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ULFIMATE STRENGTH OF ORTHOGONAL GRID SPACE  TRUSSES
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ThlS the51s reports a comparlson betwWeen theoretlcal

predlctlons and experlmental results for the ultlmate

strength and behavrour of orthogonal grld spaCe trusses load-

‘ed to collapse. - g '

] T .
- 4 2t

The theoretloal analysrs uSed two approachesJ a2

s1mpllf1ed method treatlng the truss as a conrlnuqm, and a K

’ J - ) :y
computer solutlon, u51ng an elastlc stlffness method.
-

"; - . ._ ‘ . . n-_'" a% -'.
" The basic assumption on the load/shortghing r2lation-
. - - -] ) -

3

ship of struts is eXamined. = . p . a li'

1“— ' ’ . . " -

A numbeyr of trusses -have been tested_monOtonicaily'to'

failure with different poirnt supports and spans. e
The experlnental results showed that the ultlmate load

approachcd the prodlcted 1oad for collapse. However, the

”fallurc of the Lest trusses occurred w1thout buckllng of the -

‘chord members,‘whach suggests that the dlstrlbutlon of loads

:1n the chords moves towards that predlcted for the collapse

l
=

state as a result of both - sllppage and other sources of hon-

llnearlty
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a, b, 1

2 H X OH

r

~radius of gyration

_central bow in a strut

NOTATIONS T
! 3

Cartesian coordinates, z-axis.formal.to ™ |

plane c¢f plate
dimensions of space truss or elements
distance to extreme fiber

truss depth

load/unit area. e

spacing of chord;:‘ .

cross-section area of a strut

~ enerqy diésipated in'yieid‘lihes,‘

elastic modulus"
moment of inertia

numerical factor

'iength

“plastic".moment per unit length

axial load in struts, concentrated load
applied at‘thesjoints of the truss

capacities in tension and compréssion,
respectively ‘ : '

Euler load .
Total épplied load on the truss

loss of potential.energy

‘vertical deflections of joints of space
truss, shortening of a strut

axial strain

mean axial stress
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GHAPTER I
INTRODUCTION o o
The Departmen£ of Civil Engineering at Concordia Uni-
versify, is cuirenﬁly engaggd in alresearcﬁ‘programmé. to
'det;rmihe the .ultimate capacity of orthogonal grid spacer
' truéseg. Space trusses are a populaé way of'spanning large
‘areas with few intermediate sdpports. This is.understandable
becahﬁg these.structures‘provide a form of roof construc£ion
cgmbininé lé; cgst-with an-ééthetiéally pleaéing appearénce;
”A featu¥e of such trusses is_that the basic pattern is re-

) *

peated a}large nunber of times.

b3

In Figtire 1.1 an orthogonal grid truss is illustrat-

'eg/. The sets of upper and lower chords form square grids,

while the didgon%ls form pyramids.

" The growihg popularity of double-layer grids'is due
to a number:of distinct advantages of this form of construc-

tion. They can be listed as follows: . : .

., (1) 'The structures are statically indeterminate and buckl-
ing of a cqmbression member does not necessérily lead

to-the'collapse of the whole framework.

(2) The great rigidity of double-layer struCtureé leads

to relatively small deflections.
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N
(3) Double layered grids are characterlzed by an- almost

random locatlon of loadlng and supports.

(4) The space between the top and, bottom layers of the '
grld can be used for locdtion of the mechanical and

electrical serwvices. .

(5) The usual unlformlty wlthout the maln and secondary‘

beams is esthetlcally plea51ng. ‘ .

Linear elastic analy51s of large space truss struc—
tures has become relatively routine and 1nexpeh51ve, due‘to
modern computatlonal technlques, however, collapse load con-

51derat10ns are not as stralghtforward

'Since'many space truss systems have been dereIOped as
- standard prdductS'utilizing the maximum number of identical
parts in—order'to mlnlmlze the cost thls study con51ders
trusses with uniform chords. and dlagonals respectively.
Under these conditions, the.collapse'load consideration is

more meaningful.

Orthogonal grid space trusses behave as two-way.
trusses, not as plates, Since the upper and lower sur—_
faoes in the square grlds possess no ‘shear rlgldlty. ‘The
dlfference in the behav1our between a’ square truss and a

plate when unlformly loaded to collapse and supported along

the edges, is that the square truss fails along the lines

MY

"
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YIELD LINES FOR ORTHOGONAL GRID TRUSS

FIG. 1.2
EDGES SUPPORTED, AND UNIFORMLY LOADED
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FIG 1.3 YIELD LINES FOR PLATES, EDGES SUPPORTED /
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shown'in.Fig; 1.2, and not along the diégonal lineé (Fig.

1.3). as in the caSes of steel plates and concrete slabs.

ThlS is because the surfaces (ABFI),.(BFDC), {DEGF) , (FGHI)
~of the truss can twist, whlle the surfaces (E'C'B'),(C' E'D ).

(A'E'D'), (A'E'B® ) of thg plate remaln.flat,

thus, from geometrical considerations, %e obtain‘the yielding

lines whicﬁ are illustrated in ng.*;;3.

-~

L —

 A-simpie-ana1ys;s, using.the enefgy method based on

| kinematicaily admissible coilapsé modes, gives design ex-
pression for the ultimate load. This‘expressianfis coméar—
edarith the computef solutions and experimertal results. ,
/ggzw;rocedure in the computer programme is similar to that

used by Wang [1] for rigid frames and Shin [2] for space

trusses.
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CHAPTER 11

]

A REVIEW OF THE LITERATURE
In this Chapter, the‘previeus,wofk on orxthogonal

* grid space trusses.is reviewed.

The literature recording the'various aspects‘of grid
space frame systems, is.quite extensive.‘ For 1nstance,
reference [3] contalns most of the avallable 1nformat10n
dealing with the elastic nehav1our,of such space frames.
However, in spite of the well4rec09nized merits of limit
state designs, relatively little effort has been made to
extend the applications.Of the plaetic methods of analysis

to the ultimate-load design.

Some werké on orthOgenal grid space trusses‘nave elim-
inated the large amount of eomputer‘time-requ;ted.for the
.analyeis,.whiCh is especially true when truss.iS'composed
of a 1arge number of members,,By replac1ng the truss with an

_equlvalent plate. .

-
L]

Timoshenko a7, made the statement that the differ-

- ential equatlons of a. plate and grillage are 1dent1cal if

the sPac1 g between e beams is small, compared with the

overall dlmen51ons.

Flower and Schmidt [S]”considered this aspectp anﬁ
" it has been shown that in the interior of the truss the'

"dlfferentlal equatlons of a plate w1th zero tor510nal

Sl L



s $
. rlgldlty are the llmltlng form of the truss equatlon as the
mesh size goes to zero but has not estimated the error due
“to a finite grid size, nor a useful theoretical treatment
" of the influence of the boundar§ conditions} .In the'same'

study, it was shown that the truss forces {at the chords) ,

" are relatlvely 1ndependent of the web rlgldlty, whereas the

deflections are more sensitive to this.

Suzuki et al fsj'made an ‘analysis of orthogonal grid

- space trusses based on differential equations.

Flower and Schmidt [7] -again, 1n order to reduce the
dlmen51onallty (degrees of freedom) of the truss,. 1nvest1—
gated a method whlch converted a trUSs 1nto an equlvalent
one with reduced dlmen51ona11ty and whlch roughly corres-

- porids to the behaviour of the lnltlal truss. .
Schmidt [8] tried to investigate an analysis of an
. . 4 :
orthogonal space truss, based on the "strip-method". How-

ever, for the truss con51dered by Schmidt, the development N

of compre551ve membrane actlon is 51gn1f1cant and the app-
‘lication of the method is invalid. Schmidt then proposes
a two-stage plastic design,based on the strip method that

»

overcomes, the effect of membrane forces.

Chgroe

For the uItimatS\capaﬁity of an orthogonal space
truss examined by chkle and bunn [9], the assumptlon was
that -the members which buckle can carry, after buckllng,IO%

of their maximum capac1ty, while the tension members can



. . -
carry, after yielding, the maximum force, so that a redis~

tribution of forces will occur in the unyielding members.

A number of trusses were analyzed on thls basis, and also .
with the yield line approach. The results from the analy-
sis are guestionable’, since for a truss with uniform hem—
bers, the initial'yieldroccurred at a load factor of 1,
while ‘the collapse did not occur until the load factor
reached 3.38. This is known to be excessive;l On'the other
hand ,some trusses with varylng member sizes yielded along
the dlagonal llnes This is of questlonaole economlcal

)

value.

" Mezzina et al [10] also reported the elastoplastic be-
haviour of a steel double layer space'grid model, supported

at its four corners. - _ ‘ ' .

The experlmental results do not predlct the behav1our
of the truss when it 1s loaded more than the elastic llmlt
nor 1s it explalned how the theoretlcal analy51s gave an
ultlmate capa01ty for the structure 50% more than the elas-
.tic capac1ty, with the assumptlon that the members which
‘bucklejare not able to carry any‘load_after this point.

Marsh [11] investigated a simple theoretical method

’ - , Lo -~

. *for’an ultimate analysis of orthoéonal grid space trusses.
, -

The present work is based on these investigations of
Professor Marsh and also the compared experimental and

theoretlcal results

]
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CHAPTER III

THEQRETICAL ANALYSIS FOR THE .ULTIMATE
_ LOAD FOR ORTHOGONAL GRID SPACE- TRUSSES

3.1 INTRODUCTION

The most common caseg of orthooonal Space tru$ses, in

prabtice, are those whlch have p01nt supports or boundary

' Supports parallel to the chord llnes. In the analy51s, it -

1s assumed that the upper and lower chords have unlform

N
~

cross~sectlon and, further, that:
(1) Any "flat® portion of the space truss can twist,
(2) 'The chords in "unyielded" zones remain Straight.

(3) The ten51on members yleldlng and struts buckllng
- have a plateau in the 1oad/change of length re-
~ lationship of suffic1ent extent to permit full

redistribution of. moments. jFig; 3.1).

3.2 ANALYSIS TREATING THE TRUSS AS A
CONTINUUM-USING AN ENERGY METHOD

S 3.2. Case ‘1. BoundaXies Supported

. N s - ’ .‘
Consider the truss inp Fig. 3.2, which is, supported.

along the bounderies (AB),_(BC),(CD),(DA).

Assume that a. unlform load q per unit area is appll—

ed on the truss, and that it is the ultimate load. The
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axial load

axial deformation

FIG. 3.1 LOAD-SHORTENING RELATIONSHIP'
ASSUMED FOR' STRUTS )
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FIG.. 3.2

7

COLLAPSE MECHANISM FOR ORTHOGONAL
GRID TRUSS SUPPORTED ALONG THE EDCES
' AND LOADED UNIFORMLY

11
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. truss w111“yleld along the llnes (EO), (GO),(FO),(HO), be-'
bause the truss has’ no tor51onal rlgldlty,'whlle the bound~
arles (AB),(BC),(DC),(DA), will remalg undeflected. 'The
central p01nt of the ‘truss will drop- down a dlstancé 6
There w1ll be_a plastlc moment-(Mo) per unit Lengﬁh along
the yielding 1ineé (EO)} , (FO),(CO),(HO)._ This plastic mo-

ment (Fig. 3.3) is given by: X

: = 2d_ ‘ ,
M, = . (3.1)
where - d = depth of the grid
s = the épace between the chords‘
p = the ultimate capacity of the chords in’

tension or in compression

The- mathematlcal expre551on for the surfaces (1 e.,

FBGO) after the deformatlon is:

z=i§§£ S (3.2)

< T

Hence, the work done by the external apply load é

. - [}
per.- unit area 1s:

a/2 by2 A a/2 b/2 _
U=4/ J qzadxdy =4y féq-’—‘l’- dxdy = géab/4 . (3.3)

The total applied loéd 0 is:

e=qa (3.4)

Soa Tt T i
LR A T e e
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FIG. 3.3 . CROSS~-SECTION OF AN ORTHOGONAL GRID
. SPACE TRUSS
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Hence,
= Q8/4° ’ . . (3-5)

The energy d1551pated in yielding llnes ‘is a functlon
of the plastic moment M, per unit length and of the rota—

tion along the yleldlng lines (EO}, (OG),(FO),(OH)

By reférriﬁg tanig.(B.Z); the change in angle "8

A
between the surfaces (OHCG) and (EOHD) aleng the yieldA
line QH is: -

Coon by _ 45" .
BA = 28 = 2(6'/5) = 5 . (3.6)
but - ° _
- , &1 1 =7_25x . . ',(3.7)‘
. 2
Hence .
5 _ Béx
BA_— 2b (3.8)

and, the energy dissipated -along the yield lines (HO) and
(OF) is: '

a/2 a/2 86 2M Sa

= = - X -
Ey =.2M of BA.dx 2M ol a5~ 94X b

i(3.9)_

simil'e.rly, the change in amjle* BB between the pur-

faces, .along the yleld llnes (EO) and {0G) 15 glven by:

and the energy dissipated is:.

A fae e T s



: b/2 b/2 85 2M05b :
E, = 2Mo of BB-dy =‘2Mo of 3 dy = —a (3.11)._
. | e
The total dissipated energy is:
E=E +E; = 2 §(2 + B - (3.12)
o z o 'b " = S

Equating the work done from the applled load q and the -

enexgy 61531pated in the yield 11nes , BEgq. (3.5) and (3.12),

glves. N B
. v=E=E
. Q8 . . a, b
.- yalle 2M06(b + a)
. 'w_ a b
For a =b |
. Q= 16Mo .:‘ : {3.13)

From Eq. (3.13) the ratio of the total applied ulti-
mate load over the plaetic moment'pér unit length'for a

space truss with supports on all sides, is 16.

3.2.2 cCase 2. Corners supported (Test Case)

The ‘space truss models which have been tested, in

~ order to compare theoretical and experimental results, were

'supported at the four corners (or at four symmetrlcal

joints close to the corners) and were . loaded at four symm—,



FIG. 3.4 COLLAPSE MODE ASSUMED FOR TEST TRUSS TYPE
' ONE (MODEL 1)
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'FIG. 3.5 COLLAPSE MODE ASSUMED FOR TEST TRUSS TYPE
‘ a - TWO (MQDEL 2)
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_etric points as in Figs,(3.4)-and_(3.5) . (Model 1 and

- quel_zj.:_

3.2.2.1 Analysis-of a first model

[

As seen in Fig. (3.4), the loaded points will drop

N

down by a distance 8. It'is assumed that the yield lines

remain straight,. _ - . "

.

_ ‘Considering the quarter surface MICS in Fig. (3.6),

the change in the angle along the yielding line MS between

~the Surfacgs (MICS) and;(RMSN) (see Fig. (3.45) is given

by : -
o8 X6
A" a =
a‘. LY

Hence the energy dissipated at the yield line (SM)

is given by:

b M §

o %8 o° b?
Ec, =M f.%X0 g = .0 b7 (3.14)
' SM. _70 0 az : 2 a2
The total energy‘dissipated at\thé yield lines is:
B=eng, = o2 (315
SM° o ‘a _ e
The work done by the appliea load is: .
‘U=4p 8 o (3.16)

LA U R

ELERPICE
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FIG. 3.6 ROTATION ANGLE ALONG THE YIELD:LINES OF
. . TYPE ONE MODEL !



|  u=0s T 3an

(Q = 4P the total applied load). T

From equations (3.17) and (3.15):

_ b)
s - 4]

]
t

or B L e . T

- b _Q _— :
.Mo‘g)z T ry . | (3.18)

3.2.2.2 rAnalysis of the second model

In’ (Fig.3.5)  the yield lines are illustrated.and also
the deformation of the truss under the ultimaté load 4P. For
simplification agaih, consider the quarter of the truss as

in (Fig. 3.7). o

LT
- ey .'\‘A,‘;. fawe

Along the yield line (RM) the .change in angle between

the surfaces (RLCM) and (ORMN), (see also Fig. 3.5), is'BA,

vhere the angle 6, is given by the expression:

‘ _ &' _ 8x _
eh = = ‘(3.19)

a

The energy dissipated at~the yield line (RM) is:

ke e

a Mbéx : -Mod :
ERM %Of 62 dx = —Ef ) (3.20)

\ ¥

The total energy dissipated at the yield lines is:

E = 8Epy = 4M8 _ (3.21)



FIG.

3.

7

ROTATION ANGLE ALONG THE YIELD LINES OF
TYPE TWO MODEL
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~

The work done by.the external apply load is:

U=4r §=05 - = (3.22)
(where Q = 4P the toﬁal applied -load).

From equations~(3.21) and (3.22),

s M, =g | | (3.23)

w
3.2,3 Conflicts in the method treating . :
' the truss as a continuum

‘This simple energy method in some cases’ is in con-

flict with static considerations.

‘Let us consider the case in-which an orthogonal grid
space truss as in Fig. 3.8,is supported at the four extreme

corners and loaded uniformly to collapse.

As in the previous cases, an expression can be deriy-

ed which correlates the total applied load on the structure

with the plastic moment per unit length MO.

The expression which comes out is:

_.1l6
Q="=73-™H

o (3.24)

J

By considering now the equilibrium of the surface

GIEF as in Fig. 3.9, we obtain:

Ee L Y



e Y

COLLAPSE MECHANISM FOR ORTHOGONAL GRID

TRUSS, SUPPORTED AT THE CORNERS AND UNI-

FORMLY LQADED

23



" FIG.

3:

9

FORCES AND MOMENTS ACTING IN A QUARTER OF
THE TRUSS IN FIG. 3.8 IN COLLAPSE STATE

+

g
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-

Q.a_.y 2,9, o
R M z‘*ﬁ% A 8 | . (3.25) )

Normally the solution which is based on kinematically
admissible collapse modes is an‘ﬁpper bound of'the solution,
:while the static equiiibrigm is a lower bound. Our analysis g )

gives opposite results,

To resolve this conflict requires .that there be in

the centre of the truss, a negative moment as in Fig.3,10.

Considering’ that the positive plastic moment.is in a
length K% (where K.is a factor smaller than unity) the

negative moment will be in a length (;—K)%.

Considering now the static eguilibrium of the quarter
of the truss as before and assuming that the negative moment

is equal tO'Mé, gives:

Q. a_ c k2 M o(1-mr @ '
Y 7 7" MQ K2 MO(l K)2 (3.26)
" M (2K-1) = 2 - O (3.27)

The ratio Q/M0 must be less than 16/3, which the

'energy method gives, .

The ultimate computer.analysis which follows in this
text and which takes into account static equilibrium, givés
£ - 5,05

Hy



FIG. 3.10 ASSUMED YIELD ZONES FOR COLLAPSE STATE
TO SATISFY STATIC EQUILIBRIUM
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for a 10' x 10' truss supported at the four corners and uni-.

formly loaded.

From equation (3.27) for Q/M_ = 5.05:

=
it
]
) L

3.3 COMPUTER ANALYSIS

The ultlmate—plastlc analysms by computer, is actually.

series of elastic analyses u51ng the stlffness method

The basic assumption-of this analysis is that of 1deal elas-

tic- plastlc behav1our of the materlal as explalned in the

introduction of thls Chapter. Accordlngly teh51on and com-

pression members, after yielding'and buckling respectively;
are assumed to undergo sufficient amount of axial deforma-
tion while the force in the member remains constant, which

permits redist:ibution of forces in the unYielded-members.

The procedure followed by the computer -programme, is

" similar to that used by Shin Be [2].

(1) The co-ordinates of'the nodes, the member number-
ing, the constraints, .the member areas, and ca-
‘pacities in tension and compression (Pt,Pc) are

specified. . - 4

(2) A unit load is applied and the forces in all
members computed. (P,), using the stiffness method.

Until this step, the procedure is a simple ‘elastic

A



analysis of an indeterminate space truss.

- {3) The capacity of each member (P, or P ) is divided
by the force in the member due to unit load (P1),
(ten51on or compre551pn respectlvely), and the

1owest such ratlo, Kl, is found

(4) All member loads are multiplied by the ratio K,
and the force (K1P,;) for each member is subtracted
from the member capac1ty.

(5) Those members for which the operation (4) leaves
zero capacity, are removed from the structure.qw

(6) The residual capaéities in.all the members
(PtﬁKlPl)'or (PC—K1P1), replace P

t.and Pc.

(7) The modified structure is then re-analyzed for
.unit load. The steps: (2) to (6) are repeated,
.obtaining anothet value of K, leading to the re-

'~ moval of a further member or_membersuuhoée capa-
city is exhausted. This procedure continues until
a sufficient number of ﬁembers have been removed
to allow the structure to collapse. The ultimate

load-for the frame is then IK.

- ' Actually, by éonsidering in each loop of the pro-
gramme the residual capacities of the members which have..
not yet reached their ultlmate capac1ty, we do not change

the initial structure, but make use of the aasumptlon
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that the members which reach the ultimate capac1ty can '

carry thlS maximum load until a sufficient number of members

yield so that“the structure becomes unstable.

It must be mentioned et this point, that the whole
procedure.considers the connection of the bars'at their ends
by ideal pinhgoints. In practice, such conuections can
never be reelized‘andmthe‘rigidity of a praéticel tjpe ofb
connection‘hill induce'secondary stressesL.H0wever,.in most
.practlcal cases, the presence of such secondary stresses

does not 1nfluence considerably , calculated axial forces in

the members.

|
,In Table 3.1, the limit loads for orthogonal ,grids
are' compared accordlngly to 51mp1e energy methods and ultl—

mate computer analysms.

T r e A AT a T



TABLE 3.1

COMPARISON OF CONTINUUM ANALYSIS AND
COMPUTER SOLUTION FOR ORTHOGONAL GRID
SPACE TRUSSES SUPPORTED AT FOUR POINTS |

AND UNIFORMLY LOCADED

Case Q/Mo
b>d .
Simplified Computer
Theory Calculated
| b b a,.
. Cd -
. d ‘ :
For a=b=c=4d
c/a > 0.615 1 q/m = 5.33 5.05
R 8 a(2b-d) , b(2d-c),
o 3 “d(b-d) c(a-c)
: For a s b, ¢=4 "
| 0.42< c/a< 0.615| c/a = 0.6
' Q/M = 31.2 37.0
- d(2b-d) , b(2d-c)
g BI:d{_b_—c‘t) * 2(@=o) L
‘ <f§%§;7 . |For a =b, ¢ = d
‘ c/a = 0.4
c/a < 0.53 |Q/M =18.3

20.7

&



CHAPTER IV
CHORD BEHAVIOUR -

CIPTLY R

e Guafuey



31

| CHAPTER IV
.CHORD BEHAVIOUR
It is now appropriate to cohsider whether.the behav-

[ J + ..‘
iour of the chords allows a limit moment to be malntalned

. under 1ncrea51ng rotatlon, which was con81dered 1n the assump—

‘ tlons -and used .in the analy51s of the truss Compre551on mem-
bers that reach their ultlmate load capac1t1es in the 1n—
elastlc range have load—deformatlon curves . as in Flg. 4 1.
Curve a) refers ‘to’ the behav10ur of long compression members,
whlle {b} anqg (e) curves refer to 1ntermed1ate and short

' compressron members respectlvely, wrth the same ax1al and o
flexural rlgldltles. .

The drooplng characterlst;cs of these curves are
caused by 1nelast1c buckllng, and the "plateau",assumed in
_load—chande of length relatlonshlp occurs for a reasonable
,range of deformation only for a’short or very long compress—
ion members, and that in general it cannot be considered to

approximate to the rigid/plastic behaviour assumed in ulti-

mate analysis. ’ : i!,

By using, a value significantly. below the’ maximum
J : - '
capacity, a safe ‘design is possible but a rational choice of '

such a value is difficult to make.

For purposes of 1llustratlon an ideal relatlonshlp

between axial load and shortenlng can be derived.

.41-.-1-..:.:.;.'\;:';
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(C)

wm . ®

axial load

(a)

.axial deformation

FIG. 4.1 TYPICAL LOAD-SHORTENING RELATTONSHIPS

FOR STRUTS

-
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The axial load is limited either by buckling, or by

reéching the yield stress at the centre:

‘ P = 1w EI/L® =.0_ A

P(I/A + A/D) = o

1

where A = cross-section of the bar

c = distance from C.G. to extreﬁejffbre
I = moment of inertia
A:

central bow in a strut

Fﬁom the relation (4.2) we obtain:

A

5 |
R | r
(@)= =D - 1] D

where r = radius of gyration

(4] mean axial stress
o ]

The - average axial strain, is given byce

.. 222
€= §/L =0/E+ L A
4L2 .
where. 6 = axial deformation
L = the length of the bar

From (4.4),‘we ocbtain:

9, , A
eE = o +. (T) (_f)z

(4.1)

(4.2)

(4.3}

(4.4)

(4.5)

"33
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Using (4/r) from equation (4.3) and assuming that

{x/c) is approximately 1, expression (4.5) becomes:

| . ’ l Y 2
E(E/Gy) = a/cy + (oe/4cy)(cy/c ;) . {4.6)

~~
On the other hand, a fully plastlc state for a bowed strut,

~. neglecting plastic ax1al shortenlng, may_be‘expressed approx—

imately by:
g .z o AA : ; .
Y ¥ b
. - .
S:g - (2 = plastic section modulus)

By approximating Z2/A = r, expression (4.7) gives:

c : .
Lo x_ o (4.8)
r .
From expressions.(d.SJ and (4.8), we obtain:

. _ ' . -' ) z v
e(E/cy)_-— o/cy‘+ ue/loy(oy/e c/qy) ) {4.9)

The relaticns (4.6) and (4. 9) have been plotted in

Fig. 4 2. The dotted lines represent the relation (4.9),
which was derived on the base of the fully plastic Behaviour

of the cross-section, for the same values of Ue/Uy.

By considering the curves from the relations (4.6)
and (4, 9) for a certaln value of’ o} /oy, an envelope is ob-
tained in which, .ideally, must fit the load- shcrtenlng curve

of every strut of the same o /oy

] -j','\\ S .
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Unfortunately, the above ekpressions are not able to
describe the. post buckllng behaviour of the struts in order

to use it in an ultlmate analysms of a truss.

The foregoing derivations are essentially qualitative
in nature to indicate &he behaviour which, in practice, will

- vary with the shape of the crossésection,

For lllustratlon purposes in Fig. 4. 3, we can see the

comparison of experimentally obtalned curves which are com-

pared with the theoretical curves according to expressions

(4.6) and (4.9).

The behav1our of metal ten51on members is not expected
to be more favourable since they fall at the p01nts where

the holes for connection purposes exist. —

-~

Tension members are not able to carry any lcad after

’ A%
reachlng thelr maximum capacrty, but will approach that

capac1ty in a non- llnear manner.

I
The ‘ideal behaviour in Fig. 4.4, is assumed, with a
limited post yield zone. In.practice, compression members
fail first and tension behaviour is of secondary interest.

/7
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a/cy
0.56

0.50

0.40

0.20 |

_______ -~ Equations 4.6 and 4.9

= Experimental

! , 1 I
0.5 1.0 ‘1.5 e (E/oy)

1

FIG. 4.3 COMPARISON BETWEEN IDEAL LOAD/SHORTENING
RELATIONSHIPS FOR STRUTS AND EXPERIMENTAL
RESULTS = .

.,‘.. ‘_
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o/oy
: ———————— Equations 4.6 and 4.9
"EXperimental
0.32 | *perin
0.30 ~
~ > )
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~ . ™~ -
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n \\ -
0.20 F . 2" ~ e
' — =~
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' TEQ'?‘S" oy = 40 ksi
0.10 3
&
l .
‘1 - e (E/oy)
_'FIG. 4.3 | COMPARISON BETWEEN IDEAL LOAD/SHORTENING
RELATIONSHIPS ‘FOR STRUTS AND EXPERIMENTAL
: RESULTS : R
L)
o
0
~ .
— 4. "
af
-_g -
axial deformation
FIG. 4.4 IDEAL.LOAD/AXIAL DEFORMATION CUﬁVE

FOR' TENSION MEMBELRS

.38

..-h ..\'J{'.

I e



CHAPTER V

TEST MODELS OF ORTHOGONAL SPACE TPUSSES

Comaldea 0t



CHAPTER V
TEST MODELS OF ORTHOGONAL SPACE TRUSSES

5.1 INTRODUCTION . o

In order to determine the actual behavior of an ortho--

éonal space truss, subjected to ultlmate 1oad and to compare
the theoretical cons;deratlons, a - number of experiments have
been carried out at the laboratories of the Civil Englneerlng
Department at Concordia University. The trusses whlch have
been tested were constructed w1th 1dent1cal top and bottom )
chords and dlagonals, respectlvely l The theoretical idea of
replacing a discrete’ system with an equivalent continuum °

which was applied in simple energy analysis, is .in agreement

with-this kind of structure. TIn addition, as we have .already

mentloned the study deals with trusses of maximum pOSSlble

1dentlcal parts (in order to mlnlmlze the costo and also,

‘under thls condition, the ultimate load consideration is much-

more meaningful.

A

The models whlch have been tested are simple space

trusses called M-DEC,used for a variety of roof types_up to

164" span.

The main feature of the M-DEC system is. the absence of

nodal joint pieces. (Fig. 5.1).

Because the chords are’ contlnuous, the transfer of

load into and out ‘of each node is av01ded and only in a few

ekl .-
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DETAILS OF M-DEC SYSTEM

5.1

FIG.



locations are'more than three bolts for each node required.

-

5.1.1 Description of the Test Trusses

The test trusses'are.COmposed of two kinds of identical

_members, the top and bottom chords and the dlagonals. The

. materlal from which all the members are made is the aluminum

alloy 6351 T6 a ma'l:erlal,l the behaviour of whlch
approaches in a tensile tést, the idealized form of elasto-

plastic behaviour. - N

-In Fig.'5.2 are illustrated the cross—sections of the
chord and dlagonal members whlch have been used for the test

models.

. S o .
Structural arrangements as' shown in Figs. 5.3, 5.4
g .

and-5.5, have been ‘examined.

The contlnuous lines represent the t0p chords and the

dotted llnes, the bottom chords and the dlagonals

Point "A" is one of the four supports of the trusses, -
while Point"B" is one of the four p01nts Eﬂ:whlch the load

is applled

Fig. 5.4 shows a 51m11ar truss to that of Fig. 5.3 .

with the support at the end of the truss, while Flg. 5.5 . f

flllustrates an 1dentlcal truss to that of Flg. 5.4, ‘but with

a smaller span. o _ . ' K

T s e L -



FIG. 5.2
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CROSS.—.SECTIONS OF CHORDS AND DIAGONALS

USED FOR THE TEST TRUSSES
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In all the trusses which have been examlned the chords
and the dlagonals Were 1dent1ca1 respectlvely, as ' ¢
. illustrated-in Fig. 5.2. <The chords were continuous and the

'saﬁe lcad procedure has been applied for all the test trusses.

o ) . B X ‘
The reinforcing of some diagonals, was reguired to

ensure failure according to theoretical congdderations, as

~

will later be explained in this text.

- o

The capacities Pt and P in tens;on and compre551on,
respectlvely, of the members which have ccmposed the test’

models, are illustrated in Table 5.1.

The No. 3 ‘and No. 4 members (diagonals) have been ns-~
ed as reinforcing members at\particﬁlar locations.

v g -
The limit compression capaclty of the chords for a

length 12 1nches 451nce the chords form square grlas 12 in.

by 12 1n.) . 1s governed by.fallure‘ln torsion, while the
L]
._capac1t1es of the diagonals-are governed- either by bolt

4 . ' ) o ]

fazlure, or by bearlng fallure.

5.2 THEORETICAL ANALYSIS OF THE TEST MODELS

A theoretical'analysis of the teet'models,.aECording
to simple energy and computer analysis methods; is regquired

in order to compare/ experimental and theoretical results.

5.2.1 Analys;s According to Slmple Energy
Method "

The truss model which’ has been illustrated. in Fig. 5.3

e atTa L e

aaftly . e o T



TABLE 5.1

(

TENSION AND COMPRESSION CAPACITIES OF THE
MEMBERS USED .IN THE TEST MODELS

No.

Member Description

-

L

Pc(kip)

Top and bottom continu-
ous chords which form
square grids 12" x 12"

Pt (kip) )

11.000

1 6.500

7
Simple diagonal
is connected to
chords with one
3/8" dia.

bolt

which
the

3.000 -

4.300

is connected to
chords with one
3/8" dia.

Double diagonal’

which
the
bolt

40300

4.300

Double diagonal
is connected to
chords with two
3/8" dia.

wwhict
the
bolts

6.000 .

9.000

47
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" has been snalyzed in sub-section 3.2.2.1, in generai form.

The expression which came out of the énalysis was:
M_(2)2 =g/ (5.1)
o'a’ T

By referring to Fig. S 3, and Flg. 3 4, we can verzfy
that for this model, the values of a2 and b are 30 in,
and 36 1n., respectlvely. However, the expression (S 1)
resulted from an 1deal analysis whlch examlned a contin-
aous and uniform system 1nstead of a dlscrete system, and
this unlformlty assumes that,the end chords (i. e., KL chord
at Fig. 5.3) are half of the capac;ty of the central ldentl-

cal chords. Because the model 1s composed of identical

chords,due to this-additional cross—~section of the endfchords,'

an additional Plastic moment is obtained. By referring again

to Fig. 3.6, the energy dissipated at the yield lines MS' and

MI', is given by : ' ct

- * M 6

= [——(2 )2 + M " {bma)b ;!

8] 2 (5.2)
© 242
The wsrk done by the external applied load at point .M,
v=rs=%s (5.3)
From Egs. {5.3) and (5.2), we obtain

by (bra)b
M )+ M 2 2=

F Nl

(5.4)

Using the values b = 36 in. and a 30 in. which correspond

to the test model gives:.

FRTE Ty oY RSP

RN
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L -2 (5.5) -

. _-Remembering that M, is the plastic moment per unit
length which ie given by the expfession (3.1), and by using

as ultimate compre551on strength for the chords P ‘; 6,500 1bs.
then M ‘ (6 500 x 9.5): 12 = 5,145.1b/1n/1n., the total

load which the structure can carry is Q = 34,575_lb;

‘ - The model  trusses which have beer iliuatrated in Fig.5.4
'and Flg. 5.5, have also been analyzed in general form, in |
sub-section 3. 2.2, and'the expression resulting was:

Since the nlastlc moment per unit length in the models
‘was M = 5,145 1b.in/in., the total load which these trusses

could carry was Q = 4 x 5,145 = 20,580 1bs. _ ; ' B %

5.2.2 Analysis of Test Models According to the ‘ r
"Computer lethod vs. the Energy Method : Y

The assumptions made in the varlous steps of the
method have been described in Section 3. 3, in particular -that

the members which buckle can carry their max1mum capacity

Rl Tt T S

i L

while shortenlng suff1c1ent1y to permit the redlstrlbutlon

of forces.

Fo b a2t

' The actual behaviour of struts has been shown t6

differ from this assumption,
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Figure 5.6 illustrates a comparison of an experiﬁen-
tally obtained curve for a ehord identical to those chords
used ‘in the models, with the theoretical curves.according

to expre551ons (4 6) and (4. 9)

The chord illustrated was 12 in. in length® Failure

was due to torsional inetability.

As has already been mentioned, the capacxtles of the
dlagonals (Table 5.1) are governed either by bolt failure,
or by bearlng fallure. The assumption that these members
will elongate sufficiently to permit a'redistribution_of

forces in the remaining members, may not be valid.

For this reason some diagonals were reinforced in crder

to ensure that they did not fail.

The reinforcement adopted for the diagonals was as

shown in Fig. A.l.

- The results of the analysis are represented in

Fig. A.2,

~ The load for the first chord buckling was 30,431 1bs.
{the elastic.caéecity of the structure), while the ultimate .
load reached on the-lSth.cycie of the enalysis, according to

the computer programme, was 40,418 lbs. Diagonais failed: -«

liiala 0l .
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~in the 10th, 13th, 14th and 15th cycles, but the change in
load from the 10th to the 15th cycle was onlv 900 1lbs. in

40,400 1bs., and hence was negligible. ‘_ . . -

Flower et-al[5] illustrates that "the truss forces
are‘generally, relativelT 1ndependent of the web rlgldlty,
and hence the sequence of the chord fallure will not be

affected by the reinforced diagonals.

It is also seen that for this initial test, the simple
energy analysis gave an ultimate load of 34,575 lbs., whlch
is not far from the predlctlon of the computer analy51s. The
sequence of failure according to the computer analysis, also \

is similar to the assumption of the simple energy method.

The same procedure followed for the computer analysis
of the trusses shown in Figs.5.4 and 5.5. 2 1pcal reinforce-
ment of several diagonals in these trusses was also requlred
The sequence of failure whlch was determined by the computer
analysis for these trusses is illustrated in Pigs.A.3 and A.4, ,?
respectlvely, as well as the values of loads for the first
member fallure (elastlc capacity of the structures} and the

ultimate capac1ty of the structure . o ﬁ

In the above tigures,.it is also seen that some diagon-
als fail in intermediate cycles;rbut since they fail far from ;ﬁ
the first cyele, the test models were con51dered satlsfactory,
in order to examine ‘the behavrour of the trusses after their

elastic capacity was reached.
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It 15 seen from these flgures, that the ultlmate
capac1t1es glven by the computer analy51s for these trusses
are approximately equal, to that given by the simple energy'

analysis. (Q = M, wheie M,' is the same for these frames)

The discrepancy between the two results is because some

of the dlagonals failed in 1ntermed1ate cycles.

-

SIS S
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CHAPTER VI

CONDUCT OF THE TEST - TEST RESULTS

6.1 TEST SET-UP

In Figeres‘5.3, 5.4 and 5.5,_aie‘illustrated the

. test modele yhi?p have been used in order to compare'experi-
mentel and theoretical results. Aall tbe test,models,|aslwe
heve already,mentioned, were composed of identical chords
-and diaéonals,‘respectively; Some diagonals were reinforc-

ed, as explained earlier.

In order to apply the locad of four symmetrlcal p01nts
the arrangement 1llustrated in Flg A.5 was adoPted The
1oad was applied from-the Jack td.the system of beams. The.

two beams Wthh were. in contact w1th the truss rested on

1

steel blocks which were fltted inside the chords« so that the

&

load was applied exactly at the joints. A similar arrange-
ment was adepted for the supportejoints, which weére free .to

rotate without constraint.

6.2 INSTRUMENTATION

6.2.1 Load Measurements

The load was applied through the jack, :as in Fig. A.5.
At each loading stage, readings were taken of the .load,stress

" and deflection.:

A

Y R LI

S CALGYAGE

Moh -

B
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6.2.2 Deformation Measurements

The following measurements were takeh.

;(1) The strains in' the top chord members along the
| yield llnes. In Fig. A. 6, the locatlon of the Straln
' gages fdr the first test‘model.are illustrated.
As shown in the picture, there oere”two strain-
gageé in reach member, one on each flange located

on the neutral axis of the cross-section at the

mid-way point between the adjacent nodes.

(2) The vertical deflections of some of the charac-
teristic 301nts of the trusses ,such as the central
: jolnt of the structure, the jOlnt in which the
external load was applied, the joints which deter—
‘mine -the assumed yield lihes, were measufed by

dial-gages.

'6.3 ' TESTING PROCEDURE

The testing procedure followed was essentially
the same for all the three test models, except for the diff-
erence in the load hlstory The_load was increased at a
steady rate to a convenient value and stopped for readihgs
to be taken. . Due to relaxatlon loads dropped during the'
readlng tlme, and hence, load readings were taken at the
start and at the end of each load stage. All the three

models, tested monotonically to failufe, and a sufficient

H N
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number of lo?d stages were chosen to study the behaviour of

the models completely. )

6.4 TEST RESULTS

6;4.1 Model 1
'
The vertical deflections of 301nts 45, 7l 48 and 76, L B
of thls model (see Fig. 5.3) are 1llustrated in Table A.l. - |
The experimentally obtained .ultimate capacity of the truss
‘was 31 908 1b greater than ‘the elastlc capacity whlch the
computer analy51s determined and 1ess than the ultlmate
capacity which the computer analysis and simple energy method

gave. o ‘ o B

The failure of the truss is 111ustrated ;n Flg A 7.
Unfortunatelyk the failure of the truss.occurred in a diff-
erent.manner'from that given by the simple energy method .~ . - i"’ﬁ
and compuﬁ%r'analysis. Until. the stage in whlch the failure
of the structure began, no visual buckllng of members was
observed, except for some top- chords close to the 301nts

: where the load was. applled - These chords were startlng to - .

TR
I Tt S

buckle when the total applled load was 14 727 1bs., in splte
. . of the fact that the external load was applled exactly at ' o
.the jOlntS. HE
‘ This local buckling may have_ occurred because of the ;ﬁ

‘concentrated loads. o . : o EE
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_ Referring to Fig. 5.3, the top member 19-32 failed and
the bottom member 26-39 also failed due to local bending:cauSed
by secondary‘deformation in tensione‘ ALso, it was observed
. that the triangle formed by the jOlntS 6~-13-19 remalned w1th-

out rotatlon up to failure.

IE

In Table A.2, are ;isted,—the<strains given by
the strain gaées for the members along the yield (there wetef.
two strain-gages-in each member).  Column 4.gives the
average strain for each member end co}umn»S gives the axiel
force for each;member which cor;esponds to the strain. The
. strains are_diven in micfoinchés/in., and Young's Modulus of
Elasticity”is iO? lb/in2 for aluminum. Coldmn 6. gives the
forces in each member_accordiog to comtuter analysis for

comparison.

In Figure A.8 are ;llustratedhthe torces in- the members
along the assumed yieid 1inee of thetfiret test'ﬁodel,'for
the total load-in the struoture_l4,727 lbs., and 31,908 lbs.
The curves (e) represent the forces according to the experi-
_ment, while the curves (b) the foroes according to computer
anaIysie. The discrepahoyihas‘hot teen'fuily_fiolained.

In Flgure A. 9, the load deflection relatlonshlps for
the joints- 45, 71, 48, 76 are plotted accordlng to computer
analysis and experimental results, listed fU1;Y

in Tables A.l, and A.3.

o
CRee=a)

A second “truss, identical to Model I was ‘testad. The .

-
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results which resulted from' the strain-gages and the deflec-

tions of the above joints were 'similar to those obtained in

the first test, while the pattern of failure was identical to“

. 1}
the first ocne.

6.4.2 'Model 2

The second model was tested inrthe ‘same manner. The
experlmental results are compared wlth‘the computer ana1y51s,_
in Figure A.10, for the load-deflection relationships for
the joints 45, 71, 76, 55 (see Figure‘s.é)heccording to-?%bles

-

A.4 and A.5.

As can-he seen from the abaove figure, the'experimental
ultimate load of the structure'is;bigger than the elastic
capacity uhich ‘the computer ane}ysis‘determineo, but\again
no buckling wes ohserued inj%ny member ©of the truss. The

fallure of the truss occurred because eccentr1cmty in the

top jOlnt 13 occurred In Flg A.ll the failure of thlS

-

-

Aféecondtrussridentical to that of Model 2 wes

. ’ . -

tested and 51m11ar lcad- deflectlon relationships were Obtalh—

ed, whlle the fallure pattern and ultlmate load were 1denhlcal.

-

In both cases, the collapse load was biggér than the R Y
élastic capacxty whlch the computer analysxs determlned but

g - :

no buckllng was observed in any- member, the fallure‘of the lﬁé '

structure belng due to local faliure. 1) T
: . L -4 ' .

oo o ST T > :
&g i _'qh?t- j‘.: A . C o 5 3 .
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6.4.3 Model 3

In order to eliminate the local failure which
was  observed in the previousltest model, a’special rein-
forcement made for the member 11-12, (see Figure's.S).so

o } . , .
that the resistance of this member was increased,

The failing load was, this time, 22,05Q lbs., and

much higher than the elastic capacity of the structure given

in the computer.gqalysis. The only member cobserved to buckle

was the/member 13414 (see ‘Figure¥5.5), when the total applied
load on the structure was 19,600 lbs. Finally, the structure
collapsed when the membetr 5-16 failed in ténsion, due again to

~

local failure.
In Figure A.12, the loaddeflectiongrelationships for
_the joints 27, 49, 35, 53 of this third model are plotted
» . 2
according to computer analysis and experimental_resglts, as

given fully in Tables A.6 and A.7..

~ .

G S
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CHAPTER VII

« DISCUSSION OF TEST RESULTS

‘At the beginning of this Chapter, we must point out

the following:

(1) For the variocus models which_haye been tested, the

relationship between the total applied load on the.

structure and the vertigji deflection of scome

characteristic joints havk been plotted in each case,

“\\\“as obtained from the computer analy515 and the experl—

(2)

This load was approximately 800 1bs.

. experlmental ultlmate capac1ty of the models was

mental results. The curves plotted accordlng to
the computer analySLS are up to the point when a
dlagonal falls, because after this point, as explain-

ed ‘earlier, there is no point in continuing the

analysis through the‘computer proéramme.

-~

In all the load-deflection graphs made for the various.
joints in each model, on the basis of experimental re~

. 1 : .
sults, the self weight'of the. structure and the

weight of the beams and jack were not considered.

If this load is

added to the load-deflection curves plotted for the
varlous 301nts, the experlmental curves will be
closer to. the.theoretlcal curves derlved from the
computer analy51s, however, the dlfference is Stlll

con51derable. Also we have to recognlze that the .

-

800 lbs. more than the quoted value.

4
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(3) In all the moéels tested, in:spite of the fact that
they were simple'séuare space trussee loaded symmetri-
cally, the buiit-in'imperfeetions and unavoidable
variations in load intensity lead to one member reach-
ing its capacity'fifst,.eefore others which carry,

theoretically, identical loads because of their symmet-~
ry. . ' I
7.1 TEST 1 . ' ‘ o p
In the first test ﬁodeI; there was poor agreement
betyeen the experimental. results and the theoretical predic- |
tions.

4
\ '
The'ultimate capacity of the structure was higher than

that predlcted by the computer ana1y515 for the elastlc capa-

city of the truss. "The fallure mode was unexpected due

-to local failure.

lReferring to Table a.2, according to strain—gage indi~
cations (for'relatively high loads), the.members'(22—23),
(23 24), (35 36), and (36— 37) had hlgher axial forces than

the computer analysis predlcted whlle the rest of the

members had lower values. Also, theserembers carried loads

in excess of the predlcted (experlmentally and theoretlcally)

ultlmate capa01ty when the total ‘load on the structure exceed— .

‘ ed-27,000 lbs. 'It is conjectured that the ax1al load oh -

these compression members was: applled with eccentr1c1ty, re—

ducxng the compre551on at the flange tlps. ThlS acts.to'

N g
AL E TR
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stabilize the member against torsional buckling.

t

Hence,:these members carry more load than the torsion-

al buckling predicts.

Also, because of the imperfections in the various

joints of.the truss, (diagonal-chord connections) which were

"unavoidable for this small depth of the truss, a rotation

seemed to be produced at the jdints. This joint rotation

and also the slippage of the bolts, seems to be the reason

-for the differences in load-deflection curves.

-

7.2 TEST 2 ' .

. The second test model behaved similarly As is

illustrated in’Fidure'S 4, the second test model was identi-

i
. cal to the flrst one, except that the supports were at the

.extreme corners of the truss.

As the‘si@ple energy methoa predicted, the secsnd
model had half the ultimate sapacity of the first one. A
closer behaviour to the theorstical one was expected, since
some of the secondaty effects were eliminated'bscause of the
lower value of ‘the ultimate ioad capscity. The strscture

failed under a load bigger than its elastic capacity but

_"again,'bécause of lécal'failureg no buckling of ‘any mem--

ber occurred.

LY

1 ' A
The differences at the 1oqd-deflectipn curves for the

joints 45, 71, 76, and 55 between the computer analysis and

)‘1.‘_‘
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'ekperimental results was also considered to be due to joint -

' rotation and bolt slippage.

7.3 TEST 3

The third test model, the same type as the second
one, with a different span, also had the same ultimate
’
cépacity, theoreﬁically. Because of the ellmlnatlon of the

secondary effects whlch caused failure of ‘the gecond model,
the structure.falled, this time, under a load 22,050 1lbs.,
compared to 23,900 lbs. predicted from the compﬁter analysis,

again, because of local failurer The member (13-14)

(see Fig. 5.4), buckled at 19,600 lbs.

The reason for the differences in the load deflectibh .

curves bhetween the computer analysis and the experlmental
results for the joints 35, 53, 49, 27 .are again as in the

previous cases.

From all the models tested, a redistribution of forces

séems to have occurred because of the bolt slippage, so

that the trusses’ could carry more load than their predicted

elastic capacity from the computer analysis, without buckling

1
’

‘"of a member. Co.
‘ .r

However, that the members (22-23) ‘and (23-24) of the
- first truss model, accordlng to the strain-gage lndlcatlons,
carried load more than their predicted capac1ty, could also

explain the higher load obtal;%dWLthOut any chord buckling.
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In the third test model, in which,soﬁe seéoﬁdary
effects had been reduced so that the frame could carry a high
_load; the buckling df.the (13-14) member was observed’(see
' Fig. 5{4), but under a load 19,600 lb. i.e., more than the elastic
capacity of the structure. According to computer analysis,

-

this member would buckle in the second cycle.

§
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CHAPTER VIII

CONCLUSIONS .

Three truss modgls were tested ﬁo_investigate the ' .
- - N - ) . 1

ultimate strength of orthogonal grid space trusses. All the:

truss models were tested monotonically until failure. The

’

experimental total load in tHe strucfure—vertical deflection -

3

curves of some characteristib'joints are compared with the

cdrreéponding-curves'from computer analysis. The basic
‘assumption which the computer programme used was that the
stfdts buckling have a. "plateau" in-thelload-Change of lengtH
relationship_of‘sufficient extent to permit a redistribution R

of the moments. . ’ } '

Predictions based on the simple énefgy analysis. are

'compared to computer solutions and their experimental results. o

The assumptions of the load/shortening relaéionship_
of struts also are examined. f

1)

"~ The followiﬁg conclusions are attained: o ) R

-

LY

k"

(1) A rapid approximation for the collapse load for

flexural failure of orthogoﬁal grid flat spacé trusses

Al

i, v
="

Fola= Dnl e

'composed of uniform members based on siﬁple'energy
analysi; has been shown éo be reasonably valid when 35
. -
compared to the computer_soiutiong and SEEﬁS to be 5%
. . L
not far from the experimental results. é%
{2) The load/shortening relationship for struts cannot N

1

B e
LA
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be considered to approximate the rigid/plastic

behaviour assumed in the ultimate load analysis

"and the force whlch a member can carry after buckllng,

(3) .

(4)

for an ultimate analysis of orthogonal grld space

.trUSSES:ls a matter for further study.

The failure mode assumed for the simple energy method

is 51m11ar to that of the computer analysis. However,J-

the computer analysis 1nd1cates, for uniform loads
with corner supports, that yield zones extend later-

ally while the centre zone carries a negative moment.

The ﬁltimate"loaa approached that predicted for
collapse. However, the non-linearity in the ioad'de?
flection curves of the various joints syuggest thet
the dlstrlbutlon of loads in the chords moves towards
that predicted for the collapse state as a result

" of bolt slip or other sources of non—linearity}'

without actually bucklingla‘chord member.

>
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FIG. A2 SEQUENCE OF MEMBER FAILURE FOR FIRST
TEST MODEL ACCORDING TO ULTIMATE
COMPUTER ANALYSIS

h
i,

Failing load for lst cycle = 30431'1b 1
“Failing load for 10th cycle = 39539 1b
Failing load for 15th cycle = 40418 1b 3
‘ .
~, .

L}



" Failing load at 17th cycle

TEST MODEL ACCORDING TO ULTIMATE
COMPUTER ANALYSIS (ONLY THE FAILING
DIAGONALS ARE SHOWN)
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FIG. A.3 SEdUﬁNCE OF MEMBER,FAILURE FOR SECOND

Failing load at 1st qycle = 16532 1b.
' Failing lcad at 8th cycle =.23959 1b.
= 26849 1b,
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FIG. A.4 SEQUENCE OF MEMBER FAILURE FOR THIRD

TEST MODEL ACCORDING TO ULTIMATE
COMPUTER ANALYSIS
DIAGONALS ARE SHOWN)
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Failing load at 4th cycle
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. LOCATION OF STRAIN-GAGES IN FIRST TEST MODEL
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TABIE A.1

‘Measured Vertical Deflections .of Joints 45,

71, 48, 76, of First Test Model

% : . Te.
S - Vertical Deflection (in) *
Load & X . :

Flb} Joint 45~ [ Joint 71 | Joint 48 Joint 76.
1 2 3 N IR 5
0.000 0.000 | o0.000 0.000 [ o0.000
2454 0.021 0.049 0.066 0.050
4909 0.058 0.110 0.156 0.117
9818 0.1575 | 0.229 | 0.306 | 0.250
14727 0.255 0.349" 1 0.466 - | 0.400
19636 ' 0.569 0.694 0.866 - 0.665
122090 0.769 0.921 1.116 . | 0.775
24545 1.034 { 1.110 | 1.316 0.965
26999 1.117 | 1.317 1.556 1.172
29454 1.314 1.525 .| 1.811 ©1.390
30681 1.469 1.669 1,981 - 1.525
31908 1.689 1.789 | 2.1297 1.635

_— -~ ‘-//.
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-
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TABLE A.2

Strain-Gage Readings for ﬁembefs Along
the Assumed Yield Lines of First Test
Model - .

75

Total Load in .the Structure : 2454 1lbs

‘ Members Strains - Forces Jgg;;ggom—
Averdge From t
- Strain'. Strains PUter
End 1-End 2 Gage I Gage II | . ' Analysis

o ‘ (1bs) (1bs)

1 .2 3 4 .5 6

9-10 97 97 97 391 - 482
10-11 113 113 113 456 527
22-23 113 97 105 424 472
23-24 113 " 121 117 - 472 505
35-36 .. 94 . 70 82 327 368.
36~37 97 94 . 96 387 361
48-49 . 47 82 64 258 321
49-50 31 31 31 125 257

(1) |
L ]

Total Load in the Structure : 4909 1bs -

-

1 2 3 4 5 6
9-10 . 187 191 . 189 763 964
10-11 . 203 222 212 856 1054
22-23 - 250 222 236, 953 944
23-24 250 253 252 1018 1010
35-36 187 ' 1s6 1n 690 736
36-37 191 183 187 755 722
48-49 113 1s6 | 134 541 . 642,
49-50 . 82, g2 82 331 534

(2)

Lo ot
P

ey
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Total Load in the Structure : 9818 lbs,

1 2 3 4 5 6

9-10 - 343 374 358 1446 . 1928
10-11 394 409 401 1620 2108
22-23 550 499 524 2116 1888
23-24 534 565 - 549 2217 2020
35-36 406 343 © 374 1510 1472
36-37 390 370 380 1535 1444
48-49 238 277. 452 1826 1284

49-50 160 175 T 168 - 678 1068

(3)

- Total Loéd in the Structure : 14727-l1bs

12 3 4 - 5 6
9-10 515 550 532 . 2149 2892
10-11 597 620 608 2456 3162
22-23 815 753 - 784 3167 2832
23-24 819 862 - 840 3393 3030

- 35-36 624 ° 530 - 577 2331 2208
36-37 597 550 573 2314 2166
48-49 347 378 362 . 1462 1826
49-50 - . 238 250 244 985 1602

AY

(4)

TABLE A.2 (continued)

0
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Tbtal Load in the Structure : 19636 1lbs

4

f

{continued)

1 2 3 5 6

9-10 628 729 678 2739 3856
10-11 753 737 745 3009 4216
22-23 1045 998 1021 4134 . 3776
23-24 1076 1154 1115 4504 4040
35-36 936 838 887 3583 2944
36-37 858 799 828 3345 2888
48~49 441 441 1441 1781 2568
49-50. 296 316 306 1236 2136

(5)
Total Load in the Structure : 22090 1bs

1 2 3 4 5 6

9-10 768 874 821 3316 4337
10-11 . 905 874 B89 3591 " 4742
22-23 1186 1123 1154 4662 4247
23-24 . 1213 1295 1254 5066 4544
35-36  * 1045 924 984 3975 3311
36-37 955 905 930 3757 3248
48-49 503 472 487 ° 1967 2888
49-50 316 347 331 1337 2402 .

{5} .
TABLE A.2

e
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Total Load in the Structure : 24545 1bs

1 2 3 4 5 &

9-10 874 987. 930 3757 4820
10-11 - 987 971 979 3955 5270
22-23 1310 1275 1292 5219 4720
23-24 1345 1486 -1415 - 5716 5050
35-36 1143 1030 1086 4387 . 3680
36-37 1061 1002 1031 4165 3610
48-49 562 499 530 2141 3210
49-50 347 374 360" 1575 2670

-‘\
{(7)
Total Load in the Structure : 26999 lbs

1 2 3 4 5 6

9-10 955 1076 1015 = 4100 5302
10-11 1076 1061 1068 4314 5796 .
22-23 1439 1392 1415 ° 5716 5192
23-24 1498 1638 1568 6334 5554
35-36 1275 1186 1230 4969 ° 4048
'36-37 1189 1158 1173 4738 3971
48-49 624 534 579 2339 3531
49-50 378 409 393 1587 2937

TABLE A.2 {(continued)

(8)

USRS TRy XS
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- Total Load in the Structure : 29454 1bs

TABLE A.2 (continued)

1 2 3 4 5 6

9-10 1080 1201 1140 4605 5784
10-11 1217 1189 1203 4860 6324
22-23 1576 1517 1546 6245 - 5664°
23-24 1626 1786 1706 6892 6059
35-36 . 1392 1345 1368 5526 4416
36-37 - .1342 1326 1334 5389 4332
48-49 651 565 608 2456 3852
49-50 406 433 419 1692 3204

- (9)
Total Load in the Structure : 30681 lbs

1 2 3 4 5 6

9-10 ° 1174 1264 . 1219 4924 5996
10-11 1264 1271 1267 5118 5500 "
22-23 1626 1548 1587 6411 5947
23-24 1685 1860 - 1772 ' 7158. 6427 3
35-36 . 1459 1420 © 1439  5813. 4589
36-37 1404 1404 1404 5672 4497 °
48-49 686 581 633 2557 3920
49=50 413 452 432 1745 3216

(10) -

Toale.
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- Total Load in the Structure : 31908 1lbs

1 2 3 4 5 6

9-10 1228 1334 1281 5175 6032
10-11 1310 1345 - 1327 . 536l 6500
22-23 1720 1650 1685 6807 6091
23-24 1771 1969 1870 7554 6500
35-36 1486 1498 1492 6027 5076
36-37 1439 1498 - 1468 5930 5117
48-49 694 - 624 659 2662 . 4180
49-50 437 472 . 454 1834 3465

(11)

TABLE A.2 (continued)
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- TABLE A.3

failure.

Vertieal Deflections for Joints 45, 71;
48, 76 of First Model According .
to Computer Analy51s ‘ : .
‘ Cycles(l) Loaa‘ | Deflection (in)-
' (1b) Joint 45 Joiné 71 |Joint 48 | Joint 76
1 ..{30431 | 0.414 0.560 0.710 0.770
2 31037 | 0.426 0.577 0.728 0.789
3 34418 | 0.558. 0.784 0.908 0.973 = °
4 37042 | 0.763° 1.119 1.187 1.268
5 37070 | 0.765 1.122 .} 1.190 1.271
6 37333 | 0.792 1.168 | 1.226 '1.309
7 37432 [0.807 1.195 1.248 1.333
8 37849 | 0.881 1.326 1.359 1.451
9 38786 | 1.077 1.480 1.487 1.592
10 39539 | 1.254 1.773 1.742 1.870
(1)

Each cycle gives the load 1ncrement for the next strut
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FAILURE OF FIRST TEST MODEL
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Experimental (a)

——— Computer analysis (b)
10,000 - A |

~

Load in thé structure 31,908 1b.

5,000 A _
s Load in the structure ,
14,727 1b.
} 5 x 1' = 5¢ {
FIG. A.8 FORCES IN THE MEMBERS ALONG THE ASSUMED YIELD i
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40,000
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- .Experimental

. —.—.— Computer analysis
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OF FIRST TEST MODEL -
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FIG. 'A.9 LOAD VERTICAL DEFLECTION CURVES FOR JOINT 48 ‘
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(1b)
40,0004 . - -
39,5397~ ~ 7 -
_ d e
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N Experimental
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1 2 {in)

FIG.  A.9 LOAD VERTICAL DEFLECTION CURVES. FOR JOINT 76

OF"’ PP‘I RST TEST MODEL
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"TABLE A.4

Measured Vertical Deflections of Joints 45, 71,

55, 76, of Second Model

88

Vertical Deflection (in)

Load
(1b) Joint 45 | Joint 71 | Joint 55 | Joint 76.
1 2 3 4 5
0 0 0 . o o
2450 10.102 0.105 0.242 0.140
4909 .0.224 0.241 0.417 0.330
7350 0.375 0.412 0.632 0.550
9800 0.557 0.615 0.857 0.780
12250 0.744 ° | 0.815 1.097 1.030.
13475 0.862 0.915 1.267 1.220
14700 0.939 — | 1.005 . 1.377 1.340
15925 1.044 1.117 1.532 1.500
17150 1.144 1.230 1.682 1.650
18375 11,334 1.375 1.792 1.850
.
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b - . .
Vertical Deflections of Joints 45, 71,
76, 55, Second Model According
to Computeér Analysis ,
. i’.._oad . Vertical Deflﬁecti‘on‘ (in)
(1b) -
Joint 45 Joint 71 Joint 55 Joint ?6
1 *x\ 2 3 4 5
16532 0.528 0.628 0.778 0.758
17977 0.599 0.728 0.874 0.853
19370 0.677 0.827. 0.976 0.954
20975 0.826 1.047 1.171 1.149
21493 - 0.886 '1.130 1.245 1.223
22202 0.974 '1.238 1.352 1.329
23949 1.292 1.694 1.782 1.749"
23959 1.294 1.696 1.789 1.751
| | , 8
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(1b)

30,000 .

029,959 | __._ S

120,000 | s ' . : - .
18,375 |lo——_ i ___ : : \ o - |
16,532 | ____ 7 _

. / T Experimentai!.‘

/ -‘ ' ——'—'— Computer anaiysis
10,000 4 /

3 \ T | A
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(1b)

30,000

23,959

20,000
18,375

16,532

10,000

FIG. A.10 LOAD VERTICAL DEFLECTION CURVES FOR JOINT. 71

Experimental

——————— Cbmputer analysis

OF SECOND TEST MODEL
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(1b)
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Experimental

—-—-— Computer analysis
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FIG. A.10 LOAD VERTICAL DEFLECTION CURVES FOR JOINT 55

OF SECGND TEST MODEL
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16,53

(1b)
30,000
23,959

20,000
18,375

10,000

FIG. A.10 LOAD VERTICAL DEFLECTION CURVES FOR JOINT 76

Experimental

Computer analysié

(in}

OF SECOND TEST MODEL

(4

93

o e,

Nyt

¢ o et

et e T
ST Dy S

[
pafa e L Il

i

e e
LS ST
iRl

v



94

| FAILURE OF SECOND TEST MODEL
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TABLE A.6
Vertical Deflections of Joints 27, 4%,
'35, 53, of Third Model According
N ~to Computer Analysis
. Vertical Deflection (in)
Load . ;
(1b) Joint 27 | Joint 49 | Joint 35 | Joint 53 v
1 Jo2 3 4 5
l6856 "“10.325 0.430 0.506 0.490
18865 . 0.395 " 0.547 0.610 0.593
21660 0.516 0.718 | 0.780 0.761
23292 0.638 0.928 0.963 0.951
| "
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' TABLE A,7
. Measured Vertlcal Deflections of Joints
¢ . 27, 49, 35, 53 of Third Model .
) Vertical Deflectlon (in)
. - Load
' (1b) A T o
Joint 27 Joint 49 | Joint 35 Joint 53
1 2 .3 4 5
0 0o 0.000 0.000’ 0.000
| 2450 '0.055 - 0.070 0.090 0.082
Yoo | 4900 0.160 _ | 0.200 .0.232 0.230
9800 0.380 0.490 0.550 0.572¢
, 12250 ¢ 0.530. 0.685 0.732 0.756
) 14700 "1"0.710 0.875° " 0.960 0.985
15925 0.800 0.950 1.075 1.080
17150 0.885 1.040 1.195 "1.220
18375 - 1.025 1.195 1.340 ©1.380
19600 1.140 1.330 1.490 1.530
20825 1.290 1.500 1.680 .1.720
' 22050 . 1.420 '1.665° 1.840 1.880
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_FIG. A.12
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LOAD VERTICAL DEFLECTION CURVES FOR JOINT 27
) OF THIRD TEST MODEL
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FIG. A:.12
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LOAD VERTICAL DEFLECTION CURVES FOR JOINT 49
OF THIRD TEST MODEL
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FIG. A.12 LOAD VERTICAL DEFLECTION CURVES FOR JOINT 35.
 OFTHIRD TEST MODEL
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FIG. A.l12 LOAD VERTICAL DEFLECTION CURVES FOR JOINT 53
' OF THIRD TEST MODEL o
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