYIGUOS TOL 1600HVALLOV
unkovg Aytopod OMPopevov otoyeiov, () eléyyel Evovtt aotdbelag 1060 T0. UEAN 0G0
KOl TNV KOTOOKELT] GUVOALKA Kot (€) «cuAlapfdver» Oho o oTad1o TPOOSEVTIKNG SLapPONG
— aotoyiog HEYPL TV Katdppevon. Metd v apyikn emhoyn tTov KKA tov peldv péowm
YPOUUKNG EAAGTIKNG OVOADONG, M TAACTIKY] avdAvon odnyel otnv TeMkn €mAOYN
SWITOUMV KOl GTNV OVOYVAOPLON TOV SVOUEVEGTEPOVL GLVIVAGHOL QOpTIcoNS. To @optio
Katdppevong Ppednke ico pe 2.65¢opég 10 avtioTolyo eAACTIKO, EVA ATOKAADOONKAV Kol
OMOL TOL EVOLALUESO POIVOUEVO, TOTIIKNG KOl KAOOAKNG 0o Tdelog TOTOV petddeonc.



