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Abstract: Framed three-dimensional coverings are normalycalated solely considering the structural contriion
of members. However, when interconnecting closiatep exist, such elements can effectively contrilith their
rigidity to the behavior of the overall structur@hus, forces that are usually considered as onlgngcon the
structural members of the frame are also sharedh #ie plate elements. It is important to evaluat hehavior of the
real structural system, in striving for optimizeddacost-effective structures. Therefore, the ainthef study is to
evaluate the structural behavior of domes formed lbpmbination of frame members and plates. Thehdagm effect
is considered for domes with triangular-shaped feamThe numerical analysis is performed via firetement
analyses using Ansysoftware. The results obtained for a dome withizangter of 20 m and a height of 5 m, using
various mesh configurations, are presented andudised. In particular, it is shown that when thepilisagm effect is
taken into account, a significant reduction in \@duregarding node displacement, forces and monzatitsg on the
frame members can be achieved, and mesh arrangerasntrecommended when the diaphragm effect is take
account or ignored.
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1. INTRODUCTION

Framed domes allow for light building coverings,iethcover large spans, with a favorable geometifimah that
enables the structure to withstand forces with bndidplacements, typically with predominant axiadrdes
(Timoshenko, 1953). Framed domes show evident teahhenefits and are very cost-effective strutuigiven that
they allow for significant reduction in the use afaterials, with pre-fabricated members that perthi¢ir
industrialization. Besides these advantages, 8taiictural behavior promotes small nodal displagegméAvram and
Anastasescu, 1984; Karlsen al, 1976). They are widely used in many countriedjaaigh this type of structure is
unusual in Brazil, and its application still recqesrdisclosure efforts through improvements in desigethodologies.
There is particular interest in the use of timbethese structures, for economic, environmental sowial (Natterer,
1994) reasons.

In the conventional calculation of framed three-giisional coverings, there is only consideratiothef structural
contribution of linear elements. However, when licb@necting structural closing plates exist, sudments can
effectively contribute, through their rigidity, tbe behavior of the overall structure, reducingltaes acting on linear
elements, as the forces that are usually considerbeé acting solely on the structural membershefftame are also
shared by the plate elements. In this case, imrtant to evaluate the behavior of the real stirat system, striving
to achieve optimized and cost-effective structures.

The additional rigidity with which the plate elentgcontribute to the framed dome is called thegdragm effect”,
which provides the dome with an overall structiethavior that is very similar to that of a sphdriteell.

In this paper, the diaphragm effect is evaluatedséveral types of triangular-shaped frames, joiméginally by
secondary beam elements and closed by plywood gpafte¢ goal of the study is to make a comparatiaduation of
geometric parameters, forces on the beams, nodadaladisplacements and support reactions, consigi¢he effect of
contributions made by plate elements. The numedaalysis is performed via finite element analysitg Ansy$
software (Ansy$, 2004), and meshing is achieved by using Gestiftivare (Gesualdo, 2010).

The results obtained show that when the diaphrdigutas considered, nodal displacements are greatluced, as
well as the forces on the beam elements. Rangealoés were defined regarding improved relatiorshigtween the
radius of the dome and its clear span, taking thphdagm effect into account or ignoring it, witlviaw to determining
the best mesh arrangement for each situation.

2. DOME MODELING
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Four mesh arrangements are considered with triangabdulation for the same dome (clear span of 28nuoh
height of 5 m), with six sectors of the spheridalsdivided into four, five or six segments, dastrated in Fig. 1 (for
four divisions of the sectors).

The choice of the number of sectors is based oreudome construction practice, obtained from doredo and
Holzapfel, 1990; Eberwein, 1989; Makowski, 1984;t®eshita, 1984; Schurwan, 1989; Von Biren, 1988;\&iwWSlI,
2011. For the definition of the number of divisianghe meshes, an attempt is made to have smdliticen in member
length from one configuration to another. All memsbare considered to have the same cross section.

Variations in elevation above the base of the damee also introduced for the same mesh arrangennenitger to
obtain the best relationships between the radigkeohell and the radius of the covered area.

Figure 1 illustrates four types of arrangementgriangular meshes:

(&) meshlA — constitutes concentric circles, where the bandearches of the sectors have their ends supported

opposed columns;

(b) meshlB — similar to 1A, but the arches of the sectorsehaifurcated ends, supported on two columns;

(c) mesh2A — constitutes practically parallel arches, where llordering arches of the sectors have their ends

supported on opposing columns; and

(d) mesh2B — similar to 2A, but the arches of the sectors Haftgcated ends, supported on two columns.
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Figure 1.Mesh arrangements considered, with six sectordamdlivisions in each one.
Source: Gestrut (Gesualdo, 2010).

3. ANALYTICAL METHODOLOGY

Gestrut software (Gesualdo, 2010), based on th@adisment method (Weaver and Gere, 1980; Przemlgnie
1968; Rubinstein, 1966) and intended for calcutatib framed three-dimensional structures, was implated in the
case of vaults with a reticulated mesh, in sevgealmetric configurations. This computer prograrovadl for analysis
of any three-dimensional structural form; howevitsle domes received special treatment regarding thpically
complicated generation of geometric and loading.dat

Considering that preparation of data for computeti@nalysis is an important stage in the calautagirocess, the
Gestrut program has one specific pre-processanput and generation of data. This makes it posdiml modeling the
meshes in an easy and rapid manner, with visualizaf the geometrical characteristics of the stiee generated and
schematic representation of the mesh, as welhiet idata.

It should be emphasized that generation of datéhfistructural system under analysis here is gemplex, given
that the structure is three-dimensional and eacmbéas its own different angle of orientation. ldsiGestrut
(Gesualdo, 2010), the main meshes were generatedhair triangular units were divided into smalpertions with
secondary horizontal beams, parallel to the manizbntal beams, as exemplified in Fig. 2, for mégy) with four
divisions of the individual sectors.

The main and secondary horizontal beams were dhiitte two or three equal segments. Hence, thegtitar plate
elements were generated with almost equal dimessamillustrated in Fig. 3.

For calculation purposes, besides the geometriacteristics shown, the following parameters watepsed input
data for processing by the Gestrut software:

= clear span of 20 m and height of 5 m;
cross section of beams: 6 cm x 12 cm;
modulus of elasticity (parallel to grain) (E) = 488/cnt;
shear modulus (transverse deformation) (G) = 24kR/
simple supports (translations are restricted atatioms are free) at the base of the dome;
continuous ends of beams;
plywood of 18mm-thickness & 620 kN/cm, E, = 536 kN/cmi e G, = 94 kN/cnf, Stamato (2002);
loads: dead load of structural elements;
structural elements in Ansysoftware: beam element — BEAM 4 and plate elemeSiHELL 63.
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Figure 2.Mesh 1A, with four divisions, with secondary membirserted into the main triangular mesh.
Source: Gestrut (Gesualdo, 2010).

Figure 3.Mesh 1A, with four divisions and triangular plateserted via the Ans{sprogram.
Source: Ansys (Ansys’, 2004).

The modulus of elasticity correspondsRmus, a reforestation species, Class C30 according t& NB90:1997
(ABNT, 1997). Beam cross sections were definecims of their slenderness coefficient, in ordewtwk under their
maximum capacity.

The structure formed by plate and beam elements amatyzed via the finite element method using Afisys
software, with the code generated by the Gestftwace.

4. RESULTS AND DISCUSSION

Table 1 shows geometric data regarding the mesrasated in this study, considering the beam elemefithe
main triangular modulations, for comparison in teraf number of nodes, members, different lengthth@fmembers,
and also minimum and maximum lengths of the memaedstotal volume of wood required.

Based on the data shown in Tab. 1, Tab. 2 presestenmary indicating those meshes that have mininvaloes
for the analyzed geometric variables. It can be shat mesh B, with fewer nodes, reduces the amoiuabnnectors
for joining the ends of the beams, which resultsamings in terms of material and labor. Mesh 1&vigtes for greater
reduction of labor, due to less variability in eegths of the beams, thus facilitating industziaiion and the assembly
and fastening of parts. Mesh 2B shows a minimum whof material. Moreover, mesh 2A does not hawe th
advantages of the two previously cited meshesh©#ttypes of mesh evaluated, it makes a redugtitiee amount of
material possible due to the shorter lengths ofta@ms. This means that, for covering the same aeets can be
obtained with smaller cross sections. However, dach design, it should be ascertained whetherréusction is
greater than that provided by mesh 2B.

In summary, without analyzing displacement and doralues, the meshes that will be able to resuthdane cost-
effective designs are those identified as 2B and 2A

An assessment was made of the maximum values iegarddal displacements and forces in the membétis,a
view to comparative analysis of the diaphragm effacthe overall behavior of the arrangements aesreid. As an
example, vertical nodal displacement values arevehia Tab. 2, where it is possible to observe thetigbution made
by plate rigidity. The term "p" refers to the sttwe considering plate rigidity, whereas "np" reféo the structure
without consideration of plate rigidity. In the tiat case, the Young’'s modulus of the plate mateviasd considered to
be very small in the FE model and only the deadyldibad is accounted for.
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Table 1.Geometric data of analyzed meshes

Mesh type N° of N° of ~ N°of '(I:)otal Least L© G(r*?atest Volume
nodes | beams | differentbars | L*’ [m] [m] LY [m] [m7]
6-4 1A 61 156 11 460 2.61 3.58 3.31
(6 sectors | 1B 55 144 9 441 2.71 3.54 3.18
and 2A 61 156 15 455 2.31 3.30 3.28
4 divisions) I 55 144 14 439 2.70 3.47 3.16
6-5 1A 91 240 16 569 2.09 2.90 4.10
(6 sectors | 1B 85 228 13 553 2.16 2.89 3.98
and 2A 91 240 22 563 1.81 2.66 4.05
5 divisions) 2B 85 228 21 549 2.09 2.63 3.95
6-6 1A 127 342 22 678 1.74 2.44 4.88
(6 sectors | 1B 121 330 18 664 1.79 2.44 4.78
and 2A 127 342 31 670 1.48 2.24 4.82
6 divisions) 2B 121 330 30 658 1.70 2.18 4.74
© L = beam length
Table 2.Comparative summary of geometric data containéithin 1
Least values of geometric characteristics of mesh
Mesh type ™o of joints @ o Individual | Total L® and
andbars | L vanation LO total volume
1A

© L = beam length

Specifically with regard to vertical nodal displawents, some results and comments follow:

As expected, consideration of plate rigidity praddsignificant in reducing nodal displacement valuks the
number of divisions of the mesh increases, disphece decreases. This is confirmed by the variatasvn in
columns 5 and 9 of Tab. 3.

Comparing displacement values for the same messialivfor all modulation types, for example, 6-416A41B,
6-42A and 6-42B, it can be seen that configuraiérp (taking plate rigidity into account) shows thimallest
values.

Percentage reduction of the displacement valueshforsame mesh, considering plate rigidity (sitratinp”
compared to “p”) is virtually the same as that oi#d for meshes A and B, the values of which avermiin
columns 5 and 9 of Tab. 3.

Considering the contribution of plate rigidity, thedal displacement values obtained for mesh 2rmagdler than
those for mesh 1 (see columns 2 and 6 of Tab.l&.réverse occurs when rigidity is not considered.

In all the situations where plate rigidity is catesied, meshes of the “A” type showed smaller jdigplacement
values than their “B” counterparts, as shown bylees in the last column of Tab. 3.

The mesh with the smallest nodal displacement ishn2#, which is the most finely divided (patter6and
when plate rigidity is considered. By ignoring platgidity in analysis of the structure, mesh 6-6i5Ahe one
that results in the smallest vertical nodal dispraent values.
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Table 3. Comparison of maximum vertical nodal dispiment values [cm].

“A” MESHES “B” MESHES
1A np? | -3.73 1B np| -3.86
6-4 - 1 60.3% 160.7%
(6 sectors 1A ¢ | -1.48 1B p | -152 1 2.4%
and 1227%| 2A np | -3.58 1221%| 2B np| -3.63
4 divisions) | 68.0% 1 67.4%
2A p -1.15 2B p | -1.18 13.2%
1A np -2.13 1B np| -2.19
6-5 1 63.4% 1 63.6% .
(6 sectors 1A p -0.78 1B p | -0.80 12.1%
and 1203%| 2A np | -2.31 119.9%| 2B np| -2.36
5 divisions) 1 73.1% 1 73.0%
2A p -0.62 2B p | -0.64 12.6%
1A np -1.58 1B np| -1.61
6-6 1 67.3% 1 67.3% .
(6 sectors 1A p -0.52 1B p | -053 1 1.7%
and 113.6% 2A np | -1.82 113.3%/| 2B np| -1.85
6 divisions) 1 75.5% 1 75.4%
2A p -0.45 2B p | -0.46 12.0%

® np = plate rigidity ignored ) p = plate rigidity considered

Although results regarding the values of maximuralaand shear forces and bending moments are rmtrsh
herein, it is possible to make the following comutsesoncerning these values:
= Consideration of plate rigidity provided for corsigble reduction in the values of axial forces emmbers and it
can be seen that, by increasing the number ofidngsof the mesh, such reduction continually distieis.
= A difference perceived between meshes 1A and ZAesncrease in axial forces when plate rigiditygisored,
and the opposite effect (i.e., decrease of axiae® in the members) when plate rigidity is congide Thus,

considering the diaphragm effect, mesh 2A is mateqaate than mesh 1A. On the other hand, comparing

meshes 1B and 2B, the inverse occurs, i.e., comsgplate rigidity, mesh 1B is found to be moreqdate than
2B with respect to axial forces in the members.

= The values of axial forces for “B” meshes are gredhan those obtained for similar “A” meshes, when
consideration is included of plate rigidity.

= Considering the diaphragm effect, mesh 2A is thstradequate in terms of axial forces and, withechsan
effect, mesh 1A is the most suitable.

= |t has been noticed that, if the number of divisiofithe mesh is increased, the values of axiakfare reduced
with consideration of plate rigidity. On the othwand, if plate rigidity is not taken into accouat increase in
the number of divisions of the mesh leads to agetsge increase in the values of axial forces.

= Therefore, as far as axial forces are concernedmtésh that results in the minimum values is 6-4taking
plate rigidity into account). If the diaphragm effés ignored, mesh 6-61A provides the minimum ealu

= With respect to bending moments and shear forhes;dnclusion regarding the most adequate mesie isame
as that shown above for axial forces.

The influence of the geometric parameter “heiglasmatio” (from 10% to 30%, with increments of 5%as also

studied in the case of mesh 6-61A. The followingmmnclusions can be drawn with respect to thieess

= Increased height of the dome results in a decreasedal displacement values in all cases (wittwihout
consideration of plate rigidity).

= As shown in Fig. 4, nodal displacement values deseref plate rigidity is considered. By increasthg central
height of the dome, this difference tends to desgrebut it generally stabilizes, indicating thaigh#/span ratios
of more than 20% do not result in any considerabtiuction in nodal displacement values. The degfee
reduction is less significant when the diaphragfeatfis considered, making it possible, in thisegas obtain
small displacement values for slightly curved doniBisis feature is an important element in the desif
optimized structures, with savings in terms of autal materials.

= |t was found that the conclusions obtained regardiisplacement values are also valid for forcedllastrated
in Fig. 4.
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Figure 4.Trends regarding maximum nodal displacements aiad fmxces with increased height/span ratio.
Table 4 summarizes the characteristics of the uarineshes with respect to both geometry (indicptediously in
Tab. 3) and the results of structural analysepl@iements, forces and moments), the configuraiterstified being
those that show the minimum values of parametecenéern.

Table 4. Summary of characteristics of the varimeshes

Geometric characteristics Displacements / Forces / Moments
Mesh o
Type N°of nodes| /. ation | Individual | Total of L Vertical Forces and
and Q) Q) - :
of L L and volume dlsplacement bendlng moment
members
1A n
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It was found that, if the diaphragm effect is coesed, meshes 2A and 2B are the most cost-effectivdar as
mesh 2A is concerned, the reduced lengths of thebmes, combined with smaller forces, will makeasgible to use
members with smaller cross sections, in analysebotii stability (which takes the slenderness of e into
account) and strength. It can be seen that, witkerfadivisions of the mesh, the action of forces amiments on
members decreases, the choice of a larger or snoigtgree of division of the mesh being defined oy $trength and
cost of the plate elements, rather than the voloftke beam elements. In the case of mesh 2B, yakgarding forces
and displacements are slightly greater than thbserged in mesh 2A. As a result, it is necessagvaduate the cost of
connectors and wood, in order to determine whicBlmepresents the greatest overall savings. klis\ed that mesh
2B, with a smaller number of necessary connectlagents and volume of wood, shows greater savings those
achieved by reducing the cross-sectional dimensibrise beams of mesh 2A, in view of the smallduea of forces
and the smaller buckling lengths of the beams.

On the other hand, ignoring the structural contidwof plate rigidity values, it can be seen thashes with the
concentric circle configuration of type 1A, with egiter divisions of the mesh, confer small valuegamding
displacements and forces, making it possible toalsments with smaller cross sections, resultingeduction in the
cost of wood. However, in the case of the moreddigi mesh, there are a larger number of connedtobgcomes
necessary to make a comparison between the colsesd connectors and the cost of the wooden pelnish can be
sawn lumber or glued laminated (glulam) timber (thst of which is higher than that of sawn lumbér)summary, if
the diaphragm effect is ignored, there is no ciedication of the most cost-effective mesh. Givieattvalues regarding
forces in mesh 1B are slightly higher than thosseoled in mesh 1A, it is believed that its smatlember of joints
results in a lower final cost. Moreover, variatiornthe length of the bars in mesh 1B is also smalfian that observed
in mesh 1A.

In summary, in order to choose the best mesh agraagt, based on comparisons between displacemedts a
forces, it is necessary to evaluate the costs ¢éniads used in parts and fastening elements, thérfollowing results:
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= taking the diaphragm effect into account: meshes@A2B;

= ignoring the diaphragm effect: meshes 1A and 1B.

Continuing investigation of the structural behavifr the meshes studied, analysis of vertical andzbotal
reactions at supports was also performed (in alalliection). Fig. 5 shows the values of vertiedctions pertaining
to mesh sector 6-6 for meshes of the “A” and “Bpay It can be added that the same behavior waenaab with
respect to radial reaction forces.

On analyzing the curves shown on Fig. 5, it cannb@ediately seen that the largest support reactadnes are
obtained for meshes of the “B” type, due to the fhat this type has a smaller number of suppavith(one support
less per sector, when compared to meshes of thetyp&). In addition, it can also be observed thakjng the
diaphragm effect into account, the support reactimnes are more evenly distributed than thoseirdxdaby ignoring
this effect.

It can be seen that type-2 meshes result in imprde@d distribution, with more uniformity and snealivalues at
intermediate joints, when compared with those gpoading to type-1 meshes. It was found that typeehes tend to
relieve the bordering supports of the sectors aredload intermediate joints.
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Figure 5.Comparative analysis of vertical reactions.

Therefore, with a view determining whether confagion 2A or 2B represents the most adequate mesisjdering
or ignoring plate rigidity, it becomes necessaryc#éory out more detailed analyses, consideringerifit numbers of
supports and evaluating the following aspects:

= larger number of support elements (columns, comngcfoundations) with lower consumption of struatu

material in the supports; or

= smaller number of support elements, with greatasamption of structural material.

As mentioned above, if the chosen roofing systess ydywood sheets, it becomes interesting to additidity
increase provided by the diaphragm effect to tlwsssectional rigidities of the members in compotetl analysis,
especially in the case of large-span coveringsyavireembers tend to be more robust and expensive.

5. CONCLUSIONS

The framed-dome structural system allows for stmadtarrangement to be defined in a large numbaetiféérent
ways. Several parameters have an influence ontstalcresponse, for example, mesh configuratiotgtiomship
between height and span, and the use of platesecting the members. This study provides some guiekelfor
selecting geometrical parameters, with a view tieaéng minimum consumption of structural materidsen though
computer programs are available for modeling aradyaing a range of mesh types, it is up to thecstmal engineer to
perform calculations in order to select the bedutem in each individual case, taking into accotim aesthetic
requirements of architectonic designs.
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