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orthogonal ﬁxés

orthogonal components of displacements
plate rotation and angle of torsion
orthogonal components of force
moments around the orthogonal axes
stress

Young's modulus

Poisson's ratio

modulus of rigidity

Second moment of area of section
plate thickness

area of concrete section

' " steel section

centre to centre depth of the structure

Composite Double Layer Flat Grids

Double Layer Grid

Double Layer Grid of Rectangular Parallel
Mesh configuration

Double Layer grid of Inclined Rectangular

Mesh

Total depth of the structure
Span/Depth Ratio
stress in the steel tubes

" " " concrete slab

in-plane and bending stresses in the

concrete slab
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maximum tensile force
maximum compressive force

maximum in-plane and bending stresses in

the concrete slab
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oo . - SYNOPSIS

. This thes;s presents gnrinvestigatiqn into the
pehaviour‘ofi'Compositg Double Layer Space Grid Structures’'.
In this research a reinforced concrete slab was used as

the top layer of a thin steel tube space frame. The

stiffness matrix method of analysis was used for the

theoretical analysis in which the slab was represented by

'Finite Elements’'.

Two experimental models were designed and constructed
mainly to verify this analysis and to check its convergency
and also to study the influenéénitop joint eccentricity.

The reseérch showed that these structures are more
rigid and have better stress distribution'patterns than
the comparable double layer grids, and hence can be used
for larger spans. The critical factor in the design of
these structures is the buckling of the diagonal shear
members, hence an 'economical depth' has been found.

Plate analogy was found to be of great value, by
which it was possible to explain and predict the stress
behaviour, also a criterion is found for designing an
'Efficient Section' where no concrete is subjected to

tensile action.

Since this type of structure requires large computer
facilities, which are neither easily available nor econom-
ical even for short spans, approximate methods are suggested,
some of which are based on a plate analogy and do not need

a computer, Finally a design procedure using these methods
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has been outlined by which it is possible to have a quick
and approximate idea about the appropriate section

properties for any given span within the specified loading

énd boundary conditions,.



CHAPTER 1 " 7~

INTRODUCTION

This thesis presents an investigation into the
behaviour of composite double layer grids. The idea
behind these structures is to replace the top layer of the
prismatic flat double layer grid by a continuum such as =a
reinforced concrete slab. Thus the higher in:plané
rigidity of the slab can be utilised, especially when a
concrete slab has to be used anyway as cladding,’éﬁch as
in car parks, office building, etc.

Very little work has been done on this t0piciotﬁéf
than that concerning prismatic double layer grids which is
undoubtedly of relevance to this topic.

Therefore it was necessary to verify the' validity
of almost all stéps taken in this research.

The stiffness method of analysis was used for the
theoretical analysis, which is ideally suited to
accommodate the finite element method which is usea'fdf_
the plate analysis. In this analytical sbiutioﬂ; a linear
elastic superposition of stiffness matrices for prismatic
members in space and for finite element pidte members was
possible.

The experimental modelskwére’dééigﬁéd'and constructed
using steel tubes to represent the prismatic members and
perspex plate to represent the concrete slab. The first
model 1is a composite double“laféf gfid based on ai'square

parallel mesh' configuration. The second model is a

R



tubular pyramid module with its apex .supporting a rect-

angular perspex plate at its centre. . _,
A series of, laboratory tests were done on these .
models in order to: . R N R T
a) verify the theoretical, analysis .. -
b) to check the convergency of the solution.
c) to find a suitable finite element mesh so as to have
reasonable results without an excessive demand on _

computer storage.and time. .

.-:'fILKE'

d) To study the influence of eccentricity at joints
.between, prismatic, members and plate. .

A general and versatile suite of computg;lprograms
was developed to do the theoretical analysis._. -This suite
uses. direct access disc backing files to store numerical
data and results during the execution of the whole program
suite. . The program suite.is capable of analysing,. in ..
addition to the composite structures, various structural
systems such as prismatic double. layer. grids, and folded
plate structures. Dataigenerating programs were developed
to prepare the data for the various configurations and cases
analysed.in this research.. .. = .+, . . "+ . .., a¢

..Because of.the, high efficiency of the.inclined
square mesh configuration, the theoretical studies are ...
restricted to-two configurations both of which are based
on the 'Inclined Square Mesh'. configuration., .. The first .
one is termed the 'Uniform Mesh' while the second one which
is_a_special,case of the first one is termed the 'IRM’
'Composite Structure,., = . . .. . . T

"~ +. These structures. are made of .a reinforced concrete



slab and steel tubes of identical-cross-section.- -

Despite the considerable store capacity of 256 K
available for the.ICL.1904S computer:in. the University: of
Strathclyde, the largest problem handled was of 10 x 10
bays (pyramids), and this was,only possible.by,the exclusive
use of the .full computer system for about twenty.five
minutes.

Accordingly, all computer run cases in this thesis
are limited to this rather short span.

Parameter studies were done to investigate the

‘influence of varying the span, depth, slab thickness, and
the steel tubes cross-section on selected crucial members
and slab locations. Particular attention was focused on

the maximum shearing force due to its anticipated
importance in the design procedure.

A slab analogy is suggested as an explanation for
the behaviour of these structures. Also a method is
suggested to find the moment of inertia of the section
from which it is possible to predict the relation between
the axial stresses in bottom tubes and the in-plane stresses
in the top slab, Furthermore a criterion is suggested
from which it is possible to find the section where no part
of the concrete slab will be under tension, and is termed
accordingly '"The Efficient Section',

Engineers have always been interested in short simple
design procedures or formulae to be used in preliminary
design and also as an approximate checking tool.

Certainly, this will be no more so than in this complicated

field of composite Double Layer Grids.



Therefore, an important aim of this research was

to find such approximate methods.

Hence a few approximate methods are introduced for

this purpose.
Some O0f these methods still need a computer, whilst

the others do not, Those which do not need a computer

are based on the plate analogy



CHAPTER 2

" LITERATURE REVIEW

Flat composite Double Layer Grids are an evolution

of double layer space grids, therefore, it is imperative
and useful to start from this background, and review their
relevant literature and methods of analysis as a basis

for the methods which are or ought to be developed for

analysing and designing flat composite double layer grids,

2.1 «Previous Relevant Works

A, ﬁak&ﬁski(l) éives*an excellent survey of the
idifferént t&pés dftspéce structures with their proﬁerties,
advéntageé, and the different commercial joint systems
used in theif construction. It is useful to emphasize
fromﬁh{s book the relevant points of interest.

The efficiéncy of any design is judged by the
ability 6fohE'étructdre%to distribute as widely as

possible any applied load, thus achieving a fairly even
stress distribution over the whole structure. Grid
space étructures are ideally suited for this purpose.
Last wéf experience proved that grid space structures
resisted aerial attacks and explosions much better than

any other structural system, and local damage rarely, if

ever; led to a collapse of the whole structure.
'hithoﬁgﬁ the rectangular arrangements for grids
Fifig; 2.1) is popular, nevertheless, it is not the best

as far as stfess distribution is concerned, A much

better arféngement is the diagonal grid systém (Fig., 2.2)



where members form an.oblique angle:with the boundaries.
This type is becoming.more popular :owing to its greater
bending rigidity.: .This.is because, .the shorter corner
members with their greater relative stiffness provide in
effect intermediate.supports for the longer diagonal
members., = It:is also explained by the:fact that members

of diagonal igrids follow roughly the trajectories ‘of
principal stresses in -simply supported slab under uniformly
distributed.load. - Therefore, the members -are-placed both
in location and oriqqp%g%pn where they are mostly needed.

w The mosthremgrkapLg devglogment forrtneﬂlgst‘few”
years, has been the evolution of various forms of double
layer grids. Spans of up to 300 ft. have already been
covered by steel double layerﬁgrids. The{main advgntage
of these types of structures is that their meqbers are
mainly under the action of axial forces, which leads to
the full utilization of their strength.  Owing to the high
indeterminancy of these structﬁres{hbuckling of any‘member
under a heavy concentrated load rarely leads to a collapse
of the whole structure.

oy

- Basically, double layer grids are divided into two

- L
.

main types.

1 = L *. - - b= - u
k r I . \ '11“""?"; A S

- a) Lattice grids, consisting of intersecting vertical

lattice girders. .

F " -»
n ‘_,1:,1- g?i*ti

b) True space grids, which consist of tetrahedra,.

o o
L

octahedra, or inverted_pyramids having square (Fig{12:3,2.4)

pentagonal, or4hexagona1*bases.

Lk g W T - m EE

In practice, the depth of double layer grid is .

between'f%to-é% of the span. So there is always an



ample working'space'for*théfinstallatioﬁ;”mainténance,
modification, and services éeven'with “small spans of “say
80 "ft." This factor‘is of special -importance in office

L

# x r r - -4-.1 1 - - ,
buildings., ¢ “ct T o, T T IT
®

+ e -
: &

"™ Due to the regular nature of ‘space structures, and
the -huge number of identical units, they are a typical
example of the prefabricated'mass produced form of
construction, “ So 'far, steel has been playing a leading

role on account of 'its relative low cost and great strength.

EDEN SRSTE
B. The first noticeable contribution to extend the

" . “ S ‘% 4 s o U S P . - 111- f"*,-fr vo oz . . .%-r
concept of space structures to reinforced concrete slabs,

¥

is attributed to Castlllo.(z) The following are the

: \ e e , ¥
points of relevant interest in his paper.

..1"""-\.- "l".l:

He calls his system 'Tridilosa which isfa form of

reinforced concrete floor slab in which a relatively
TR * ' 1y - % . ifﬁ" ) ' P3N = )

thin top slab of concrete combined with a structural steel

4

-

¢ ¢ - "‘]}? ™

space frame beneath Fig (2.5) shows the Tridilosa

_v
i X

assembly When the system takes the form of a beam it

is called 'triditrabe’. It is stated that until the

'." ‘1 ‘-* o

'Tridilosa design was introduced to the market nobody

had successfully taken away “the unnecessary "dead weight |

I AT -

of the cracked concrete in tension zones of slabs. No
h i . TR L i ¥

clue was given to the theory used, other than that the

calculation of this form of structure can be developed
r*‘* ¢ Iy .T..,‘-: (-, AL TRl TR £ TN (3) . AT AN & YU oo

from a theory in his book which allows for the
s e R IR T ¢ ety an *
calculation of all elastic three—dimensional structures.

§
i-'-ﬂ' I W .p‘ i Wigr -.‘ 1 R !‘J;-i-!: .'; ] 1““ ] " - 1\!‘ ¥ ‘.'.r . N . Y '-F., w.ni }v.
¥ F. L] !

* The ‘author 'and "the University library were unable to get"
. hold of this book which is written in Spanishylanguage.



A loading test was done on a-slab made of

10' x 10' x 1' 'Tridilosa' assembly with 2" diameter
structural steel spaced at 20 in c.c,, with 2 in. low -
stress concrete slab on the top. The total bearing load
was about 615 psf. The same structure, but without
concrete on top, was tested and gave a bearing capacity of
41 psf only, with failure occurring by buckling of the
compression rods in the top layer.,.

This small test allowed rough confirmation of his
theory,.

, The system has been used in the floor slabs of
multi storey buildings and car parks in Mexico City in
Mexico. In one of these buildings, the self weight of
16 'Tridilosa' floors for a fifteen storey building was
equal to that of the slabs of an eight storey flat slab

building, with the added advantage of longer spans and
greater bearing capacity.;

It 1s admitted that in comparison with the
traditional type of slabs, there are two distinct
disadvantages.

a) The lack of protection of the steel rods against

fire and corrosion.

y b e 1T
4 ‘*

b) The use of a larger amount of steel for shear

stresses.

The former is overcome by painting the uncovered steel
and covering with concrete allustee;?ugdeprtension. L

The latter is advantageously balanced by the savings

in tension and compression steel and the volume of concrete

beneath the neutral axis, and also the savings in
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shutterings,.-or even the possibility of avoiding -

completely  the use of form.work. -The. problem:of,

temperature cracks in this structure is practically;non-

- 4
w iy T e

existent since the structure 1s very rigid.

C. A relevant study, but with,different outlook was
(4)

presented by Chambers et.al, - This study 1is an

investigation into another, type of space/plate structure.
They proposed a Braced ,Double. Skin .structure (Fig.. 2.6).
in metal as-an alternative .to:welded stiffened plating. .

‘v, They used. space/finite -element analysis in their
dual. . theoretical, approach to compare with experiments.
>+ .- a) Panel skins .were represented by discrete .strips
Joining .the nodes transversely,: longitudinally,. and .
-diagonally. Since.the stresses.in the. skin were relatively
low, the forces 1in core members were effected only slightly,
but not the:skin stresses near the joints....a -. .

.+ (b). Finite element.,was used to.analyse the ,skin
stresses., . ;;The results showed better agreement with the
test as far as.tubes.and.reaction, but comparison was
difficult for skin .stresses, :because they were very low.

.« The -following -relevant conclusions were given:

11, Resistance to:local lateral loading on the skin
was governed largely.by:the:buckling. of -the:rods under or
'near (the applied load, -rather .than.membrane action.of the
skin,. -~

-2, Shear strength.is,relatively low, .and less than
, simple. theory. predicts. -+ ,The shear,meant here 1s the one
due to-horizontal forces.. . nr +vat 0 e Ly

Overall crushing characteristics show that there is

-
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a-capacity to-absorb -energy as the struts buckle, and
simple bending theory is adequate for pure bending, <

D, ‘Beiiamy,HJ.(s) hésﬁéarfiedhout an ih;esfigatioh
into the effects of attaéhing'r66¥ing sheets to the top of
a flat D.L.G. He used an experimental maaéi’to assess

r ¥

the accuracy of his computer analysis.

The model was a parallel” rectangular mesh’
(PRM-Grid) (Fig. 2.3) loaded under uniformly distributed
loading. '’ He'used three cladding distances, 2%", 43" and

' from the top grid. Fig.:* (2.7) shows:a top joint in

-

the model. He used plane stress rectangular finite
elements to analyse the. cladding. Joints deflections®-
and member 'axial-forces compared favourably with test
results but not cladding-analysis. He attributed the -
discrepancies to the following: -

a - The coarseness:of the elements used which
ltself contributeserrors up:to 17.5% on-deflection; and
more than.that on stresses.

b -« Number of secondary factors, such'as initial"
lack of straightness .of the sheeting, the overlapping of
sheetings and their overhangs. -

His.conclusions were:- " - - SRR e T

.- 1, - The cladding ‘has ‘had little effect on the"

behaviour ‘of the roof structure only when:it:is closest

to the roof,
2. The cladding, in general, has had little effect
on the behaviour of the steel s?ructure roof.

Therefore, it would appear that if the sheeting 1is
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‘insufficiently strong to carry sizable portion of the
applied load, say 20% across the span _on.its own, then
"there is no point in including its effect in the analysis.
A conclusion confirmed the standard design office

procedure of neglecting the effect of cladding.
(6)

. E. Theron used finite difference calculus to analyse

flat Double Layer Grids, Then he analysed a flat slab
of perspex using finite elements method. Then super-
imposed the two analyses and termed it composite analysis.
In fact the slab was just acting as a cladding material
only. e
| Using a computer, numerical results were calculated
for simplified cases of two D.L.G. systems., Namely,
(PSM-Grid) (Fig. 2.3) and (ISM-Grid) (Fig. 2.4) made out
of short 7" plastic or perspex tubes, Only vertical
displacements were measured, and subsequently compared
favourably with analytical analysis, where experimental
errors did not1haveTa significant effect. Then the thin
perspex plate was cemented to the previous two models and .
retested under U.D,L. . The vertical displacements
comparison was favourable as before. cm

No attempt has been made to investigate the influence

of the various parameters on the behaviour of the structure,

or the influence of cladding on the structure.,
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2.2 Methods of Analysis

Basically, there are three linésfof énalfsis for

T by

double layer grids.

~ e
4
LA

a) Stiffness Method of Analysis(7) which 1s exact

Fouo

within the limits of the assumptions of linear prismatic
bars, It 1is the most common method, and the most versatile
one, This method owes its popularity and success,
naturally‘to the electronic computers, But because of

its demand on computers storage capacity and time,

designers resort to other methods as a preliminary step.

This method was used by Makowski(l) and Bellamy;(5)

(4)

Chambers et al. used it even to represent the continuum

skin layer. This method is ideal for combination with the

Finite Elements Method, which could be used to represent
(5) (6)

the continuum as in the case of cladding, roofing

(4)

and

skin plates.
b) Analytical Methods
They are mainly means to get approximate design

parameters, leaving the final answer to the stiffness method

and the electronic computers.

These methods are usually cumbersome mathematically,

especially for engineers, and in the end do not give good

results for the boundary areas and particularly for the

L)

corners, They are mainly based on plate analogy.
Theron(6) used analytical method and found a solution

for RPM grid and ISM grid.

(8,9,10)

Renton used continuum analogy using mainly

the finite difference method. The technique makes use of

the regularity of such structures by considering only the
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small set of equations governing the behaviour of a

typical module of the structure. These take the form
of stiffness equations relating the external loads to the
module deflections and those of the adjoining ones.

(8)

Renton showed the related behaviour of plane

grids, space grids and plates. He also succeeded in. .

giving equations for many configurations.(lo)

c) Plate Analogy

Plate analogy for flat grid structures has been

A,

used extensively in the literature.

(11)

Timoshenko suggested it for 6neT15yer‘récEangu1ar

grids which is made out of rigid beamsﬂtFié;wz.é), by
considering it a special case of orthotrOpiz piaté.'* He

took the average values of the bending and torsion

stiffnesses.
N PR T T
Plate analogy, in common with other approximaté

methods has difficulties in boundary areas, parfiéﬁléri§

in corners which are a highly stressed part in the pléte.

Renton(lo) recognizes the importance of these drawbacks

Y.

and the difficulty in combating themn,
Makowski (12) drew the attention to those points

also, and confirmed that plate analogy gives a éood
approximation for the central part of the#étrﬁciﬁré.
However, the difference in sheariné}orces is much greater
than in tension and compression laygfs,haﬁﬁ he ;beclfied“
'ISM' grids as a case where neither plate ;ﬂalagy nor
rigorous analytical methods will hold, because of the

influence of boundary conditions.
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In certaln cases, depending on the type of bracing
and configuration of the grid, the influence of boundary

conditions could extend right into the centre of the

[T - ..l-'\-.ﬁ..-r- LT LT A
1

structure,

(13)

Heki confirms the same observations, and adds,

that, in general, this is due to .the effects.of anisotropy,
effective rigidity, shear deformation and finiteness of
mesh length. He suggested that the width of boundary area
in the case of Double Layer Lattice Grids, is 6f the

order ‘Jﬂi, where h is the depth of the structure and 1 is
the span width. This suggested width'is much larger

than that of solid plates which has been shown by

(18)

Reisner to be of the order t, where t is the slab

thickn;ss.

It 1s clear from the above review, the extent of the
difficulties facing the stress analyst and the designer in

the relatively simple cases of ordinary one material, pin
Jointed double layer.grids, due to the rather excessive
computer requirements,

Understandably, the difficulties are much more in
the case of compoéite doublé iﬁ&er gridé, where the designer
and the analyst have to face the added complexity of the
plate as a shell element, and hence, having in hand a
structure with six degrees of freedon,

Therefore, for large span structures, even the large

modern computers will have difficulty in accommodating them

in their rather limited storage capacity and time

consideration.
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Fig, 2.3 Plan of a part of a double layer grid

with parallel rectangular mesh (PRM)

Top layer members

Bottom layerkmembers

—— — - Diagonal shear members

[ Top joints

o Bottom joints



Top members

Bottom nembers

— — ~——-« Pyramids sides menbers
N Top -joints

v Botton joints
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Injsitu concrete

Precast light weight concrete
Tension steel in lower part of grid
Comﬁression steel in upper part of grid

Bracing members.

Fig., 2.5 Tridilosa System
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after Castillo(z)



21

plate _ ' _—

steel
plate

structural steel
rods

a) Section

RS
XXX

b) Plan

F ]
L
]

Fig. 2.6 Braced Double Skin Structure

(4)

after Chambers et al.



1. Securing bolt
2. Preform cladding

3. Washers
4. Screwed rod

Fig. 2.7

S. Top Grid member

6. Diagonal member

7. Joint Boss
8. Lock nut

after Bellamy

(5)
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Rigidity = B,

1

Rigidity = By

Fig. 2.8 Grid System
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CHAPTER 3

LABORATORY EXPERIMENTS

Laboratory experiments were necessary to verify
the theoretical analysis. oince the idea behind this
research project was to replace the top layer in double
layer grids by concrete in the construction field, it wés
decided to use perspex sheet as a laboratory substitute for
concrete, because it has the advantages of being a linear
elastic material, and commercially available iﬁ different
sizes and thicknesses, in addition to the ability to
produce appreciable strains due to its low méduluéﬁafq
elasticity.

Two models were made

1, Composite Double layer grid model, and will be
referred to as Model I.

2. Single pyramid cantilever model, and will be

~ referred to as Model I1I.

T YRy
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3.1 "Composite’ Double' Layer Grid Model (MODEL I) = ' ! '«

tY st ot B

It was expected that this type cf structure wculd C

be very rigid therefore the following steps were taken

1" . .F* rr E ;, #m" i ~"

to make the model Iess rigid

a) Contrary to common practice in crdinarfhﬁwﬁta.

‘‘‘‘‘

where structures have a top layer of larger area than the
bottom, in this model the top layer was made smaller than

the bottom one.

b) Simply supported boundary conditicnsﬂue;e?
simulated. *
c) The tubes were "chosen to have#aqshall cross

¢ “:.*l"i’r".l

sectional area with thin walls in order to have app;eciable

axial strains,

Because it was intended to studjpthe iﬁ%idéﬁce of
the thickness of the top layer,'and toprjcihtsﬁeccentricity
on the strains in the structure, the model was scvdesiéned,
that it was easy to vary the top layer thickuesshahd its
eccedtricity without changing other parameters.

The overall dimensionsbofﬂthe modei‘were governed
by practicalhconsiderations, in particular the standard
sizes of perspesﬁsheets available and cost. Siucetthere
was no additional advantage 1in hauing adrectangular ﬁddei:

it uas'decided to make a square model with a perspef area
of 48" x 48",

The dihensions of the tubes'uere*chcseu'atter tahing
into consideration thewperSpex sheet dimensicn; aud the

desire to have all tubes of the same length and diameter. In

addition, the tube member should be long enough to have the
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middle third of it unaffected by the end stress conditions
and with enough circumference to cement three single strain
gauges longitudinally around it. Therefore annealed cold
drawn seamless steel tubes were chosen with %" diameter

and 0.036 in., wall thickness, These are thick enough

to withstand a jointing process and have the added

advantage of not losing strength due to the welding heat.

All tubes were chosen to be of 15" length.

Taking all the above factors into consideration in

addition to the boundary conditions and loading
requirements, the model was finally designed and made, as

shown in Plate Nos. (3.1, 3.2) and Fig. 3.1 from the

following
a) Bottom flat layer made of a 60" x 60" tubular

square grid, each side having four 16" c.c..bays. . . All
tubes are of 15" x %" x 0.036 inch dimensions (Gauge 20).
b) Top flat layer of 48'" x 48" acrylic perspex

sheet.

;i!,;-"-H.rf"f - ¥ -
L1

c) 64 Tubes grouped 1in fourS:w Thogb tubes conﬁecf

¥ ¥ $ Y

the top layer to the bottom layer,
Four tubes were made of Gauge 16 (EH=HL054iin:)w
because they were located at the corners ofﬂiherstruéture

so they can transmit the high concentrated feactions to
) 4 pooo

the supports.

Basically, the tubes partfof the s%rhé%aréhis made

out of identical pyramid units, each one of them is made

out of eight identical tubes as seen in Fig}i3;2;
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3.1.1 .Boundary Conditions

- ¥
- ' ! e TS

- Since the.structure was internally highly
indeterminant, it was useful for practical purposes to
make it externally determinant, This was done by
supporting the model at the four corner joints only, and

also by having only one vertical component at each corner.

e f 111

Three different support arrangementsﬂwere used to

impose the following restrictions.
L e

1, Support A'restricted in the X and Z directions

asS seen in Fig. 3.3, and Plate No. 3. 3

2. Support B restricted in the Z direction only,

‘J...

as seen in Fig. 3.4.

) -l"
AR : T ey

3. Support C restricted in the X Y and Z

'1;: d f R 7
r

directions, as seen in Fig. 3.9.
’ F C PR S c e v ; ‘;'L

All four joints resting on the supports were free to
. . . L . . ) . fﬁhk“

rotate.

L3 3 r ! L
li} ’t i- b " qi

3.1.2  Loading Conditions.

* Because it was ‘intended to: have 'as 'accurate results

as possible, it was:-decided to apply.a single central load
only, 'rather than uniformly distributed loading, to avoid

any eccentricity errors or-creating undesired bending or -
torsional strains during loading. - Therefore, the'model
was so made as'to have a joint at:the centre of:the bottom
layer; ' This joint:wasrdrilledvertically through its -
central axis, hence it was possible torapply a single load
by using wire steel-:cablerwhich:was pulled by a hydraulic
jack. - 'This arrangement has:the additional advantage of

being-able to predict almost exactly the strains at the
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tubes directly connected to this joint, as is the case at
reaction joints without .resort to any computer programming

or complicated calculations. Fig., (3.6) shows the

central joint. = . = ...
3.1.3 Joints Systems

Two‘types of'joinfs were used.

a) The top layer joints. Each of these joints as
shown in Fig. (3.7) is made of two ﬁetal piecésﬂof‘zh X 5"
x 0.048 in, The bottom piece is made of mild steél;r

1

while the top one is of éiuaigium. Tﬁe pieceéjwere
connected together by five bolts and nuts. "The aluminium
was used 'to lessen the possibility of creating stress:

concentrations'in the perspex sheet. Naturally, it~

would have been preferable to have both-pleces made of
aluminium, - but because-the steel tubes were brazed:; to'the~r
bottom piece, it  was‘'not possible to have a bottom '+’ ~ "¢
aluminium piece too. This joint arrangement makes it
easy to change perspex sheets according to the required
thicknesses, 'and ‘also to raise the perspex middle plane
at will., = R T LOTE S SO P N A
'b) The bottom layer ‘joints, ' '‘Fig."3.8 shows.this
type of joint which is a solid 13'" diameter steel ball:
Since there were no mild steel balls available at the
time of'mddel making,*brdinafy“l}'1n.”ba11"béariﬁgs“were
used, after :being-annealed "and sand blasted,:* ' “*. -

v "Spherical joints were chosen because tubes cross-

sections can fit perfectly on spherical surfaces with

. -+ .
LI M - 'f " o Low
L | ?1 N g 8 rL

any ‘orientation desired, =
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3.1.4 Assembly of the Model

The model was quantitatively made out of the

following
a) 40 horizontal tubes.

b) 64 space oriented tubes.
c) 25 steel ball joints.

d) 16 plate joints.

e) 1 acrylic perspex sheet of 48" x 48" x t, where
t is either 2 in., or % in. or % in., according

to the thickness required for the test.

Since it is more practical to assume joints to be fully

fixed, than to assume them pin-jointed, it was decided to

fix the tubes rigidly to the joints. A technical problem
was faced here and had to be overcome, since the tubes
and balls were rather small in dimension and having in some
joints eight tubes, it was a rather difficult and delicate
job.

The tube wall was very thin in comparison with the
11" solid steel ball, Therefore, ordinary welding was
ruled out for fear of burning out the tube's wall, besides
the difficulty in controlling the soldering material.
Brazing with silver solder was used instead, because it

! - * " |

needs less heat and is more controllable. o

Due to the regular nature of the model ‘and the

desire to have ldentical orientation in all modules, two

jigs were made.

Plate No. 3.4a shows the first jig which was made

from a 4 in, steel cube trimmed into 26 faces. Eight
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square ones each making an angle of 90° with the ‘horizontal
plane. Eight trapezoidal faces each making an angle of -
45° with the horizontal.plane, and another eight
trapezoidal faces each making an angle of 225°. with the

horizontal plane. Finally, two parallel octagonal
horizontal faces, with 1% in. diameter hole drilled .- , .

through one of them to a depth of 28 in. ... The ball was
secured in the .hole in an .exact central. position;.. with
each face representing .certain .tube orientation.

The second jig which is shown :in..Plate No. 3.4b.

was made to maintain the proper orientation for :the

pyramid tubes during brazing.

Finally a large flat asbestos sheet was used to

keep the whole model flat and in position when brazing

the odd connecting tubes.

3.1.5 Strain and Deflection Measurements

The model has the useful property of being
symmetrical about three axes, therefore strain gauging and
analysis of one eighth (%) of the problem is sufficient.
Nevertheless, it was useful to utilize this property by
taking the strains of symmetrical points of expected
appreciable strains and taking their average, thus

eliminating the built in eccentricities of jointing and

assembly. This arrangement gives also a check on the

accuracy of readings and loading,.

Dial gauges were used to measure vertical

deflections, and two arrangements of strain gauges were

used as shown in Fig. 3.1ll.
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a) Single resistance strain gauges:type PL-3
(gauge factor 1.96) were used for the steel tubes, Each

three of these were located as shown in Fig.'3.9 in order

to measure axial and flexural strains atithe middle cross

section of the tube,

b) 450. rosette arrangements of resistance strain
gauges type PR-10 (gauge factor 2.07),_were used to
measure in plane andhflexural strains over the perspex
surface. Fig. 3.10 shows this arrangemenf.

- In total, eleven tubes and sixX perspex points
were strain gauged, together with eight dial gauges

used to measure vertical displacements.

[ 'I iI'_..l L L Y T ] lu.‘-# L __l=
E| ..” 1
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3.2 Single Pyramid Cantilever Model (MODEL II)rr;w

Because, it was expected that the composite double
layer grid model may not give appreciable flexural strains
in the perspex plate, and because it was difficult for
storage and computer time consideration to check for
convergency of the solution, and in order to investigate
joint behaviour in isolation, it was decided to have this
small model which is shown in Plate No., 3.5.

This model was made of a typical eight-membered
pyramid unit which was fixed to a rigid support, then a
rectangular acrylic perspex sheet of 18" x 12" x 1" was
fixed at its centre to the apex of the pyramid using the

same top joint type used in the previous model.

The tubes, and perspex sheet were strain gauged.
The vertical deflections at three symmetrical points on
the perspex surface were measured by dial gauges. The

arrangement and location of strain measuring devices is

shown in Fig. 3.12,

r

Two single symmetrical loadingswere applied using

terylene strings, hence introducing flexural strains at

the strain gauged points.
This loading arrangement 1is seen also in Fig., 3.12,

Application of symmetrical loading made it possible to
analyse one quarter of the model instead of analysing the
full model, and to check strain measurement accuracy and
to avoid eccentricity errors, Needless to say, that

joints and strain measuring devices and ar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>