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A33TRACT

e oroblens of zovering larje span roofs economically has always
been af <oncern to Enjinzers, but it was not till after the second
world war that 3olutionsg to the problem #as seriously sought. Tt has
since then, h2en proved andi confirmed that space structures are the
solutions to covering larje span roofs economically.

Mis thesis looks into the possinility of choosing a suitable
type of space structure that could be adapted for use in Nigeria,
ditharto oroprietary systens have been imported into the country for
this purposa.

e~ Ay investigation  was earrvied out into the different type of
space structures available, Jouble layer jJrid truss «as selected
thereaff Eor study. Ising thne direct stiEfeness anethod of structural
analysis, differant tyoes o trusses wers analysed with the aid of a
o conputer. Paramaters like span, height above jJround level, depth of
truss, support  wer2 variad to  ascertain a Jo00d overall dimensional
ratins. Connectors of tws bydes serz Also desijyned for the joints of
sone of the trussas. 4rlels werz then tested to conlude the

affectivenass of the d23ijn criter2a used in desijning the connectors.

Fron the rasalts abtained, deductions wara2 aade as to both the
dimensional ratio that resalts in 2 hetter force distributian and

rajuiring 12ss voluns »F natsrial for ibs construction,
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SHAPTER 1.

LIMROOJC [

1.l SEJERAL:

e ase of space structures in Jdijeria has oaly founl wile
application in areas of canmnications, electric transaission towers
and mast construction. fhelr use as roof covering in  the country has
neen very liniteil even thoujh it is for tnis parpose that 3pace
strictures Jderived its present world wile popularity particularly in
alvanced countries.

3pace structures may be Jdefined as a three-dinansional assenbly
of elements rasisting loads which can be appliei it any point,
inclined at any anjle to tne surface of the structure anld acting in
any direction.* [ais structures in whicn the tarz2e  lieensional
function is realised nas oeen in  existenc: fron tne earliest tines as
Jones. e Jdiscovery of new matarials (for =xample ir-a) openeld a new
era for space structure in the 1Jtn century and Dy the 2)tn century,
the desire Of projressive designers tdo match natare ad efficiency
lisplayed in oilolojicil 2njineering (for exawplae)* jwvoe rise td space
Jrid structures. Architacts have siace levelopel iaterast scaase of
aesthetics ani the aoility of space structures td provile exceptional
fraaion in desin.

3paca struactures coull be 2lassifi=l into three maln tyoas;

=3Kkaletal(oracal) frane MRS, tor 2xample oraced

Jonmes,oarrel vaults and aalti=-grid structuares,

*2.3. NI\,



=-stressed skin systeas; for example folldel plate structures.
-suspendei(cable or manbrane) struc-ures. for exanple cable

roof structures.
space structures have been founl to oe jenerally lijghter anl more
aconanical to construct w«ith the econaay Lncreasing as the span of the
roof increases. Oifferent  materials(steel, 3alluminiun, plastics,
timber, inflatanle foras excetera) are usel in practice, out .nost
conmonly used 1s steel particularly tubular steel oecause of its lLijnt
weight matched witih high monent Of lnertia. One type oOf space
structure that has enjoyed a renarkaole  Jevelopnent is the double

layer grid structure.

1.2 SPACfS 1S40 ¢ [dd PROBLE1:
[n the past the developnent of space structures have been linited
by sanme factors nanely;
-canplexity in analysis Jue tO its statically indetarainate
natare and thne large sinaltaneocus 2 uations coupled with it
-lifficulty of oconnections it joints s$0 as td>  avoid heavy
anl cundersane joint  for tne 30 aany s2aers aeeting at
=2very joint.
-suitaoility of .matarial to withstand the structural loald
#itnoat itsalf coastitating 1 high deald aeignt.

-1ifficulty in constructions it 3ite.



Jith the recent trend in the developnent of electronic
canputers(mainfraces, amicros, and minis), the problen of solving for
larje ejuations has been to an  extent (depending on the conputer
namory) overcanme. Me Jdeveloprent 1n the steel industry has jone a
lonj way in overconinj the proolen of materials of aleguate strenjth.
fhere has 1150 been  som2 Laproves2nt in joilnting systan particularly
for proprietary systens. since connections at any joint is influenced
Dy both the geonetry of memers and their internal forces, one cannot
lay claim on a universal connector. dence, dependin: on the jeonetry
and magnitude of forces in memers, there is need for a Jesijn of the
jointing systen particularly in the non proprietary systems. The
difficalty in construction has been eas=d by the developnent in
cranaje systen. dence, it is easy tO assemole mst dparts at Jround

level and have it raised to the Jdesired heijnt.

1.3 JUSPLSLCALNIOd JOR SIJDY.

Jdigeria as a Jdeveloping nation is uaderjoiny an industrial take
off. his ctherefore weans that baildings of very large spans
(nanjers,airports,stadiang, inlustries,assanoly nalls,exetera) are
oeiny desimnel anl erectel frejquently. Me n22l by pay w interest oy
Jay Of researcn 1ato a possiole roofing systen wnich #ill cover these
lar je spans 2conaatcally and with l2ast maintenance s vary necessary.
st roofs normally carry a aniforaly distraoated 1>l conprising
mataly self weignt >f the roofs and coverings. 3pace roofs structures
ar2 Known £y D@ very econonical in covaeriag large spans.  Double layer
Jrid trusses are oot only kKnowa B be efficient, they also have a
reccuring identical anit parts.his neans that trusses can be

manufactured and erected in short tines rasulting in an  overall



economic production. [t is therefore necessary to study the design of

douwble layer Jgrid structures and their Jjointal connections using a

suitable material.

L ALITERAPJRE RV LEA.

Chere has been research developnents in  some aspect >f space

structures. Chese aspects can be broadly classified into

l’

2.

3.

analysis
desiin

jolnting system.

1.4.1 Analysis

Mnis is one of the areas that has recieved the greatest
attention. JMost of the rasearch developrents centered
around investigations on wmethods of structural analysis by
glastic anld sonetimmes plastic nethods. Assumption of the
flat space trusses as plate and analysingy them by
Jifferential equations have been considered and used.

Jetnads of analysis by matrix nethods of analysis has also

maan rasearciel into for solutions of skeletal and Ffolded

structuras. desearches Lato computer techniques to reduce
large matrices that usually results in the matrix .aethods

have been carried out to consarve storage spaces.

Renton{ )2} discussel the related behaviour >f space grid and

plates and concluded that Jue to the repetition of a vasic
mdale in space structures, high degree of regularity
resalts. Mia he said makes for an easily written stiffness
ajuations relating loads to their corresponding deflections
and those of adjacent joints. Hence, he said space  grid

problens could be viesed 1in terns of finite dJdifference



ajquations which could be reduced to a sinjle differential
equation. e concluded that while plane jrids (rectanjular,
triangular and nexajonal mesh) behaves like an isotropic
plate and have a resulting biharmonic equation, Jdouble
layer grids do not, resulting in a non-biharmonic egquation.
ferefore solutions to equations for wvarious boundary
conditions can be founld in the biharmonic  eguation of the
plane grid oput ot in every case of double layer jrid,
except in sane practical cases where the double layer jrid
is reduced to a sanlwicheld plate. (see fijure 1)

[Jnacio and dernandez (03),(24),3s far back as 1951 also realised
the necessity of obtaining an exact nethod of solving for
space frane sork. Fhey carried out a research on frane w~orks
with nemers in any diraction under any system of loads and
enphasisel taking alvantagje of the conputer. ey
23tiolisheld a  solution by applying the  “slope
Jeflection—-jyration metnod" wnich provides a  set of
sibnaltanedus 2gquations. Chey renarked that althoajh aetholds
Xf saccessive approxination coatrivuted much to the progress
of structural analysis >f continous structares, this coull be
avoided #shere tools for solving larje sets of sinaltanedus
ajquations are available. their solutions involva
estaolishing for the neaders of the frane work;

-flexural nonent

-torsional nonent

-shear onmeat eguations and  for the joints of the
space frane work;

-aquilliorian egquations of forces

-nonent egquations.
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h deriving the ejguations, jeonetrical relation of aenbers
with reference tO an arbitrary cartesian coordinate system
#as usal. oOeformation of  joints were classified into
angular, and axis displacenents. Conputation of design
mnents and shear  was carriedl  out by sJlving the
sinultaneous eguations. [ their conclusion, they remarked
that the slope-deflection=-jyration methal provided an exact
solution of the space frane work.

orymiotis and fazma (03) researched on the use of stiffness
nethod  for large complex structures and arrived at the
followings;

-that the stiffness nethod could be eaployed by
dividing the orijinal larje stracture into what they
reffered to as "super nemdars” naking sure that no menber
belong to mor2 than one sup2r—nender

-that stiffness euatins coull e written for every
super-nemer(s-nanxer) in 1 local reference or rijnt handed
cartesian coor linata.

-that ldisplacemac for tnhe 3-nenber ends could be
aloulatel oy c2lucia; cthe original  3=nenber  stiffness

aquations.



fmne force displacement relation for a menber of a skeletal
structure with end joints i and j (i>})} is written thus.

3(see figurs 2)

Iy L., K.,
L) L% sl
'P; and P_, are meapers end forces and displacemnents at

ends 1 and j respectively.
are the memnbers stiffness matrices.
darrison (28) described a numerical method of analysis which can
achieve a first order linear etastic solutions for pin
jointed frames.Ihis .nethod is otherwise reffered to as the
direct stiffness {deformation) method. Hde then carried out
a researcn on the basis of 2 assunptions.

-that .matarial ased is dookean and that structuril memnbers are
straight 3o that relative dJdeformations within meadbers are
proportional to the stress-rasaltants Jdeveloped in  the
course of frame Jdeformation under load.

~srane Jefornations will oot  invalidata the ejuilliorian
aquations shich bnay then be formalated for the unloaded
shape .

Jsing a second-order solutions {as a chack) he observad that the
errors  raesulting fran the assuamption using fivst-order
solutions are Jenarally smll. Hence first orler elastic
analysis are adeguate for normal franes execpt for
structures that are closely and optimally designed using

hijh strength materials where he found that the errors are
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quite significant and therefore a second order solution
should be sought. [t should be stresses that a high
strength material is more flexible for a desimed member
than a mild material because of increased slenderness
ratia.

Jakowski, 2.3 and Jooshin, i, (07) also showed in  their work that
the diraect stiffness method is ve'ry accurate in analysing
space Eranes. They further suggestel ways of overcoaing
its linitations,which is the enourmous computer storage
requirenent.

Apatan,A.2 (J3) showed that the finite element method is a very
powerful tool for analysing structures that can be
suplivided into a series of elenents interconnected at
nodes.de also went ahead to discuss ejquations to be solved
Ln the finite elapent rnethod and how conputer  memory
prodlen could ba overcane by making the alogrithm
dependent on the 3 x 3 .natrices for each elements of the
entire structure stiffness amatrix. He however .nentioned
that tie jJreatest asset df the finite element method is
its ability to cope wvith irrejular bodies.

fran the abova, 1t ould ve appreciated that 3 methads of
analysis nava been widely used. They are

-plate analogy wethod entailing differential eguation.
fhis methodl was particualarly popular prior to availabilty
of comouers  Witih Larje mamriaes . The method 13 suitable
far plane aad thin Jrids. o

—-the lirect stiffoess wethod. Jue t2  the large ancunt

of matrices iLnwolved,it was not seriously considered till
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the availability of conputers with large capacity
menories.  The method is very suitable ankl accurate for
rejular skeletal space structures.

~the finite elenent methald. This is the wost racent of
the three methods, and is nost suitable where irregular
boundaries or continua are in question. This method is
also very accurate and like the direct stiffness mmethod
involves solving for large matrices.
Jore frequently (particularly in the past) physical aodel
analysis has been used to compare results achieved by
direct analysis. The limiting problens to this asethod has
been the trouble involved in load application,
particularly where this has to be Jdone in 2 or
3-diinensions. Jther limitations accordiny to 7.
£olosovski (29) include the difficalty in  interpreting
experinental results aespecially in folded structures due
to existence of combined actions. Also Heinz dossdorf (10)
in his discussion sald  that with future developments in
ejuiprents that o©ould apply loads in 3 disensions, nodel
analysis will serve as a petter .methal where a proolen
cannot be investijatedl  analytically. He  saidl that
inadequate conputar storage capacity 1s also one of the

provlens that could make .nodel analysis better.
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1.4.2. Design.

Research into the design of nmemders has not  recieved very
mach attention. his is most likely due to the fact that the
elastic methal of desijn to specified stress linits, that
has peen Ln use has up tO now peen very satisfactory.3ut in
cases where very high strenjth steel wnight bpe used for
construction, another Lmnportant Liniting factor is rormally
deflection. Jue to this, somne scholars are now Jdevisng a
nethod that camines in the analysis a desijn. e structure
then satisfies both stress anl deflection linits.
2jil, L. [ and dkdeh,S. (ll1) of recent carried out a research in

the desijn of skeletal space structures.lhey proposel a
design methal based on the linit state theory, Mis nethod
wnich is basically a direct stiffeness mnethod ains at
specifying an allowable Jdeflection in a1 particalar lirection
for a supposed critical joint, and calculacing an optinal
area for the structure. e desijn procelare requiras;

-spacifying the joint sherz Jdeflection is  2xpacted to
o2 st ortical.

-allocating initial values of 1 cross section arza to a
group and, a ratio of medder to group crosssectional iraza.

-calculating new values of jJroup crass  sectional area
and hence namber ared.

~ra2apeting the nrocess kil ratio of the 1iffecence of
the desijn area i3 below the specified tolerance level.

-checking that the maxinan displicenent is w~ithin the
acceptable linit.

Mis method was found very satisfactory shere optiman cross
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sectional area for each memder is reqirad. 3ut they also
pointed out that in most practical cases, members of a space
structure are often grouped, and that sonetines a single
Jroup nember nay be Jdesirad for economic reasons(this
corresponds to where jJroup to n2aber cross sectional area
ratio ejquals one). They ther2fore concludel that though
Jrouping Of opamders results in a heavier hyperstatic
structure, it reduces construction and manufacturing costs.

1.4.3. Jointinj systems:

In the research of space structures, there is a unaninous
opinion that the difficulty of having to join several
menbers on space structures have linited their use. fost of
the researches carried out in the methal of jointing has
oeen in the manufactures of the proprietary systems. Che
result is that a lot has been achieved in terms of
proprietary connectors. 3on2 of such proprietary connectors
are discassed below.
(1) = Jnistrut Corporation:

dsiad .3.C0 (12), Jdescribe the connecting systen made
Dy the conpany as Comprisuiy  twd parts, the instrut and
outstraut comestors(see Fijure 3a). 3otiv of then are
synnetrically oppositz2. Me systea  ilnventad and patented by
Charles. 4.Attwood is nanufactured oy the
Jnistrutcorporation. fhe  comnectors are  made by
press—forning a San  thick plate into an 2ight  wvay cup with
noles anl luges panchel iawaridly or oatwarlly to recieve the
web neaders.

(ii) fentiman & sons rioletic iluo.

Jentiman 1.3 (13), acesses the econonic use of
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space frames structures.. He went on further o discuss the
development of the triodetic hub(by him) which has found
consderable use in space structures. [Me joiating system
which is a hub consist priancipally of a ¢ylidrically shaped
extrugion having serrated slots or key ways. [he structural

mampers are then <©old formed and serrated at their ends to

fit into the key of the hub.(see figure 3b) The idea’ of such-

a hub was concieved by fentinan from the impressit;n hegot
fron the gripping strength of the jaws of the tensile
testing machines on test spacimens.
{iii)-3Space Deck nodus.
After much reaearch work by the I'ubes Division of

the British 3teel Corporation, the nodus jointing system was

developed{19)with the aim of produciay a joink .ciapa.b.le of

taking full advantage of high yield strength hollow

sections.3one principles were established as. pre-reguisite -

for the desi of the system. These are

~the joint smust carry full loads due.. to axial forces

and bending woment.
~the system should be simple to fabricate;

-to pernit roof claldiing to pe ilaid fl.ush on the
gril, {with out the use of purling) the joint should not
project simificantly beyond the profile of the chord nenber
to which it is comnected. | -

~-the joint should e strong enodgh to take full
advantage of hijh yield stress structural hollow sections.
four sizes of the joint were then designed for use with
circular hnollow section{(C.H.3)} or rectangular hollow

gection{R.d.8) or a combination of both. Me sizes range can
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Mhe ranje of sizes can accamxlate between 50- 120mn diameter
hollow sections.
e jointing system itself consist of : (see fijure 3c)

-two half casings

-a hijh strenjyth friction jrip bolt

-chord connectors with machinel teeth

-fork connectors.
e two half casing are boltal tojether with the friction
Jrip bolt, while the top ani botton chorls are welded to the
machined teeth comnectors that are then screwed into the
couple casing . e wab nemers are also butt-welded to the
forx connectors,and the fork end pinnel to the side of the
casings with four lugs.
e nxlus systen has found wide usajze La Surope and the
larjest of such structures cover an area of 12500n , with
cunmulative namer lenjth of over 2icn s2ijghing in excess of
300 tonnes.

(iv)-tero joliat:

fenger ingiasen (13) as far Dack  as 1243, r=aliseld

tne sinilarity in natural 3space lattice structures of atons
anld space structures. 2mployiag the concept of their nodal
points which are centres of closely jroupel spheres of ejqual
lianeter, ne tien assan2al the joiats of Lthe skeletal space
Jril Lo coincide witn tnes2 nolal powts of the  lattice
structure. e then eavolvel at shat is the UJniversal
‘rero’-connector. The wero> ocomnector(see fijure 331) is
Jdesijned to take up to 13 memers fron 13 Jdifferent
lirections meeting at a joint. lhe enis of the nanbers are

attachal to the comnector by a single pin bolt which is
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rhis
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fixed by a locking pin. Me comector is nanafactured by
Jdero-Raanstruktar Sabh & conpany of Ad.Sermany.

(v)=Octaplatte dodes:

[fEland, S5.3.J (13) Jdescrived the oktaplatte systen
Aitch uses for their noles, ta hiealspherical  shells and a
lLaonran welidad tojether to forn a hollow steel sphere. The
aemers(nornally hollow tudes) arz  then connecteld by fillet
v2liinj. Me systen is manufacturad by the lannesmann canpany
of Jd.3ernany.
often than ot propristary syst2as aay not o2 aployel due
D the following reasons.

-shera very larje fr2e colums 13 involved theresby
raquiring a larger adule.(onat proprietacy systems are nore
suitable ani satisfactorily used for Einner jJrids(13))

-~hen proprietary  connectors are  inaccessible
particularly in countries where they are not marketed.

-in keepingy Jown cost by not Lmporting.
inplies that a fabricated joint must be desijnel . Lovie P.A
(17) said that in desijning these joint it is imperative to
keep the size of the joint as smll as possible because the
cost of the joint material is four to €five times as
expensive as the cost of the structural memer. he also
showel that the intersecting anjle of nembers to the joint
places a linit on how nuch the size could pe reduced . 50
far alejguate criteria Juiding their lesijyn has not been
prasented and the cholice of connectors have been based on

testing the strength of such connectors after fabrication.
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Sanme axanples of how BEhgineers have tackled the problen of
jointing system in non propristary systems are shown below:

{a)=Pauly Pavillion Connector:

Mis connector (17} was Jesigned and used in the
construction of the space roof truss of Pauly Pavillion at
the Jniversity of California in Los Angeles{see fijure 40).
Me structure provides a clear span of 3La~by-122n having a
pagic mxiule Of approxiinately LOm-by-10m. Zight nembers are
joined at the connector by means of rivetting.

(b)=venver Exhibition (Hall Connector (17):

The exhioltion hnall which covers an arsa of
13m-by-209m have in sone cases up to 12-mnaemnbers weeting at a
joint. [he connector can be seen as consisting of two Pauly
Pavillion connectors connected pback to back.

{¢)~In some cases direct seldiny of tubular wembers
have been done. [n a 30m-by=-40m w0 way space grid Jdesigned
by Poniz.¥ and Poniz.D (13), menbers were sized in such a
way as to allow for Jdirect «#eldiag without intesducing an
additional connector or Jussat.(see figure 4c).

(1)-3aeno .p and Calavera .J {23) Jdesigned a connector
for use in Jadrid, the oconnector consist of  two
henispherical steel casted and later m welded., (see FLure
4b}. They said, ao rational procedurz existed in choosing
the thickness of such sphere. Therafore thicknesses of such
gpheras wer2 chosen at ~itl and later tested with two

opposite maners in tension.
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40. FRwey pavillion connector
(isometric view)

=a—yc—f=}

ha 4b. Steel sphere connector

4¢. Direct comection of members
by welding

FIG. 4 Non Proprietary Conne ctors
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3ane practical uses of the connector include:

~the roof for Capilla del [nstituto 'El Bricanse' in
Jacereas.

-roofs for the fabrica de Crevezas fahov in 4adrid

-roof for Pabellon de Deportes del real fdrid.
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1.5 DYPES D¢ ROOF SPACE [RUSSES:

Different types of flat trusses have been amployel so far for
practical purposes of roof covering or La reir cases as lecks, most of
which are chosen and pattented so as to conforn to their uses (by
varyingj .Jdirections of top and bottown a2abers, wikth respect to the
oottan joints, providing skylight, excsatera ). 3kechal below are sone
of then, their liscription anl shers asel. 32e figare 3.

1. 2-qday Jouble Layer Lattice Jriid:

fnis is a sinple 2-4ay lattice jJril. it comprises of sjquare on
square with no skew liipnals. Mhe diapnal sed nemders lie
in the wvertical plane and its basic element is a
cube,basically this is not a1 space truss. ne advantage of
this type is the sinplizity on the jointing details due to
the gJeonetry of m2nders, even though  the torsional
resistance is quite nejlijiole. Places of practical use
include part of the lartala tunanmal sare in <aduna.

2. 3-lay double Layer Lattice Sril: (see fijurz 5c)

fhis is a2 3-way lattice jyril #hich like kthe 2-say jril above
13 oasically not a4 s5pace truss. e oasic 2lament  is
triagalar prisa whisn i3 axteanzly stiff and efficient, anld
adacable  to spanning oadi=siaped arz2as. Practical ases of
this include
- fet-Ran thrae way lactice gril at Felthan eractel for
Easting purposa2s.
- Roof covering of strale Jraneiis, syimmiag oool, Piscine
l2 Joalagne,Paris.

3. Crianjular Basal Pyranilal Srid: (see figure 31)

Mnis 1s a systen with top and botton chords sjquare bat
offset o0 a liagonal. Mis has a basic unit of trianjgular

basel pyranid which has i efficient load listribation and
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high torsional resistance. [ts practical use has been
linited by the larje namber of mambers and their
arranjements at any Jjoint resulting in a complicating
jointal system.

4. Sjuare Bazed Pyranidal 3rid: (szee figure 5e)

Mhis is a double layer space Jrid with a square top chord
offset over a squars bottom chord. e basic unit of the
grid is A syuare based pyranid which is stiff and has a
good load Jdistribution systen with a maximwn of 3-mambers
per joint. This is one of the wost conmonly used flat
space truss for roofing and decking purposes. [ts use as
decks is comnmon in buildings with extensive sanitary and
air conditioningy eguiptwents, exanples are laboratories,
centre for electronic conputers, hospitals and several
bypes of industrial buildings. Practical uses are nunerous
sane of which include

- Architectural pavillion and some dianing halls in
Ahinadu Ballo University.
- Part of the teraninal hall at the new kalduna airport
ander construction
- A new bank buildiny in Lano.
5. Others. (see fijure 3b)

Jost other patterns are basically a moldification of one of the
above which may be done by reducing sone naabers of the
top or botkan chord to provide skylight, mircor image
reversal and other features. figure 30 is a modification

of fijure 5e Jescrived aoove, with internal openings,
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1.5 SCOPZ OF LWVESTLSATION.

After a prelininary stuly of the various types of space roof
structures, a selection(based on flat roof trusses) of a type to study
for use in Jijeria w~as Jone. [n selacting, attention was closely paid
to the low skilled lapour available in  Jdigeria. Fhere was also the
consideration of a4 necessity to evolve desi(s) that could be built
locally in the country withoat resorting to unportation of proprietary
systens. [he scope of investijation coull be classified thus:

(i) Analysis of Jdouble layec jyrids of a chosen pattern,
varying sucih paraneters as span, neight, depth,and support
metnods (see taole 1).

(ii) Design Of Prusses for all the jrids analysed in (i)
above.

(iii) Jdesign Of Connectors of different shapes after setting

out oriteria that sould evnlvae comnectors of minimmum size.
(lv) festiny same Of the connactors in (iii) avbove, after
fabrication.

L.0.1l: Analysis

[n investijating what n2thal OE wmalysis should be utilized
for structuras as tne douole  layer jrids, enphasis was laid
on:

- fhe neel for an wourace(or exact) resualt and
s2condly
- Me recent treni in the use of electronic dijital
conputers{minfrane, ainis axd nicros)  ia the design office,
universities, and receantly in some Jdonestic hanes were taken
into consideration.
Aabrix  method of structural analysis which provide an  exact

methodl anld also pocesses the ease for aljorithan developnent



DIMENSION o — SUPPORT |DEPTHS |HEIGHT ABOVE
fmx m x m) TYPES (d)m G/L

SOTSISIN [ 2 ise
) | ox10xd % . 5,93 1 5, 10,15
RN NINIZSA | i -05
NN N NP N .
2 |20x 20xd £ 'I- e 20 5,10,15
SVavavawavelll Y -1-0
3 |40x20x d %; <> } 3 - 1-4 5,10,15
4 | 40x 40xd £ VAVAVAV, AN [ 2,2 | 20 |5,10,I5
5 |50x 45xd e 2 5,00,15
LN} 2 -
6 | 80x goxd n _25 5,100,185
AVAVAVAVAVEE BN -2:5
SIS, 1| 2 |20
7 | 100x90xd| ¢ T 5,610,105
VAL VAWAV I B - 3-0,-20

TABLE I;, DOUBLE LAYER GRIDS INVESTIGATATED WITH THE
THE FOLLOWING PARAMETERS VARYING:
-Dimension {(mx mxm)
-Depth (m)

- Suppart type (1,2,2.3)
- Height above ground level (G/1]




development was chosen for use. fatrix structural analysis
can be oroadly classified into the following:
(a) flexibility (force)nethol
(b) direct stiffeness methoal ani sonetines
(c) finite elanent nethold.
(a) slexiopility(force) fethad:
e approach to matrix structural analysis that involves
ejquation written with member [orces as anknowns is reffered
Lo as the flexibility methad .
p =cE
£=c-lp
whera
c=canpatioility matrix
p=applied joint forces
f=unknown joint forces.
e flexibility method reguires a  fornidaole segquence of
matrix  operations (natrix mltiolication, inversion,
transposition, excetera).lhe main  advantage is that ,
solutions of internal forces arz projucel directly. But the
wove  aethal Joes ot anjoy a1 significant  atilization in
order practice. e aajor ra2ason is the inconvienience of
ralandant force systea, such  aast De  Ldentified ani
calculatald prior £ tne actual leterataation of the unknown

(D) Direct 3tiffeness fetnod:

Phe approach  ©) matrix  structural malysis  which involves
the formation of aljebraic ejuations of analysis on which
joint lisplacements play the role of anknown is known 4s the
direct stiffeness nethol.

2= 8



q =&k
where
2 = jeneraliseld force vector

L = s3tiffness matrix

2 = Jeneralised displacenent vector.

Mhis .methad has been particularly chosen not because of its
popularity in practice, oput lue to the fact that st.i.ff;'aess
relations can be derived for elenents supported in a
statically indeterainate manner  shether in the

reprasentation of a sinp! 2 or complex structure.

(2)finite Elenent .fethod:

Phis oethod which is the st recent refers to the
particular problems of modelling a CONMIJA in the same
manner as in the stiffness n2thoal, Merefore when an analyst
is confronted with the neel t> perforn calculations of
stresses and dispacement Of structures having continous
Jistribuation of materials or havinj dinension such as plates
o curved shells anid solils. Me st oowerful tool for the

-

analysis is the Jinite GZlenant fethol.Since our structure

under the preseat investijation is very rejular, the methoad
has not veen lookal Loty for usaja2.

L.0.2. Sunmary Of Me Jirect stiffeness fethod (J.S.1)

e direct stiffness netaol s walil for linear oonservative
structures with o - angoowas, 1 - linearly Jdependent joint

displacenents and nence n - legrz2s of freedoa.
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fhe steps are briefly described below.

1. Jdrite out the force-displacensnt eguation for every
wamber(i)=in local coordinates

2. Jdrite out the force-displacement agquation for every
meber{i) in Jlobal refarence coordinate

3. Relatz  Jloval member end forces to their corresporxdling
joint lisplacenents. .

4. Lapose the constraint{R=)) aand assanble the constrained
stiffness matrix.

Solve the resulting eguation to get the reqguired
displacements.

6. Subtitute the displacenents in (3) above to obtain the
Jlobal end forces.

7. e end forces are then used to obtain the global .rnenber
Eorces by SUPEZRPOS [ LD, '

3. e menoer end farces in local coordinates are cbtained
using the ROLALLOJNAL [RANSSURIALLON.

3. The reactions(where required) are then calculated.

{(a} .denber force displacement relationship for plane trusses:

(i) In local coordinates:
In trusses, it i3 generally assumed that each individual

Member can only be sajected to an axial load.

therefore for any particular truss-member #ith two
ends(a-end,b-end) at at Jjoints say({l and 2).The force

displacement relation in the local coordinate will be as



Mmerefore
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E‘3 =aB I -1 u“
f = -1 1] |a
a al
here 5 = e2l/L
2
» = (L/r)
r = ([/a)

Me proof for the above result Lies in the simple fact that,
the truss element is capable of transmitting force in only
one direction anl hence the displacenent of such force in
the local coordinate is also in  this one direction which

correspond to the direction of the menber itself.

al ' u:-;[
£, 2 12 6L 0 =12 5L u,
£l |2 6L 40 5L 204 u
E::l -3 2 0 8 0 J u‘o[
E.)Z ) =12 -5L 2 12 -5L ubz
£ ) oL 2L* 0 -aL Y| a

L 03 L 4L b3
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since the forces and the displacements in the remaining
lirections(2 and 3) are not existing(eguals to zero), the
colums and  rows corresponding to these are deleted
resulting in egquation &

Sjuation © can be Written in the general forn of

ahers

) I AOES—

f

I"'hl
u = e mmemmn e (1)

[llol

Recall that a3 = AZ/L
Refferingy to5 the above fijure, it ooull b2 easily seon that for
horizontal eqillibriun:
fai = “Ho)
(L) in 3lopal coorlinate:
franslational transformation.

or  a frame element; Mhe translational ransformation

is jiven as



My = Pfranslation matrix.

'nerefore
fEbi] = 1 0 O £,
sz ) L 9 fa2 ----------- {13)
fi:.! £ =X 1 Eai
but for trusses, E:‘2 B Eaj = sz e E‘.)J =), Jdeleting the

appropriate rows and colums jives,
= f i 1 1 = -
Ebl 1 - which unplies that r=t
similarly r‘hl - l.-‘“( jlobal coordinate).
Jde can then say that for a truss elenent, when a force
(f_'“) acting at a joint (a) is transmitted to joint (b), the

magnitude of the force remains the sane(see fijure below)

RICATONAL TRANSMOR AT OV
Mis represeat the resolution Of the elanental
axial load uanto the jlobal reference axes.
Jor a frane elanent,
M3 =L
mere
COS -3in x 9

sSin a COS y J| ===—eeeee=e(14)

>
I

) J 1
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Merefore
Ja cosa  =-3ina
Fa)l = si.ng cosa () ,

&a 0 3] [ § £

fa =€
and
A = COsa
e O =)
sin

since for a truss elment, € . = £ _ = fa, = 0.
a2 a3 3
[n jeneral,
fa =2 fa “a - SR
fo =i b Ry o] J Al E

——mmmee==(15)

Pherefore

reffering to eation (13) anl applying the orinciple of
contragriedience

u = :{ J

&= Rf

m
W

<u

~here & =RKR e G}



In general form

A ol
L Al -(13)

fron equation (13)

therzfore

= [eosa +  sina) =1 —memeeeeeeemeae==(19)

(b) fember Force Jisplacement Relationship ¢or Space [russ:

(i) In local coorlinates; Ihis is exactly the sane as in
plane truss, since every zlement is sane whether in plane or

in space. [herefore

(ii) [n global coorlinates;
- Pfranslational fransforaation: fhis 15 also the same
a3 for an element in a plawe teuss (B = LEy )

- Rotational Pransforaatiog

& ,,:{ cosgx cosaxt cosex' || fa
& o sosgy cosay' cosay'1 )| f 4
S 3 cosgs  cosgs’ cosee'|f 4
¢ a - A £ 1



“here 0SS0
- e (20)
S04
in general £ = Rf
shere
R= 2 ) cosax 0
0 A = |cosgy 0
COsSg 2 9]
0 COSe X
2 Cos0y
\_ J COs. %
erefore
R = [|cosax ocosgy oosez 0D 0 0
[;) J J CO89X COosay cosez]
3t &= JJ
- ReR J
Merefore £ = '.{-;R;‘
mer:2
L -]
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But by principle of contrarieliience
T

u=RrRJI
Therefore
£ =k =
[£] =(cos x cosy os z —-cos x -cos y -cos z)[Uay]
Jag
Jag
gl mmm— (21)
oy
el

dhere [(Ja Jo ], [Ja  uUb ], [Ja Jb ] are thne global displacenents
in the X, ¥, Z directions at the a & b ends of member (i) corresponding to

the Jglopal forces in the {, ¥, %« 4 directions.



1.6.3. Design Of Mambers and Connectors

(a) Design of manbers:

In desijning the members of every truss, it #sas decided
that, all the meavers should be of unifors size, and mild steel hollow
pipes should be utilized. rChe main reason for not carcyiny out an
optimum design(which would normally have resulted in a lighter
nyperperstatic structure) is the reduction achieved in construction
and manufacturing costs when uniforn sizes are employed. [t therefore
means that the menbers in wmost critical condition(which in these cases
are the conprassion mamers) are chosen for Jdesign in respect of any
truss.,

'he elastic method of design using the specialized
strengtih limits depending on the slenderness ratio as per the British
standard (33 443) was amployed.

(o) vesign of truss joints (connectors)

e desijn of a truss joiat could be seen as consisting
of two separate and independent steps

{1) yeunetric Jlestin,

(Li) connection desijgn.

{i) geometric Jesign:

Me geonetric design of the comnectors largely depends
an the arrangenants, size and number of nenbers wmeeting at the joint.
rtherefore the winioun Jdiumension of the comnector would be controlled
by parameters such as the depth of truss, length of a member, shape
and the cross-section of the waaber.

(Li) connection design:

connections can be broadly classified into two



accorlding to
* type of load transfer and
* nethol of coanection.

* Jasically the type Of load transfer is influenced by the
forces in the memer beiny connected, which may subject the connection
to either

-shear(axial and eccentric)

~-tension(coaprassion) or

-a conmpination of both.
[n truss systens the m2ders are axially loaded. [n effect all the
joints are loadad in tension or canpression. "Jnless buckling
overns, tension type loading is wore critical than conpressive
loading as Far as streagth of nemder and connection is concerned”(20).
fherefore the joint with the hijghest tensile load was chosen for the
design of connaction Ln avery truss.

* fethod of connection coull also be classified into two,

-42l1inj( pressure, fusion,and brazinj)

-fastening (oolting and rivetting).

veldingy Mo process sheceby pieces of netals are
connacted tojether oy weans of heat(with or #ithout pressure) is known
as selling. Me nun eivantages of selling are econony, simplicity cun
conpactaness of connection and  redaction in handling process during
faorication., A variety OfF a2l iiny processes exist, but in structural
steel ~ork, eetal-are seliing i3 most agtilized. Mmere are different
types of wald(fillzt, joowe O bDutt, olujy and slot) but most conmonly
used are fillet anl outt welis. fillet ~elding is adopted in most
designs of connectors and connections for the following reason.
-less skill s reguicad

=tne  expensive preparation of edjes necessary in butt
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welding is avolrled.

-also avolded 1s the residual stresses accompanied with
butt welis.

-roof structures carry static loads, therefore for
strenjth r2asons, fillet weld 1is camparable to butt welds

(since fatiyue woull be abscent).

Length >f «ellis w«ere calculated as follows:

p = 113 J/mn

fw = P/A

A = lu.a

a = 0.7tn

fe(max) = o
therafora
lwlain) = p = p B ) |
£ (max) 2.7tn 113(2.7)¢

= allowadle strass in fillet w21,

Av = raquir2>d araa of weli

lv = raairal length of ~211
lwinin) = wininan ly

y = throat of well

cn = thickness of the mitorials to e weldald
fw = stress in fillet weld

Ev(imax) = maxinan fa

~

= the internal farce in structural manber



Fasteniny: The design procedure when fasteners are employed is
basically the same. 3ecause of the decreasing popularity of rivets,
bolts were used in the design. Some advantages of bolts owver rivets
are

-anskilled labour could be utilized on site.

—demountable structures are possible.

-the costly and sophisticated equipments associated with

rivetting 1is abscent. Only simple tools(spanners,

wrenches, excetera) are réquired.

In the design of bolted connections,the nunber of bolts reguired
depends on, the existing force in the structural member to be
connected, and the allowable{design) stresses of the bolt. Bolts of
grade designation 4.5, to BS 4190:1257 were employed in the design.

Generally, bolts are subjected to either shear, crushing(bearing)

or tension.

[f n = number of bolts reuired for a connection,
n > 2/{nsh.A.p } for bolts in shear
n> P/{1 t.p ) for bolts in pearimy.

n > ¢/{ar.p ) for bolts in tension.

hera
P = desi force applied to the connection,
p ,o .o , = allowable stresses in snearing, c¢rushing, and

tension respectively.

A = Jross area >f 2olts in shear
An = net area of bolts in tension.
t = thickness of plate beinjy connected.

The bolts in the connectors designed were found to be in tension.

Merefore, safe locad values{tabulated) of black bolts between 16mm to

A4
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43mn were used.(see appendix 1).
Mis implies that i1f ¢ is the safe load of olt(s) used in I at
allowable stress of 130W/ma *,
therefore & > P(L1)
Another inportant important paraneter in the design are the edge
distances of holes to be drilled. Phe mininun (distances is provided in

table 21 of 35 449, part 2 1982, were utilizel.

* Allowable stresses are taken fran table 20 of 33 449, part 2: 1959,
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1.5.4 lesting Of Connectors

An  attempt at testing each type of the designed connector was
made. This is to ascertain the stress distribution and the actual
load carrying capacity of the counector. moujh designed connactoc
was carried out in some instances for both olted and welded
connector, only the welded connectors were examined for testing
Mis was done as welded desiyns are nore acceptable as concerning
tubular pipes(23).

To effectively carry cut the test, a testing stand was designed
80 that axial 1load could be applied in the wvarious directions as
exist in the actual structuare. 1ild stzel was chosen as the
- material for modelling, and the truss with the widest ranje of

force distribution was chosen for test.
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CHAPIER 2.

LOADLNGS AND ANALYS LS

2.1 LOADLISS. ™

[n analysing the double layer grids chosen for investijation,
assumnption was mnade that all loads(wind or leal) are acting normal
to the roof surface as concentrated loads at the top joints.

Loadings #ere calculated based on the unit 1oadings provided in
the Nigerian code of practice 1, part 3. e loadings were closely
investigated and a moderate possible loading was chosen.

Aild steel with Youngys modulus of elasticity(€) of 2.0 x 19 K¥/m
.as also chosen for use. Below are the types of loadings and those
chosen for use in the analysis.

{a) Iypes of loadings:
:= Dead Load; rIhis is Jdescribed as the weight of a structure
tojetner with all its pernanent fixtures and finishes.
(i) CSnperically self weight >f 1 steel truss is taken
as ( 3 to 12 )L ;Jf'n::f' sere L i3 the trass span

(i1) Roofiny sheets: (including normil lapns ani fasteainy)

-concreta tile roofing = 33.00 Ky/A4

-asbestos cemant sneets = 15.kL 54

-corrugatad jalvanised sheet = 13.7 ,,
(111) Linnings (approximate) = 0,05 ,,
(iv) Glazings =22.22 ,,

(v) Purlins = 19.20 ,,



:= Live load; rIhis is the temworary loads expected on the
truss. [t 1s normally taken as all other loads other than dead
and wind load. T©he digerian Code of practice specifies that,
for flat and sloping roofs(with |i.ited acess) up to an angle
of 05; -
Live load = 25 i3f per horzontal square meter.

t= Aind load; rhe winil pressure specified by the digerian
codes of practice apply to roof structures and therefore may
not be used for radio masts, electrical transmission or flood
lights towers which are also space trusses. Jind pressure is
used to calculate the wind loads which varies with

-the wind velocity at site.

~-the shape and slope of structure

-the density of air and protection offered against wind by

the surrounding structures.

=height of the structure above the mean ground level.

(b) Loadings Chosen for Use

for all the structures analysed the following loadings were
used:

-Dead Loald;

self weight of truss (2.003 to 2.012)L*

roofing sheets 0.134
winnins 0.05
varlins 10
steel 77.00

* L is the averaje span of the roof



: . l Jb e :'n. [T

45

-
- Live load;
for roof with limited acess 0.25
—wind load;
e .wind velocity . 144 KW/DR
shape factor ' 1.0
Inclination factor -1.5

{c) [russes Analysed: The following 8 pages show all the trusses,

their plan sketches, and calculations of loads per top joint.
At the end a comprehensive table of the calculated loadings

and load conbinations is drawn out. (see table - 2, page 54).
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DIAGRAM DIMENSION | H D-L | LL W-L [LOAD  COMBINATIONS |
Fﬂ x mx mlim) | (KN) | (KN) | (KN) I (KN)| 2 (KN)| 3 (KN)
. 5 253 | 156 [-813 41 -56 |-403

; 0x10xD | ;0 " v |10 8 " -828|-671 |
Ozddls | » | v |sas| o liose|-s-03 |
f’"' 1¢li0x10x0| 3 |o36|l0-25|-1-30 | 061 |-0 49|-0-69
2 :v p=-051| 10 | » I ST ¢ I TR Y B T SR T
R 5 ” " L2910 | » -1-74 |-1-49:
»‘::‘ 20x20xp( 5 |(3-28(1- 56 |-813 |4-84|-4.85|-329
3 ;';.'é p= 20[40 | ,, | ,, laoe| ,, I|-7.83|-5.97
KD i5 5 w o l-1393] . |-9-85|-8 29
20x20xD | 5 |I-78|1-60 |-52 278 |-3-42|}24
4 0=-1-0 | 10 o v .69 s 514 |-41
15 " » |84 " -662|-56
_ 40x20x d| 5 934|140 1334 |-11-46|-7-46
> a= 20{ (0 » "» " -1834(-1434
D=-1-4 1775 I o |-24.26-20 2¢
,';,::,;',": 40x40xD| 5 |91 | 6:25|-325 |2534 |-I134 |-7 2
’ :EL"E:;E‘:: 0= 9% 1o v |625 |-4325| » [-2415]|-17-9
15 » | »» |-8525] ,, -332 |-2715

|50x50x D

-10 -4
2115 |-14-9
30 4|-24.15

el I N LN - ,5

80x 80xD| 5 1244 26 |-1300| 1490 |-5-6 | 19-4

e
8 -
'g; Df_gg 10 " e -173. 0 (N -486)|-23 6_‘
= ==1-6] I5 " ) -210-0 ) -856 |-60 6
DDA | eliooxsoxof s Ji1484| 25 Y-1300|173 4|18 4
WRA AV TS
9 o 0=30f
& =-3.0] /0 " w Liz-of » |-246
. *-20] 4 ” v 200 7 |-616
TABLE 2: OVERALL LOAD COMBINATION

DL = DEAD LOAD

LL-= LIVE LOAD
W= WIND LOAD

I = DL LL
2 = oL WwWL
3 =

DL L wL
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2.2 Camnputer Programne Used for e Analysis Of TMhe lrusses

fhe programme was modified anl adapted fron that originally
written by Harrison, H. 3(25). e mxiifiel progranme consist of a
main progranme and six subroatines. Me miin prograinne serves as to
call the subroutines in the regquired semence.

Subroutines:

(a) DAPA; This subroutine supplies the computer with the
initial data describing the geometry of the structure and
the constraints of every joint.

(b) Kpp: Ihis subroutines assemwles the stiffeness matrix and
with the aid of the stated constraints reduce the matrix to
a constrained stiffeness matrix.

(c) LOAD; Ihis subroatine reads the data file for the loaded
joints and their magnitiude in the three directions.

(4d) SOLVvER: Me resulting matrix is solved by using the band
with to reai in the elenents of the mtrix. fhe [Irilec
elinination process has been useld.

(2) DISPL; ™e ragquired joint 1lisnlacenents results as the
solution obtainal fron the solver.

(£) DORCES: tember and forces in the local cnordinates are
calculated and hence the reactions at every joint in the
three diractions.

flow charts has been constructad to  explain the progranne
amployed.r every subroutine, 1 general flow chart is irawn showing

the broad steps taken in alphebetical orlder.



B

(1) SUBROUTINE DATA
R

( DATA >

RESERVE
STORAGE
READ; M,
Youngs modv
B READ; A fus of elasticity
russ Lobei (E) T T“'T
(jfn)
READ; B
5, (JCT)
2, (NM)
. _ X
for avery joint PP
b
2,
-
- (JCT)= No. of joinfs
I, (MCON) {NM)= No. of members .
2, (AREA) (CORD)= Coordinates in X,Y,Z directions

{JTYPE)= Constraints in X, Y, Z directions
(MCON)= Joints connecting the two ends of o menter

COMPUTE; E (AREA )= Assumed croms sectional area of a member
for every member Y, Z}=Directional  axes
, (X, %Z) XLEN)= member length

(NDF) = Towd degree of freedom
(KPP) = Constrained stiffeness matrix

2, (XLEN)

COMPUTE,; F
for the fruxs

{NOF)




' SUeRUVTINE Kpp

RESERVE
STORAGE

E?,ET; uf BK is an arroy in which
i} Al elements ail elements .
vector (3 KJz OpF= = = = Sto::;m of KPP i3
(ii) I=1 -

r

B
Ji= MCON(T,
™| J2sMCON(T,

Py

Y

COMPUTE;  C
i X,%2

(i) a,03 Az A4
As, A6

r
COPYEE .
The stiffenass
matrix . T
K-RkR .

for member (I) |

e -

—
OETERMINE: 3
Position of K'in {BK)
ASSIGN:
This position as
SATIN=LL
SETT  LL =0

T

DE—EEm:LNEd:n joint constrointa Part of K' fo be added
port of piying joint ¢ o [ Could be Kaa, Kab,Kbb,
aodded to vector TS ler K each 3% 3 matnix .

= Pasition (L. L) inkpp that the
cJ;itlon is o be Kppeffocfed.

f
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(14) SUBROUTINE _LOAD

LOAD

: R
Al elements of
load vector array

(Rw) = 0.0

! N (JN)
\l‘ls loadings,

JTYPE UN,K)):
~.0
> e
SET: H
LL= LL* |
RWILL)=RWILL* | A
) |ASATEK, 1),

SOLVER



o9
{v). SUBROUTINE D{SPL

SOILVER

Oi1SPL
SET: A
LL=0
g2 Is joint(J)
= :
_ constrained tn the

K - Direction - -~

Soldions from
subroutine solver(1v)

— e - .(. — istored in vector{RW)

LL =LL+ )
4\ SAT(K} =RW(L

WRITE:

T! For J,
—J, CORD(J)
JTYPE 54T (i}

2} ,SA

J J
=)+l
K= | Ji JCT
b4

FORCES



(V) SUBROUTINE FORCES

JI = MCON(T, 1)

60

! i,
COMPUTE

@

N
ICOMPUTE K
6) AsSaT(,1)
(i) STRESS

T, ASAT(,1),
STRESS

e

ASAT (K, 1)

.4

10=1D+|
MIC = M+IC

T

{ASATIMIC, 1)= Rw D)

¢ IMIC= MIC+ |
I ASAT(MIC, =0




DESISY J7 A2 1BERS.

e results o»f the analysel trassas are presented below. A
typical guartd -isaosetric view 13 futher Jdrawn to show the axial
nember force anl  distribution pattern for the smallest spannel truss
(see figures 13, 18). Mme deflaction pattern for two of the trusses
were also drawm.

Me design of members 9asal o these results wsere father
taoulated for each case(see taole 3). hile the chosen sections and
the total wolune of material nor truss vas also  tabulated(see table

4).
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NAE 3: ALE O ARLSED RSLEAD XSG OF ERRS.

l. Jvmnsin = 12.9n x 19.0n
b. of pints = 41

. of maers = 123

ARLGE 4 A BBR ARCHIW) L e SeESBMWT) S1e B r
als (0 Pasion Sogressin () S.5.4 A</r Masile byxessive  Assared Actial
L, LR 5.0 .77 -3.33 2.32 ) 2P 12.2 -lh5H 12.0 2.2
LI, L 100 1.8 -3.33 2.32 320 P 232.3) -14.95 12.0 9.20
WL 150 14.71 -5.12 2.3) 30 22% 17.72 -15.52 12.0 9.20
L», L6 3.0 37.2 =271.2] 2.2) 3 Lo 43.9/ -32.93 12.0 2.2
1,107 10.0 20.14 =27.91 2.3) 343 [15°¢) 89.0 =32.93 12.0 2.2
15,08 150 7.5 2797 250343 16 3.4 -3 120 2.2

2. DumEnsin = 1).adn x 10.0n
D. of Pints = 221

. Sf mners = 3))

L B 30 3.1 -12.4 1.00 215 15 £. 7.4 -37.7 3.0 12.37
++, Fo 100 3.1) -13.2 1.0 327 I3 21.7 s 3.0 13.74
¥ HT 150 3.5 -22.11 l.0J27 1\ 24 Sl 300 1374
i =it of the trnass dowe prand Lael

L Langth of mader usal in the Eesin
w34 = Joss sactioml aren of the desigel oier

r = 3Slendermess mitio of Esiyail wmer
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&4
TALE 3: CONTLNUED
6. Dimawion = 40.0n x 40.0n
Mo, of Yoints = 145 -
. of maters = 312
ARLYSES d A AR ACS(E) L oSO SIRESIS{ Y m?) SFLF BHT
LAS  (m) Tensim Qomrxessia (m) £.5.A 2=l/r Tagile (onressive Assued  Actial
= 401,42 5.0 133.10 =514l 5.0 %0 13 B 2.0 W30 Q8.1
401,40 10.0 139.® 25131 S.0%¥0 18 4.0 -0 7.0 68
400,404 15.0 331.77 -SL.AL 5.0 %0 183 %80 RO 780 6138.32
46,46 5.0 147.0L 26182 S5003¥0 03 42.490 B4 3.0 6lE3.3R
46,407 10.0 2.0 -2561.89 S.0M0 13 LA B4 780 618.32
46,48 150 M8 -61.60 504N 13 MV -BHAHO 780 6832
7. Diension = 50.0m x 45.0n
b of Joints = 20
vh. of maters = 720
501,502 5.0 430.52  -186.83  5.03470 103 12985 2 4.0 13B0.0  F7.54
501,303 1000 4%0.62  -3%.33  5.040 d7 1.0 -R.00 1300 0.4
501,904 13.0 40.62 —a32.35  5.040 B 97.96 -l 1350.0  1155.77
31,512 5.0 633,23 X500 5040 7B 1SL.P <6630 130.0 111573
311,513 100 6%.23  -52L.0  5.05230 &8 13330 -99.66 1350 1963.19
510,514 15,0 33.23  -M7.40 508510 55 107,25 -l14.81 130 1579.77




s

8. Dimargion = d).0n ¥ 2.0n
. of joints = 115

sbh. of mathars = 512

TAHE 3: ONTHIED

APLYSES 4 AEDER RIS L DASLIY

LTS (m) Bnsion Qomression () Q.S.A A=L/r Tesile Sompressive

SIRESKES{ /™)

:I)l,m 5-0 ]..3]_3-33 -*2@2-]3 I-Oltm m 70 &070 "U.2.% 547200 m&:)
810 15,0 237%.60 -LUP.E 104017000 % 13930 1.5 54720 534,30
81l 15.0 3542.00  -1908.60 10.0025100 71 145.0  —75.00 5IR.0 BRI
10, Dimension = 100.0m x 90.0m

sb. of jpints = 200

X of marbers = T2
1001 15.0 152456 34493 10.00 210 B 4749 1.2 1090.0 15732.54
Lol 15.0 353894 -1541.76 10002510 71 142.9  6L.A2  1080.0 21130
101 15.0 32050 23100 10.00 22700 71 144,52 -103.13 103000 LODLS, 30k

W Signifies the tnss with the best dimension ratio.



MALE 4. DPRAESME RESL OF AL ITE ANYSD/DESIND REES

DIEBLN U/i1 Of H RAGE SPER' M. EIER ORES(Q) DS DL VL.

(m x m) (m) (m) SOE(m NPE TSN OPRESIN  SOrEN(t,D:A)  (mf)
la) k10 4/18 L5 5.0 25 2 .77 5.3 4,35 : 30 0.120
(b) 1x10 41/123 L5100 2.5 2 1.9 5.3 4,35 :30 0.120
(©) 1x10 4/18 15150 25 2 4.7 -5.12 4,35 :30 2.120
(@ 1ox10 41123 05 5.0 25 2 3.2 0.9 6,50 : 38 0.262
(e) 1xi0 41123 05100 25 2 5%5.14  -21.97 6,51 : 348 0.262
() 1x10 41123 0.5150 25 2 Nn»H» 2.2 6,5l :38 0.262
(3) 1x10 221/30 0.5 50 1.0 1 3.1 -12.46 2.5, 0 : 26 0.161
(h) 1x10 21/30 05100 10 1 3.1 -13.16 4,3:322 0.244
(i) 10x10 221/30 05150 1.0 1 3.% -2.1 4,30:37 0.214

2(a) 2x 5/512 2.0 5.0 2.5 2 %.01 2%6.12 - 6,51 :33 1.12
(o) 22 145/512 2.010.0 2.5 2 048 2.2 6,5l :38 L.12
(€) 220 185/512 2.015.0 2.5 2 52.%  -25.31 65,5l : 348 1.12
(@ 22 B/512 2.0 5.0 2.5 2 %3 -B.DB 6,5 : 96 1.193
(e) 2x20 1145/512 2.010.0 2.5 2' 57.19 -35.7% 6,5 :96 1.193
() 2x2 45/512 2.015.0 2.5 2 5.4 -B.% 6,51 : 26 1.193
(9 2x0 21/30-1.0 5.0 2.0 1 .6  -45.3 5,51 : 383 1.266
(h) 22 221/30 -1.0 1.0 2.0 L ¥%.36  -63.15 65,60 : 102 1.523
(i) 220 221/30-1.015.0 2.0 1 %.% -31.53 6.7 :1219 1.307

NI/ = datber of pints/iuter of marters

or =Dept of e tn\s

H =it of thss aowe goad lael

DML VL. = Ptal volae of steel reguired fx the structaal merbers

., D: A= hickess , Dianetar : & ames soctional am of mers of He tnss.
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PAE 4. QNI

DIEBDN U731 o o MAEE SICRD

AL EAFR GIRES(W)

DESEND

LM L.

(m x m) (m) () SDEMm nrE  TEGEN GIPRSSEN  STCIN(L,D:A) (o)

3a) 40 120/U6 -1.4 5.0 4.0 3 1921 -23.60 3,18 : 510 3719
(b) A2 120/416 -1.4 13.3 4.0 3 7.4 -223.60 3,83 : 510 3.719
(@) 4020 120/45-1.4150 4.0 3 406.6  -23.60 3,108 : 2510 3.719
Ha) 4 145/512 2.0 5.0 3.0 2 133.10  -251.41 3,146 : 70 3.060
— (0] 4260 185/312 20100 5.0 2 298 -5L3 3,146 : 30 8.%0
(€ 440 45/512 2.015.0 5.0 2 BLT7T -2BL3l 8,46 : 410  3.080
(@ 400 145/512 2.0 5.0 50 2 147,01  -%l.9 3,146 : 3170 3.760
{2) 40x40 145/512 2.0 10.0 5.0 2' 29.30  -2651.69 8,146 : 470 3,060
() 4 M5/512 2.0150 5.0 2 3178 26199 8,146 : 70 8.060
S{a) 545 200/70-2.0 5.0 5.0 1 450,62  -13%6.63 8,146 : 341 11.320
(o} S0x45 200/720-2.010.0 5.0 1 33%.33  -33%5.33 3,171 : A0 13.370
{(€) 30x45 200/72) 22150 5.0 1 430.62 4.5 8,191 : 4500 15.010
{A) s 20/72-L.25 5.0 5.0 1 68.23 -35.00 8,190 : 40 14.40
(8) 50x45 200/70-1.25 W.0 50 1 623.23 521,21 3,215 : 520 16.4%0
(£) 5045 200/720-1.25 150 5.0 1 £33.23  ~M7.40 8,27 : 5510  20.510
6la) VD  LHBHLR2 2.55,10,1510.0 2 131333 2123 16,419 : X0 90340
o) 3D  145/512 2.55,10,1510.0 1 2316.6 -5 13,318 : 17000 76,150
() 3w 145/512 1.65,10,1510.0 1 36808 -198.80 20 419 : B0 1034
Ha) 10060 220/72) 3.0510,15100 2 154.% -3.% 26,419 1 32000 2M.32
(o} 1000 20/70 -3.05,10,1510.0 1 3BB.M  -1541.7% 20,49 : B 150.H
{c) 10030 2X)/720 2.0 5,19,15 10.0 1 320.60 ~234L.1 13 ,418 ;22700 141.71




FIG. 14

DIMENSION; 10 x 10 m
AREA PER TOP JOINT= 1-Om?
NO OF JOINTS 221

NO OF MEMBERS = 800

POINT LOAD PER
TOP JOINT =0 6I1KN

AG. 15
FORCE DISTRIBUTION IN TOP PLANE IN X(solid line) AND Y{dotted line) DIRECTIONS
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DIMENSION = |02 |0 x 08
GRID SHOWN = Top layer members
SUPPORT TYPE = |

L OADINGS = Dead+ Live Lood
MEMBER AREA= 327

FIG I6 TOP LAYER GRID
DEFLECTION(mm) IN Z ~DIRECTION

DIMENSION = 20x 20 x 10

GRID SHOWN = Tep layer members
SUPPORT TYPE = |

LOADINGS = Dead+ Live Load

MEMBER AREA = 848:0Omm
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QUAPTER 4.

DESI3I A MESPING OF CONNECIORS

In the Jdesigm of connectors, the joint most -hngemsiy loaded
#s chosen in every truss already analysed. Some cases are shown
schematically in table 5. (e table shows for every truss

~-the dimensions

~heijght above jrouni laevel (1) in netars

-the joint most dangerously loaded

-the axial forces of members conver jinj at such joint

-the chosen design 1oad for that joint.
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4.1 DES(3V OF PROMIMYPE CONIETTORS

4.1.1 Connector - 1

Tha geometric design was basad on that used for Pauley Pavillion
(refer back to figure 4, page 17). But connection of mamhers was
designed as weldad only. Dimensinns of the connectors were arrived
at after deternining the required length of weld for the

connection. See fijure 13 below.

1& \ / T
he
fe
= . ™ 1
K 'c T g c
elevation
FIG 18 Connector type - plon J*‘

le

Reffering back to the previous assunption (i.e that all the
joints are pinned), it was therafore necessary to have the
centroidal axes of mombers meeting at 1 point. This implies that

the following must hold true for the connectors.

. AT
\. f’/ "‘./2
N l
N ] )
| X ‘_"‘ i /
o7 l K N hd
.'f'.t \ /\l‘
Z Jﬂ | =t
I (M1 . S —
Section A A

FIG 19 Dimensional anclysis of
connector - |




X > 2n
therefore
X = Din
by simple proportion
le/(1e/2) = x/(1c/2 = Ywmia)
therafore lc - 2lW,:x = X
sich implies that for a single weld
lc =Dm + 21w
he = (lc/2)tans

and for a multiple weld (where possible)

12 v = Dm + 21lw/n where n = the number of weld runs.
he = l¢/2 tana

shere is a function of mamber goemetry.

Below 1s a comprehensive table (table 5) showing the following:
(P) - the maxinum tensile force acting on tha tonnector(i.ao
the designed force)

() - the angle in degrecs between the struts anl the
horizontal

(d) = the h2ight Sf the truss above grounl levsl in meters
(Om) - the diameter of the structural meaber in millimeter
(1w..;, ) ~the minimun required lenjth of weld in millimeter
(lc) - the comnputed length of connector in millimeter

(hec) - the canputed heizht of the connector in millimeter



XS 6 DESLIND DL OF PROTONYPE CONECTOR-1

77.

DIMNBEN  d QBEND On Gn 1w e ho 1’ h'

(mx mxm (mn) 2R (mn) (on) (o) (mn)  (om} (mny) (ram)
1 1nd0xl .5 5.0 40.3 1.7 % 405 0 3 30 21
IxIOx1L.5 10,0 4.3 L4482 35 4 3»B 10 &7 55 23
10x10%1 .5 5.0 40.3 1471 5 4 46 1O . 5 a0 .5
12elOn0.5 5.0 15,3 372 51 6 B 20 k4 9B 14
Ioxio.5 100 154 B4 51 6 U5 2B 40 10 16
IIRO.5 150 158 7093 51 & 147 30 O 10 19
13 0.5 2.0 35.3 310 0 25 A 115 41 35 13
e IxIOK0.5  10.0 393 3.10 0 4 2 85 X 45 lo
0.5 15.0 5.3 3% X0 4 =B 0 32 45 16
2 02020 20 453 2207 51 6 M 10 91 = §) 4
2x2.0 100 43.53 4043 51 6 M 220 125 % 54
X220 150 8B5S 52.% 51 6 1w 275 156 110 63
y.8.7.4, 7 B¢ 5.0 4353 BH ¥ 6 77T 20 U2 b M
2220 W0 4353 579 M 5 119 25 7 LS 66
220 150 4353 7534 ¥ 46 1% 30 2P 1%H 7?
200210 3.0 B3 B3 5 5 77T A0 74 % £
222012 00 3323 B.H 0 6 77T 25 7o 10 3]
202010 15.0 33,23 B3 B o 7125 D 19 »
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DA &, ONTLED.

" DLABIN  H SEED Om tm v e he ic’ T2

{mxmxm () FORE(QN) (om) (mm) () () (mm) (o) {rom)

3.400-1.4 5.0 B3 1M 1B 8 330 710 176 20 a5

i 02314 10.0 6.3 X740 13 8 4 1M XS 330 a7
0xax-1.4 15.0 26.3 40650 103 8 563 130 42 40 197

AAx2.0 5.0 295 133,00 146 8 07 %5 &) 2% n

A2 .0 0.0 25 219.8 146 3 373 9O 9 335 %

Fred 2.0 15.0 29.5 331.77 196 3 516 110 33 40 1i8

N 2.0 5.0 2,5 14700 146 3 223 610 173 265 75
S MWW.O 10,0 2.5 249.3 146 3 33 95 252 45 B
40K 2.0 15,0 2.5 3473 146 3 53% 120 45 420 119

4. S0ndon=2.0 5.0 2.2 45062 46 8 70 1530 82 30 24

OA2.0 12,0 26.2 450.62 171 8 700 157 33 55 10

e5x-2.0 15.0 26.2 450.62 191 8 700 1995 333 545 135

k=125 5.0 13.4 6323 191 3 185 2% 3% 15 123

5xdsx-1.25 10.0 13.4 633.23 215 3 0% 230 38 70 127

xdo-1.25 150 13.4 633,23 267 3 1086 2440 | ax 310 135

3. 3x30x2.5 *[ALL] 13.4 1313.33 419 15 120 2465 41l 3B 156

Ap0=2.5 [AU] 13.4 2376.80 313 18 1645 3810 52 145 121

ddOn-l.0 [ALLY 12.5 3649.00 412 20 2270 4%5 5P 15e0 173

6. 100x35x3.0 #IAL] 21.3 13214.% 419 2% 730 L¥5 Ro2) 720 135

100xHx-3.0 [ALL] 21.3 3B38B.M 412 20 235 48% 955 1340 01

T T 0k6x-2.0 [AL) 15.2 3220.8) 419 13 2270 45 576 158D 213

* [ALL] signifies that the height is fior all cases( 5.0, 10.0, 15.0)m
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4.1.2 Connector = 2

e geanetric design was based on a simple octahedral ring (made
to recieve 3 menbers at 3 different directions). Connection of
manbers to  the connector  was design for both welded and bolted

situations. 3elos is the skeletal diagram.

elevation 4 N
F1G.20 Sketch of connector -2

delding: the required length of weld in each case was as already
calculated in table 5. A check was though made in every case to
ascertain that the circunference of the member section(which is

the length of weld in this case) exceeds the minimun lengtj of

weld.
i.e Cn > lw £re Cn =  the circuanferencial length of the
memoer (o) .

Bolting: Ihe anount of oolts required in each cases was
calculated as stated in chapter onc. [he bolt was assuneld to be
securad to the end of the structural measber via a plate welded
to the manber.
Dimensioning: e gJgeonetrical dimensions of the connector was
derived py ensuring the following:
- that the length of the connector (lc) was adequate. i.e
le>n ‘
~ that the hieght of the connector (hc) was enough so as to
ensure that the centroidal S-ites of the menbers meet at the a
point within the connector. (see figure 21).

- that the concentric diameter of the connector (De) is
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\<-Conmcbr FIG.21 Member connection in

connectfor -

I E:i;;::) P(XN)

e
Structural member

FIG.22 Dimensional e o
analysis of connector = 2. /

1
il

l.e
(lc/2) =1 - [r.cos(%/2)]
=r - [r.cos(22.5)]
=r = 0.85%r
therefore

le = 0.7634r
OR r = 1.31(1lc)
which unplies that
e = 2.02(1c).
note: that for an octaijon, angle (A) is ejqual to 45
e computed dimensions for connector-2 is tabulated in table 7.
In all cases the thickness of the oconnector should be
jreater or ejqual to that of the member it is connecting. But
reference should always be made to gusset thicknesses

recannended by fkhanov{21l] as shown in the appenlix.




PEE: 7 DESINED DIMESENS OF PRODOIYPE CONECIOR-2

DLANBIN QESIMND tm &n n ¢ o e ASSM) LD SAE
mxmxm (m) FROE(QY) () () (wm) (mm) (wm) {(om) SIZE* b, LOAD{KN)

LIkl 5.0 40,3 7.77 3 4 1'P9 40 M3 & 15 3 20.4
10xlxl.5 10,0 40,3 1.9 35 4 119.0 40 I3 B 16 1 2.4
Ioxioxl.s 15.0 40.3 14.71 3B 4 1100 40 1™M38 % 15 1 20.4

60,2 55 14%.1 75 22 i1 9.4

[}

CAoxlox-.5 10.0 15.3 35.14 31 6 8.2 35 MM 75 27 1990

160.2 55 4.1 B 30 1 72.9

o

Jmlox-Is }5-0 ]5-8 70059 51. )
1Ix1-.5 5.0 35.3 S8.10 30 25 %.3 3B 9.7 0 1 1 0.4
10x10%=.5 10.0 35.3 3.10 30 4 #.3 B AT O 15 1 20.4

2.4

8
&
st

100105 15.0 35.3 8.9% 30 4 HM3 B 9.7

2. 2x20x2.0 5.0 48.5 26.00 51 6 1&.2 55 141 140 X2 1 3.9
020:2.0 1.0 435 4.4 51 6 1802 55 144l 140 M 1 45.9

0002.0 15,0 43.5 352.9% 51 5 160.2 35 M4l 1410 27 1 59.7

2020 5.0 485 ¥»H 5 & 1897 6 1572 10 2 i 0.4
202,02 100 4.5 57.19 5% 5 1.7 90 1572 10 27 1 .7
002,00 150 8.5 75.4 M 6 .7 0 157.2 153 33 1 90.2
20020x-1.0 5.0 3B.3 »B.FP 5L 5 16802 5 M4l LB 2 1 39.1

DX -0 10.0 35.3 B 60 6 1BS H 103 15 2.4

B3

20210150 B3 BH O 6 299 H 1S M5 2 1 ¥.4




e 7. CHINED

DIENSEN il DSLIEY Un an On e X he  ASTID LI SANE
(nxmxm (m TRELD () fon) (m) (i) {wn)  (omd SDEF T b. LoD()

3, 40G0x1.4 5.0 263 192,10 B 3 AR 1L 3Ly 190 27 3 238.8
d20xl.4 10.0 6.3 0740 1B 3 332115 L @ 33 4 Ja0.3

43d0xl.4 15,0 26.3 406.60 1B 8 3.2 i3 .3 10

o
N

424.3
dx2.0 5.0 26.3 133.10 146 3 4.3 155 481 20 22 1 157.5
et AA2.0 12.0 26,3 2309 1 3 438.e7 155 4%6.1 0 D 4 2.5
Axdn2.2 150 6.3 L7 16 3 438,67 15 406.L 200 33 1 0.2

02,0 3.0 225 147010 ¥ 3 453.57 1B 406.1 270

N
-

157.%
Axi2.0 10.0 29.5 249,30 146 3 $3.57 155 4B.1 20 30 1 21.5

4420 15.0 2.5 B W6 3 433.57 155 6.l 27 33 4 380.3
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4.2ESTLIC OF CONNECIURS:

4.2.1Purpose & Extent;

she testing of the connectors were to be carried out sO as to
clarify the following points:

(a) - the adequacy of the desijn criterea usel.

(o) - the load capacity and the factor of safety thereoff.

(c) - the stress distribution/displacements under full load.

4.2.2 lesting Stand;

e type of loading pattern applicable to the connectors on
site necessitated a special testing stand that would satisfy the
following:

(a) -the possibility of mounting the connector and loading it
axially in 3 different directions.

(p) = the possibility of mounting a systen of mneasuring the
load applied.

Nith the above considerations a testing standl of the shape
shom in figure 23 was arrival at. e Jdimensions of which

depended on tha size of maxiel to bhe tested.

4.2.3 tdel taterial;

A  molelliny material is  normlly chosen after a due
consideration is jiven to its properties as 1t sdits or conpares
with the prototype. e possible malelling materials coald pe
classified as: metals, plastics, Jypsun plaster, paper boarls
etc. But the properties whichs serve as a2 guiding criterea for a
particular choice includes ;

- mxlulus of elasticity

- poissons ratio



o

stand . -
mountings.

BFOmln

model-l

M OF THE TEST STAND SHOWING,
LOADING SYSTEM

F1G.23 SCHEMATIC DIAGRA
A CONNECTO @& ITS
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- workability of the material

- thermal condutivity and

- oreep.
After giviny due consideration to the above, mild steel was
chosen for use as the model material. Some of the reasons for
its choice are:

{a) the properties compares with that of the prototype.

< zseaz=e (D) the prototype is  devoid of complicated curvatures,

therefore machining of the metal is possible.

{c) its weldeability

Although plastics{e.g perpex) is easily workable and would
require smaller loading appliances to produce measurable
strains, its vast difference in properties with regards to
Booke's law compared with the prototypes led to its not been

found very suitable.

4.2.4 Mdel Dimensions & Scale:

Scales of models are normally chosen so as Lo cowproaise
between the properties of the material to be measured and the
ease of fabrication of the size.

The available lcoading systen in the laboratory used couple sith
its measuring instruments made it very dJdifficult fo select a
gocd scale. harefore a ratio of model to prototype of 1 : 1D
was chosen. Mis resulted in a very small ooxdel dimension as

evident in table 3 shown below.

D S R —
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A

TARLE 3

PROPERIY PROIMOLYPE DIMENS [ONS(ram)  0DEL D LRSS [ONS (mn)

comnector-1  connector-2 model-1 model-2

1. Jaterial thickness 8 8 0.3 0.3
2. Comector length 710 115 71.0 11.5
3. Comnector height 176 190 17.6 18.90
4. demper diameter 108 103 10.8 7 10.3
5. Jemwber thickness 8 8 0.3 0.3
6. Jdeld thickness 3 9 0.3 0.3

4.2.5 Model Fabrication;

Me two maxdels to be tested were manufactured in  the departmental
workshop. Pricipally each model consist of 2 distinct portions. One
being the connector and the other being the st.ru'ctural menber that
transmits the axial force to the connector. '

A metal sheet of J.3mn thickness and a circular hollow section(C.:d.5)
of external dianeter 10.5an #ith thikness of 2.8nn, were utilized in
the fabrication of the model. [he fabrication process for each of the

model is as follows:

for 4odel - 1;

~-— = the cutting out to precision, the 3 pieces that make up the
connector. fMmese are the base plate (71.0wm x  71.2mm in dimension)
and two other pieces each measuring 17.6mm x 100.0wm.
- the slotting of the 2 equal pieces above at their mid-section so
as to fit together.

-~ the scribing out of straight lines on the 3 pieces where the
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connacting members are to be later on welded.

-~ the welding of the 3 pieces together.a

- the cutting out of adeguate lengths of the C.!1.3(4 long ones
and 4 short ones). A length is considered adequate, if it is
long enough to effectively transmit the applied forces and
small enough to fit into the designed test stand.

- the welding of these pieces onto the connector, making sure

it centers on the initially scribed lines.

for model-2¢

- the cutting out to precision, 3 equal pieces{ll.5qwn x
19.0mm) that make up tha connactor

- the setting and welding of 2 pieces a time so that the
internal angle between them iz 135 .

~ the subsequent welding of all other edges together to form
an octehedral ring with a diameter of 30.1lmm.

~ the cutting out of adegquate length of Z./1.5(4 long ones and
4 short ones).

- the shaping (bevelling) of an end face of e2ach of the 4 long
pipes to attain the required angle of 235.3 with the
horizontal.

= the welding of these pipes to the connactor. he short ones
welded close to the top and on the alternate faces of the
connector. While the longer ones are welded to the lower part
of the connector on  the remaining alternate faces, ensuring
that the bevalled faces flushes on the comnector to make the

required angle of 26.3 with the horizontal.
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4.2.5est. Set Up And Instrumentation:

In setting up the test stand, the following was to be
fullfilled:
{a) -effective load application
(b) -affective measurenent of the rejuired
strains/displacenent.

{c} -effective measureanent of the applied load.

{a) Load Application:

In appliying load, the existing load application devices in
the laboratory(these are mainly heavy hydraulic jacks) wers not
found suitable. A system was then devised, whereby the
connection members are fitted to a long stud through a nut and
scres system. The nut is then screwed at the end to effect load
application. Refer back to figure 23.

(b)Strain/Displacement measuranent:

I'o measure accurately strains and displacaments resulting fron
appliad loads or stress, alectronic ingtrunentation devices ara
bast employed.

an clectronic instrumentation system consist of a nunber of
components  which together measures and record the results.
nstrunentation Jevices normally used in above measurements are
tranducers. A transducer 1is a device which when actuated by
eneryy in one transmission systemn, supplies energy in the sane
form or in another form to a second transmission system. There
are various types, its choice depending on the physical quantity
to be measursd, principle of measurement and the required
accuracy.

fhe phsical jguantities that were required are strains of the
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plate in connector-~l and the displacements of the octahedral
ring from its neutral axis in cnnector-2. To measure the
strains, strain guages{which are passive transducers) were used.
Mere are different types of strain guages as regards
size({length), shape and material. Jith regards length, we have
sizes ranging from PL5(Smm  length) to PL20(20mm length), and
depending on material, we have wire rid or foil. e nurber of
directions strains are required decides whether a longitudinal
quaje Or a rosette type juaje is to be used.
Rasically a strain guage converts mechanical displacement into
a change of resistance. ©he measurrement of which is by a
specially adapted Jheatstone Bridge. Sensitivity of a strain
guage is described in terms of the guage factor(i)., K is the
unit change in resistance per change in length.
i.e K= ({RMROLML) =1+ 2
where
R = dominal guage resistance
¥ R = The change in juage resistance
L = Juaze length
L = Change in length
A* = Polissonsg ratio
gat for aost aetals:
0.25 < # < 0.35
- 1.3 < £ < 1.7 in most cases.
Below is a circuit diagran of a typical guardedl sheatstone

Bridge. (figure 24}



Guard terming!
'
" sz’ P ariable Ratio Arm
' Rx P Null
J_ Ry A 7 ) Detector
E =< 4 Aic H'M Amplifiar
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poin? 7
. | I_ -
Three ferminal Resistance
FIG24. A Typical guarded Wheatstones Bridge
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{c).leasurement Of The Applied Load:

I'he systemn of load application used reguired that, small sized
measuring devices be employed. This was to avoid the possibility
of an extra load being constituted by the measuring device.

e devices available and suitable were load cells. But due to
the unavailability of enoujh guantity (6 in nuaber) in their
ragquired sizes, the maximun load that could bDe applied was
limited to only 204&d.

Me above reason wag shat led to the choice of very small

e 1load cells were mounted on the test frame s0 as to

eliminate the possibility of its constituting any additional
weight. [o have an accurate measuremnent, the cells were
initially caliberated with the aid of the Universal Tlesting
Jacnine. Me results were plotted graphically(appendix 2) and
later used to obtain the magnitude of the applied loadings.

{Q)Procedure Of JAeasurements:

for each of the connector, the moints where stresses and
displacenent were expected to be critical were selected for
monitoring.

For model-l, twe strain guages of PLS sizes were affixed to
opposite faces of such points. [his wvas to help in separating
the axial strains fron the bending striins. The procedure of
affixing each strain guage consist of:

-~cleaningy the surface where the juage is to be affixed, to

ensure effective bondingy and transmission.

-mixing of the bonding cenent( P-2 Drug A) with the hardlener(

P-2 Drug 3).

-applying the mixed cement thinly and evenly on the cleaned

surface, the underface of the striin guage is then affixed to
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it. The transparent paper supplied with the strain quaje is
. +.» then placed and pressed slightly on the surface of the strain

guage. [his is to prevent any air trap in the glue. shen the

glue hardens, the transparent paper is removed.

~soldering the two terminals of the strain guaje to a long

electrical chor:d that would act as lead to the switch box.

~preparing ancther mix which is spread thickly and evenly on

the soldered terminala. This 1is to prevent any possible

S short-circuitary and damage to the guage. e

=labelling of each guage at the flexible chord for

identification.

Me above procedure was completed for each of the. salected
point and allowed to dry for 2 days after which the wodel was
mounted and tested.

for model-2, the model was too small to employ the use of
strain guages in monitoring the  strains.  Therefore,
displacements rather than strains were monitored. Displacement
transducers wera clamped with the aid of a device unto the
testing stand at the appropriate places.

{n testing the models, the models were initially mounted freely
and their zero load reading taken. Subsequently axial loads were
applied 2<£3 at a'time ani allowed to attain a steady state for

[ at least 10 minutes before the readinys were taken.

o m——— e e RN
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4.3 DATA ANALYSIS A RESULIS:

4.3.1 Data Analysis;

-for strains:- the axial strainssas separated fron the bending
strains thus:
Llet,
A4i = bending strains at point (i) due o construction and
loading inmaccuracies.
@i = axial strains at point (i) due to the applied load.
AL = strain measurenent at one side of point (i).
81 = strain measurement at the other side of point (i).
Men reffering to figure 24 below,

Al = fL+ i

8i = fi~- 1

AL + 8L = 27fi

= #i = (AL + 31)/2
similarly

Al - 31 = 24

= i = (AL - 31)/2
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1.3.2esults:

Ine results of the tost carriei 2at is 1s tabulated in tabla 3
below

RESULT OF DESE SOR ADEL = L.

L2\

J 14.5 13.3 15:7 15.4% 13t 5.0 15.2  15.%
2 14:6 14.3 19.7 133 131 1373 1593 13:3

) 13.6 14.4% 157 15.:95 1IS:F A5 150 15.3
3 14.5 14.5 5.7 13.7 15.1 13.2 16.) 16.9

13 14.5 14.5 15.7 15.7 15.1 15.1 16.2 15.1

JZW LIS SIRALIS

POLIfS L 2 3 Td T3 S U737
LIAD

o) -0.2% .40 =-1.23 D2.456 D.83 2.9 ~-1.32 -
2 =0.45 0.20 -1.20 92.25 0,32 9.32 -1.30 =
4 -0.52 0.12 =(.13 02.23 2.70 0.57 -1l.36 -
o <0.30 =0.232 =1.27 0.556 9.357 3.32 =1.85 =~
3 -2.77 ).13 =2.3% 92.53 02.57 9.920 -1.587 -

10 9.32  0.15 -0.31 0.32 0.0 0.23 -1.72 -

6. 25

Measuring points
frr moriel =|
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FABLE 9:RESULT OF PEST FOR L10EL 2

LOAD J [SPLACEAZI PSS (mm)
APPLI (&Y L 2 3 4
0 0 0 0 0
2 0.1 0 0 0
3 £ 0.9 0.4 0.3

5 1.7 1.2 9.7 0.6
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CHAPIER 5.

OBSERVAL [OS, COAEINS & RECOAIENDATL IOV

from the results obtained in the previous chapters , observations
. and comments are made below as r-egards the following:

—-mathod of analysis

-loadings and design of members

=dimensional variation

—desiyn and testing of connectors.

5.1 VASERVAIIOIS: .. _ .

5.1.1 Jfethod Of Analysis:

L was observed that the ease of analysis is a function of the
nunber of degrees of fresdon of the structure. e lower the
numzer of Jjoints, the less time taken by the comuter for
execution. £.3 for a 41 jointal structure with about 20 dejrees of
freedom, the average tine was found to Le apout 5 minutes. .hereas
for a 221 jointal structure with about 300 degrees of freedom, the
average computer execution time was found to be about 30 seconds.

[t was alsn impossible to analyse a structure ~ith a degree of
free dom of over 32000, a3z the comouter can not make available a

- memory size of more than 353 to 37000 spaces at any time.*

*he computer used was the 'Control Data Cyber 72(64k words) Operating

System: JJ38' available at Ahmadu Sello uUniversity.
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5.1.2 Loadings And Design Of .fembers;

Reffering back to chapters 2,3 and tables 1, 2, 3, 3, the
following observations were made about the loadings:
(a) Mat the assumption of emperical formula [ (3 to 12)L o/mm
] in calculating the self weight was rational as it compares to
the actual self weight after design. Me variations thereoff are
in a pattern.
{(b) Mat for trusses of lower spans(l0, 20, 30)m, assumption
value of 3L (d/mn ) gave rise to a nice variations in design
results for a wvariation of truss height above ground level.
shereas the assumption of higher values led to a design result
unvarying with variation of truss height.
(c) Mmat for trusses of mediun span(30, 40, 50), the assumption
value of (3 to 10)L (4/mm ) jave rise to desiyn result varying
with height variation. hereas an assumption of a higher value
did not.
(1) Mmat for trusses of larjge spaniover 30, 70)m, assunption
value of (10 to 12)L (J/mn ) jave no noticeable wvariation for
variations of truss height.
(e) or lower span ani assumption of 3L (J/mn ), both 1mad
combinations I (3ead load + live 1load) and 1oad combinations
2(deal load + wind 1oad) were Jdeternining factors in the desijn.
Assunption of higher wvalue leads to a case shere 1load
cambination 2 makes no contribution to the design.
(£) for medium spans, assumption of (3 to LO)L J/mn allows tae
the tso load combinations to make contributions to the design,
while a higher value allows for only load combination 1.
(9) or large spans, assumption of (3 to 12)L J/mm allows for

only load combination L to be the designing factor.
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5,1.3 Dimensional Variation:

Jith vreference to chapters 1, 2, 3, and tables 2, 3. The
., results obtained by wvarying the depth to span ratin(d/L}, and
suppart types of each of the truss shows the following:
{a) fhat for lower spans, a (d/0) ratio of about (1/10) tend to
result in a lighter structure, while a ratio of about {1/20) or
lower produces a heavier structure. -
{h) Mhat for medium spans, a {A/L) ratio of about {1/20) or
R Y ower produces a heavier structure, while a ratio of about

{1/40} results in a lighter structure.

{c) Mmat for large spans, a (d/L) ratio of abcut (1/40) and
lower; (1/50) and higher gives a heavier structure while between
these range, a lighter structure is achieved. On the whole, the
curve tend to take the shape as in fiqure 27 for a lighter
gtructure.

(d) fhat Jenerally support btype 1 gave a better force
distribution and resulted in a lighter structure than other

support types tried.{see figure 23)

5.1.4 Degign Al Pesting Of Connectors:

Based on the obtained vesults in chapter 4, the following
observations were made:
(a) That connector type-2 tend to increase the roof size more
e ... than connector type-l. - - T T
{b) rhat for a small model, it is difficult to attain adequate
precision.
{(c) rhat welding of plates with thicknesses below 2mm  is very
difficult and leads to incomplete fusion —~for oxy-acetylene

B

#2lding, while its not possible to arc weld. Mhis is because the
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minimum welding rods available is l.5nn.

(d)

In testing small models, bending strains developed

significant, -up to 124§ of the axial strain.
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5.2 COXLIS OIS AW RECOAENDAL [O4:

Based on the investigation of analysis, design anl test
carried out, the following deductions are made as to the suaitability

of usiny space structure for the purpose of roof covering in Jdigeria.

5.2.1 SONCLUS [ON;
(a) Me initial assumption of (3 to 12)L ¥/mm for the self
~2ight of the truss is reasonable, provided it is appliel with
care as regards the different spans.
(b) A computer (preferably large memory size) is 2ssential to
successfully analyse the structure.
(c) Tmhe use of Direct Stiffeness fethod of analysis gives
satisfactory results.
(1) e use of support type-l Jave a better force distribution
than the rest.(figure 23)
(e) Me elastic method of Jesign t> 83 I has =2arlier been
provel satisfactory (23]
(£) structural members loaded in comdrassion are usaally in aore
critical conditions. hila the tansile loadzd manbars =oat the
joints in more critical conditions.
(3) Me use of small madels for testing nurposes does not jive
appreciable result.
(h) idowever the type of loaling system usel is oossible for
higher load application, where a torjuini machine is available.
(1) Me complete manufacture of skeletal space roof systen is
possible without rersortiny to inportation of proprietary

systems.
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5.2.2 RECOMEADATD IO

- {a) [t is recomended that as much as possible, a finner grid

should be employed.

() “hile support types 2 and 3 are adequate, support type 1
should be enployed.

(¢) In assuming self weight of the truss before analysis, 8LiJ/mn
should be assuned for small spanned (< 30m) roofs, LOL N/mn
should be employed for mediun spanned(> 30m, < 50m) roof, while
for spans larger than 60m, {10 t0 12)L J/mmn should be employed.

L is taken as the average of the 2 spanning directions.

(d) Circular hollow sections should be used since compression

members ara in more critical situations.
(e) for connector fabrication, the recommended gusset plate size
by Aukhanov[26]* is suitable, and thicknesses below 6mm should

be avoided.

5.3 SUSGESTIONS FUR FJIJRE RESEARCH:

(a) A future research is necessary as regards the econonic use
of space trusses for roof covering in digeria. This could be
done by emparking on design and cost analysis for both plane
and space trusses covering egqual areas

(b) .here a comprehensive steel laboratory equipment is

available, it would be a 3001 research to carry ocut a full

scale test, to properly Jdefine the jointal behaviour of space

structures.

..... L..,_, * See Appendix 1
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APPENDIX 1l:

hicknesses of jusset plate as recommended by K. AJAHANOV

-

AL DES[ET FORCE O- 200- 450~ 750- 1130~ 1650~ 2250~

Ly AL 38R (L) 200 450 750 1130 1650 2250 3000

THIC.JESS O

MEF QUSSEL () 8 10 12 14 16 18 20

e
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