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ABSTRACT

PR

Investigation of Spherical Nodes Applied
To Tubular Space‘étructure

O . Y
Dante D.G. Sicuso

(

) The material presented in this technical report covers the results
of an experimental 1nvestiga;ion aimed at determining the strength of a
.spherical joint which was proposed for connecting tubular members of a
doub\e—iayer grid structure, designed as a flat roof construction,

covering a gymnasium for the C,E.G.E.P. du Vieux Montreal.

The experimental joints were designed and fabricated in such a
manner as to simulate a typical joint configuration which exist in the top
and bottom layers of the structure. The joints were made from low carbon
structural steel plates, shaped into two hemispheres and welded together
to form a hollow sphere. In the experiment, the spherical joints were
placed in a special test frame that was designed to simulate the Tload

variation within the same plane as that of the actual structure,

The experimental investiéation demonstrated a satisfactory per-
formance of the loaded joints and resulted in test loads which were in

excess of those predicted by the allowable stress method of design.
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Since only a few tests were conducted, the above mentioned obser- .
A
M vations should not be .considered as final conclusion on the behavior of
these joints. Nevertheless, the author Eeﬂscﬂders that the above results ~

v,

are consistent with the structural perfomance of these joints, particu-

larly with respect to large p1asti¢"rﬁs&es of such s
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CHAPTER 1
INTRODUCTION
1.1 General

While ‘space structures are not new in concept, an increasing

interest in them has become very noticeable during recent years. The

basic objective is to obtain greater structural efficiency and botentia1

cost 5Saving through prefabrication and standardization of component parts.
They also provide the economic answer to many design requirement such as

covering large areas without using interior columns.

1

Many space structures have been designed and constructed using a
variety of configurations and jointing methods. The most important econo-
mic consideration in the design of space frames is that of determining how

the joints are to be fabricated.

There are numerous possibilities of joint details. The choice of

joint or connector depen

on the following considerations:
pes of members.

- o, - Sizes of member’s . . '

‘//////// 3. ' Geometric relationship of members.



4. Connection techniques such as we]dihg, bolting or

v the use of special connectors.
5. Desired appearance.
6. Load capability. y -

A connector is the most important part of any fabricatéd system
and the, final commercial success relies directly on its effectiveness and
simplicity. Several patented connectors have been developed for use in
joining tubular sections, but the author has found that the premiums which -
have to be paid for most of these patented devices do not justify their

B use.

s

-~

1.2 Previous Work \i:D.

Many different types of connectors have been proposed for spéce

structures, some have been used in practice,(but only a few have survived
the test of time. Some designers have made the mistake of trying to
produce a universal connector suitable for all types of structures. As .
a rule, such attempts have produced connectors which have been unnecessa-
rily complex, too sophisticated and consisting of too many parts.

Table 1.1% gives a 1ist of systems dealt with in the past, inclu-
v ‘ ding their main characteristics. This list is by no means exh;ustive, but

is restricted to systems for which adequate documentation can be obtained.

/

I3
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On close examination of the table, the reader will observe the

following: -

a) A large proportion of these three-dimensional or space
structures was designed and built before 1960, prior td
the advent of electronic computers iﬁ‘design offices - a

rather surprising fact.

b) Steel is the material most commonly used. Aluminum has
been included as a standard material under the "Triodetic"
system, while for the "Mero" system, steel is preferred

although aluminum is not ruled out.

c) Nearly all available steel sections have been considered
for fabricating the components of space frames, but the

tubular section is mostly used.

The documentation on the above systems gives little information
about how the components of the connectors are fabricated. This is under-
standable since in spite of the protection by patents most fabricators
hold the view that when their.initial patents expire they may yet be
granted Tong term protection by virtue of their improved methods of fabri-
cation. Nevertheless the reader will 6otice in Figures 1.1% to 1.68%
inclusive, the relative size of the nodes and the desire to maintain some

degree of simplicity in the joint details of the space truss members.

)
[l
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1.3 Scope . | o
For the space frame structure described in this paper, a direct ;

connection betweéh the tubular sections by using a holiow sphere was . )

decided to be the best solution. This concept taken after the German ’ é:ji\

"Oktaplatte" system, shown in Figure 1.5, was introduced to the market

by the Mannessmann coﬁpany, after acfuiring the patent rights from

H. Konig., The main element of thjg system is a hollow sphere made by

welding togethe&?two semi-spherical shells, reinforced by a diaphragm

sandwiched between them, as illustrated in Figure 1.6. The only difge-

rence with the nodes used for this project is that the hollow spheres

were manufactured without a diaphragm.

’ N

The objective of the investigation described in this report was
to: - ' B °

(1) determine the behavior of a hollow spherical node uﬁder
different load combinations and to ascertain whethér the
joint test results would substantiate the actual(dgsign
Toads; J

5
(2) verify the plate thickness required for each sem1=spheriéa1

shells;

(3) provide design aids for designers-and engineers. .

~
¥
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CHAPTER 2

FLAT ROOF OF TUBULAR SPACE STRUCTURE
2.1 Introduction

A space structure may be defined as a three-dimensional assémb]y
of elements resisting loads which can be applied at any point, inclined
at any angle to the surface of the structure and acting in any direction.
There are many types of space structures. These take the general form of

(13

simple monolithic grid, double layer grid, and coplanar system (folded or

curved structures).

The historical deve1opmen£ ofngrids has been well documented by
‘Makowskia. When lattice construction is used to obtain a f]at;surface,
the familiar terminology to describe the structure.is a grid. A grid
framework can be desgribed as a continuous monolithic plane system usually
symmetrically tied together by a series of longitudinal and(transverse

members to resist all applied forces acting normal to the system's plane.

Since the load in a grid system is carried by bending, the bending -
stiffness is increased most efficiently by going to a double-layer system.
In these systems the ends of the members are usually considered pinned 50

a large three-dimensional space truss results. These three-dimensional
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2.2 Description of Structure

Q

The space frame outlined in this paperlis essentially a series

* of three-dimensional trusses in the form of a double-layer grid system.

,

The height of the double-layer grids (i.e. the distance between the top;§
and bottom layers) is 8 ft. The roof system is a staggered panel point3
space truss formed by offsetting the top and bottom chords by half a
module in plan. The triangular grid on the top and bottom layers is
formed of modular isosceles triangles 7 ft. 10 1/2 in. high with a base
of 10 ft. 6 in. The joints of the top and bottom chords of each trusses
are interconnected by diagonal bracings with such a distribution that the
result is a series of irreqgular tetrahedra repeated close to each other,
The reader will notice, with the help of the key diagram in Figure 2.1,
the grid arrangement of members in Fiqure 2.2,
;

Designed as a fiat roof structure, it consists of 3643 round
Hollow Structural Sections (HSS) and 783 spherical joints to cover an
area of 27,800 square feet. Measuring 135 ft. 8 in. by 204 ft. 9 in..
with no internal columns, the structure weighs 171 tons or 12.3 pounds °
per square foot and has a 8 in. camber in the short span direction, as
illustrated in Figures 2.3 and 2.4.. The perimeter of the space frame
was enc?osed by a welded facia frame measuring 5 ft. 5 in. in width by

27 ft. high, as shown in Figure 2.5. The structural roofing is provided

by 3 in. 22 ga. galvanized acoustic deck.
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2.2.1 Nature of Members

.

As in the case of a plane truss, loads from the roof deck and
suépended elements are transferred to the upper joints by means -of conti-
nuous roof purlins, 417.7 spaced 7 ft. 10 1/2 “in. on centres, welded on

top of the spheres.

The connections between the nodes were affected by means of Hollow
Structural Sections (HSS) of variable diameters and wall thicknesses, as
shown in Table 2.1. The tubular sections for the top chord ranged
petween 5 9/16" 0.D. X 0.3750" and 0.7580" wall thickness for the longi-
tudinal members and 4 1/2" 0.D. X 0.3125" and 0.1875" wall thicknesgmfor
the diagonal members. The bottom chord members fanged between 4 1/2" 0.D.
X 0.3125" a;d 0.1875" wall thickness for the longitudinal members and
4 1/2" 0.D. X 0.1875" wall thickness for the diagonal members. The dia-
gonal members between the top and bottom grid interconnecting the joints
of the top and bottom chords was 3 1/2" 0.D. X 0.1875" and 2 3/8" 0.D.

X 0.1875" wall thickness was used for the truss vertical web members on
the periphery. The toﬁ and bottom nodes at the ends of each truss were
tied transversely paralliel to thé grid and perpendicular to. the trusses
with a 2 3/8" 0.D. X 0.1875" wall thicknéss. ; \ i3

-

The material employed was Grade 50 conforming to CSA Standard

G40.17-1969 "Cofd-Formed Welded or Seamless Hollow Structural Section"

for the 5 9/16" 0.D. and to CSA Standard G40.16-1969 "Hot-Formed Welded

or Seam}ess Hollow Structural Section" for the remainder. The HSS

ki
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" TABLE 2.1 DESIGNATION. OF TUBULAR MEMBERS

?

© Members -

Diagonals

 Longitudinal
Actual 0.D. Wall Th1ckness,‘ Actual 0.D. Wall Thickness

(in.) ‘(1n.) (in.) (in.)

Top Chord 5 9/16 0.2580 41/2 0.1875

' “ 0. 3750 0.3125

Bottom Chord 41/2 0.1875 41/2 0.1875

| | 0.3125 \

Bracing o 3:1/2 © 0.1875

. 0.3125

Transverse Ties . 2.3/8 0.1875
L]

rd
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supplied by "Stelco" are now produced in Class H - Grade 50 conforming to
CSA ‘Standard G40.20-M which are stress relieved. Residual stresses in
theqC1ass H produét are re1£tive1y small and give superior structural
performance. The largest section used was capable of resisting a maximum

compressive axial load of 130 kips.

©2.2.2  Joint and Support Detail - . , -

Theoretically the members should have spherical (ball-and-sockets)

hinges at their ends - a most difficult condition to.realize in practice.

of a11‘things which affect the joint details the most important
is that of appéérance and therefore the best detail is usually the one
. \ ‘

which has the best appearance. In general, welded joints which do not use

connection devices seem to best satisfy the requirement of appearance.

The geometrié relationship between members played an important
role in the selection of the diameter of the.spherical node. In addition
thg selection’ required special study of angles of intersection and acces-
sibility for welding. To accommodate the framing of ten tubular members
(six on the horizoﬁtal grid plane and four diagonals between the top and
bottom grid) of differgnt diameters framing at a joint, a 12 in. diameter
h9110w sphere was used at all the nodes. A typical bottom chord joint is
shown in Figure 2.6. The spheres were fabricated from CSA G40.12 matér1a1
having a yield of 44 ksi, (Now replaced by CSA G40.21-44W or G40.21M-300W

metric version).

Ny
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The number and 1ocat10nuof supports used is pr1;é1pa11y a function
of‘the plan requirements and the stress levels in the members as determi-
ned from the analysis of the strucfure. The support system,consisted of a
totai of 78 steel base plates embedded in a peripheral concrete wall foun;
dation to receive the load by means steel-reiﬁforéed elastomeric bearing

pads (Grade 50, durometew), as shown in Figure 2.7. The supports at the

four corners of the space frame where fixed bearing type to resist expec-

ted lateral, longitudinal and uplift forces; these supports did not have
any elastomeric pads, as shown in Figure 2.8. The remainder of the'
supports supplied at each node on the foundation were expansion bearing

type, free to move only in ‘the direction perpendicular to the peripheral

<
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o "7 CHAPTER 3
d
FABRICATION OF HOLLOW SPHERICAL NODES .

. 3.1  Introduction
With the tubular members welded éoncentrica]ly to the nodes, their
center-lines are directed to the center of the sphere, whatever the angle
, ofAéhtry. Tﬁe behaviours of such a joint is complex. First, such a joint
exhibits plastic as well as elastic deformations under service loads.
Secondly, the considerable number of members meeting at a jqint generates
‘3 v}athap com£1ex»tr1—axia1 stresses in the spheres. Thirdly, the effects of
the magnitude and distribution of the residual stresses, produced from
. sdbsequent fabrication operations such as flame cUtting of plates, cold
forming and welding, are too complex to evaluate by direct measurement.
Fourthly, there are multiple ways in which the joint can fail. Hence, the
vtheoretica](determination of the spherical joint strength, even under
static 166ding coﬁditions, is most difficult.
| As no rational procedﬁre for selecting the plate thickness of
such syheres was available, it was decided thé@ the wall tﬁickne;s (1)
should be at least 5% of the outer diameter (D) of the sphere. The
decision, although somewhat arbitrary, was influenced by published Ee;t
results for connecting round members to round members using Hollpw \\.

Structural Sectioﬁés, as shown in Figures 3.1 and 3.2. N
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Figure 3.1 Round Web Members to Round Chord Members
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v Therefore,\for a sphere having a diameter 12 in. 0.D. (i.e.

0="12).

—
"

0.05 D o -

, = 0.05x12°
- 0.60% /

. "\ * Lt ;

Thé other noteworthy observation from the results represented in
the chart in Figure 3.2 is that for top and bottom grid chord members
having 4 1/2" 0.D..and 5 9/16" 0.D. the values of d/D are given as: ¢

L] ‘ -
. ~ i *

"For4 1/2" 0.D. HSS

r

¢, ' ’ . L
b
W

d_4.5
o= T?ét’ 0.375
. \

For 5 9/16" 0.D. HSS

. !
d _ 5.5625 _
01z 0%
(
r ‘ ' l '/
and, for the plate thickness T = 0.50" the value of¢

A ¥ .
T _0.50 _
p- 1z - 004 |

¢ Yy #
’ +
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the joi"nt efﬁciency would be 95%. This was considered contingent on the

stress level in the tubular member.

’

[}

To verify the adequacy of this arbitrary criterion for a sphere,

-axial load tests were perforfned on 1/2" and 5/8" nominal wall thickness

sphere specimens and the results will be presented in Chapter 4.

' ' <

7 3.2 Fabrication of Semispherical Shells

In the initial stage of fhe project,, the use of cast .steel \hemi-
spherical shells was pursued but none were available. It.was then
necessary to employ two hemispheres made from.;;tee1 plates (blanks) and
shaped by the spinning process. The blanks made from'a 1‘7" 0.D. x 1/2"
plate with a 15/16" diameter h'o1e in the center of the plate, as sﬁown in
}?1gure 3.3, were all .suqucted to ultrasonic examination to detect any
possible inclusions that would feduce the ductility in the through-thick-
ness direction of the plate which could have resulted in local separation

or Tamellar tearing of the steel.

The spinning operation was carried out by rotating a blank on

a rigid lathe fitted with a dh’ving head-stock which‘wasla1so utilized |
as a mandrel having the shape of the hemisphere, tail spindle and a ha
roller forming tool. The blank was held in position by fixtures as it
rotated and the material was formed by applying a steady pressure with the
roller forming tool. The spinning started from the center of the blank,

working towards the edge. Power spinn;ing was emplioyed for the 1/2" thick

-
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plate thus reducing the wall thickness of the metal at the edge of the .
hemispgg?é. This reduction in the thickneés of the metai was acceﬁtab1e
based on the résults obtained ‘from the axia) tests on the joint, provided
the reduction in plate thickness did not exceed 1/8". The results in

plate reéuction for the 1/2" thick plate are represented in the graph of

Figure 3.4.

The hemispheres were completed with a prepared 22°30" machined
feather edge. They were trial assembled with a backing ring so as to
ensure that a gap of 3/32" or less between the hemisphere 1.D. and the
backing ring be obtained, as shown in Figure 3.5 and as illustrated in
Figure 3.6, and also to verify that the outside diameter tolerance of

+ 1/16" was achieved.

3.3 Welding of Spherical Nodes

3.3.1 Welding process

1

Perhaps the most frequent criticism of welding is its cost. The

‘cost of welding can be represented by:

Where C = cost of completed joint -~ $/ft
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Figure 3.5 Prepared Edge Configuration of Hemisphere
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cost of labor - $/ft
R = rate of joint completion - ft/fhour
X = cost of consumable - $/ft.

and the rate of joint completion is a function of wg]ﬁ metal depositing
rate, the volume of we1d‘meta1 in the joint and the duty cycle of the

welding process.

The depositing rate of the welding process is the rate at which
metal can be deposited into the joint and excludes metal losses between

the electrodes and the joint due to spatter.

Duty cycle is defined as the ratio of arcing time to paid time,
or the percentage of time that a welder is actually welding, as distinct

from cleaning and deslagging and adjusting equipment. There are a number

_of factors which can influence the duty cycle, but the single most si%(

nificant factor is the degree of mechanization of the welding process.
Hence, the Welding process used for welding the spherical nodes were

submerged arc and gas metal-arc welding as defined below:

The "submerged arc Qe]ding"'process is essentially an automatic
welding process in which the e]ectrodeqis a bare wire fed ffom a coil’
to the point of welding by means of pbwer driven rolls. Shielding i;
provided by feeding a granular fusible material, called flux, to the
point of welding. The flux envelops the arc and the molten weld, pro-

tecting it froﬁ the atmosphere. In addition, part of this flux material
. ‘
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is melted and converted into a slag which fToats ?n top of the weld and
gives further protgction to the weld. This process%is illustrated in
Figures 3.7 and 3.8.
|

The "gas metal-arc welding" process is genéra]]y a semi-mechanized
system, whereby the electrode consists of a coil of solid bare wire auto-
matipa1]y‘fed through a hollow flexible cable to qhe Qun and regulated in
the joint. The wire is protected with am»externaf gas shield. The
process is semi-automatic when the qun is gquided ﬁanual1y, as shown in

Figure 3.9, and there is no slag tg remove. / -

3.3.2 Splice Welding of Spheres |

Prior to start of mass-productioﬁ\experimenta] weld tests were
A\
performed to determine the feasibility of ¥abricating steel spheres
employing backing.rings. The objective was to minimize welding costs and

maximize production by fabricating a single repetitive spherical node.

The base material used for the test was four (4) pieces of HSS’
12 3/4" 0.D. X 11 3/4" I1.D. X 1/2" wall thickness X 6" 1ong, conforming |
to CSA G40.17 having a yield of 50 ksi; Each ends of the tubular section
were prepared by machining a feather edge, as shown in Figure, 3.10, to‘
provide the weld joint configuration, as shown in Figure 3.11. The steel
backing is a carbon steel Robvon type CCC backing rings supplied to fit

a nominal round section of 12".
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Figure 3.7
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.

Submerged Arc Process for Welding of Spheres
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.Figure 3.8 Close-Up View.of Submerged Arc Welding Process o
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Figure 3.9
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Gas Heta1-Arc Welding Process
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Vsagl

’

The‘sp]ice welding was carried. out by submerged arc welding

process using the following weiding equipment, consumables and current: -

oA ﬁinco]nfSA 800 power source with ;gpinﬂe UCC3 welding méchi%e

using a 3/32" diameter Lincoln L61/

conforming to CSA Sfaﬁdara W48.8 and DCSP current.

-

0 wire/flux combination

The welding time per tubular joint can be divided into three (3)

S
~ [ 4

;£

g

(a) Sef-up time - i.e. fitting and cutting of backing ring to

~

siza, tack Qelding and set-up”in positioner - 7 minutes.

t A Jy .

L

(b) Three (3)hpasses were required to\cohp]ete the weld.

sefquence and-parameters.

)

3 min.
3 min.
% min.

9 min.

o

Data Sheet D1, as shoﬁa in Table 3.1, for the welding

40 sec.

15 sec.

58 sec.

53 sec.
3

1st Pass - Qelding time was
2nd Pass - ' welding time was
3rd Pass_- w§1ding time was
' W
‘Total Welding Time was
’ . ¥
(c). Miscellaneous time required e.g. cleaning rings and weld
o joint and removal of flux - 13 minutes.
o : ,
«
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‘Welding Data Sheet for Weld Test.

DONNEES DE_SOUDAGE

W rEURLE OF Dousiss
0ATA SHEET WO

‘ WELDING DATA
M Of .
PMROCESS °

SUBMERGED ARC

D1

'we soCIMCaNION 08 SOVOASE
CROMS ISR %0

ss
w3

B8R

(SA-G40.17 Gr. 50

_Lingoln L61 - EMI2K

LAME
No# commencim €T
TARLE DES SAANALS

sonpem: 16 (flat)

Teue. 08 Padcnaverast, NIL

TeNR o IeTERPases NIL‘ N

reTTRArie ™ robyvon Type.ccc Backing Ring
XTAL D APFORT-IILLAR NETAL )

€/

45°

3 3
i
2 Ya:
i

1
'\—-K o
e
/ _.J/"" l— \— ROBVON TYPE CCC
12%" 00

magenemans | incoln 880-F62 .. BACKING BING
n 1 0. /
g4g-g48 -,
GAZ DR PRETECTION i . pen
SHIELOING 8AS L. ar . Terw
AL DE TRANARD ., ~ i refl .
TROLNG 648 L. ar X . em
SAZ DR SOUTWN 3 ren CAOQUIS DU JOUNT
saGORe eas i o JOINT sgoMLTRY
4 AnPS wreseg'o voLrs |wresse ou (LtcTmOOL ] -
o N nL ek PPN
cor |coucwr | masst wat reod T, 3D orce | roLamiT
T | mon|Laven | pass | 0% wom ou | 7% + 101 ;u nn/ €30 |roLanrTy
3" ] 1 1 320 - 3] 10.5 {3/32" L61 1-11"] DCSP
2 D 360 - 41 11.8 [3/32" L6l -137] DCSP
3 . 3 360 - 41 2.8 [3/327] Lol -12"] DLSP
]
]
I e T
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Therefore, the total estimated time required to splice weld a

tubular joint was 29 min, 53 sec.

' AN

. Having found the joint configuration in thétgzsts to be accep-

table, the next step was to hass-produce the splice welding of spheres.
For this operation, a jig was devised to hold and position t%e sphere
weldment on a rotator, as shown in Figure 3.12 and as illustrated in

“Figure 3.13. K

The only difference in the joint configuration with the spheres
and that used in the tests is the éap between the backing ring and the
feather edge of the weld joint preparation. A full size sketch, as shown
in Figure 3.14, is made to illustrate the gap. Since the outside surface
of the backing ring is flat, the gap due to the curvature of the sphere

across the weld joint, was calculated to be 0.023".

Splice welding of spheres for the testing program, formed from
172" and 5/8" nomiqa1 thick plates were carried out by subBmerged atré
welding process using the foliowing welding equipment, consumables and

current: -

A Lincoln SAN-600 power source in combination with a Lincoln
Innershield NA-2 Automatic Welder wa%zﬁged for the weld test
using a 0.045" diametef’Linéo1n L50/880 wire/flux combination
conforming to CSA Standard WA8.6 classification F72-EM 13K and

DCRP current.
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View of Jig and Sphere Assembly
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The time required to complete the splice welds for each sphere

can be divided as follows:

» ,
A, Hemisphere #1 to #2 (5/8" nominal thick plate).
a) Set-up time - i.e. fitting of backing ring and mounting

of spheme weldment in jig - 5 min.

Note: Backing ring was not tack welded in‘position, prior
’ to welding of joint. Instead, each nub (see Figure
3.15) was broken off as it approached the welding

head.

. b) Nine (9) passes were required to complete the weld. See
Data Sheet D2, as shown in Table 3.2, for the welding

sequence and parameters.

Tst Pass - 'welding time wa;.t:\3.min. 10 sec. .
2nd Pass - welding time was 3'mié.’45 sec.
3rd Pass - wélding time was 3 min. 04 sec.
ch Pass - welding time was 3 min. 02 sec.
5th Pass - welding time was 3 min. 02.sec.
6th Pass - . welding time was 3 min. 02 séc.
\ 7th Pass - welding time was 3 min. 20 sec.

8th Pass - welding time was 3 min. 20 sec.

¢



-47 -

\ - -

Figure 3.15 iClose-Up View of Hemispehre with Backing Ring and Nubs

4
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Table 3.2 Welding Data Sheet for Welding of Spheres

w rrunLE of sounlzs
CATA SNEET We

Waamtss DE SOUDASE
W ING DATA

we srdcmcanon 0f SOuBass
WRONG IPECH MO,

ss
| AR
des SUBMERGED ARC D2 i;:
RGN osa 62012
sonmens 16 (flat)
Temn og rederaverast
PESHEAT TEER ‘NIL

rewouss Tom o NIL

R¥PPRIEW ™" pobyon Type ccc Backing Ring

LML FAPPORT-PRLLA NATOL
Teernse ™ Lincoln L 50 - EM 13K

NO® COBBERCIAL ET
TALLE DES SRADLES

m l‘ﬂ.:", Lincoln 880-"—72
eaz:ess

SAZ 0% PRSTECTION, i ren
SHILBINe 848 . AT crn
A2 9g TANRARD | i ]
TRANLING S48 ) aY . .. tPm
SAZ 08 SOUTHEN . 1 ren CAGOUIS Ou JOINT
sAGmng 848 ar oPw JONT SEONETAY
ANPS R voLrs Ve oa tLecrrgot
ne AR LA
oirt |coucnt | sasse et Pexp ThiD. shey orem | FoLanitd
T SI108 | LAYER PASS Y ]01 PLED IRM z 7% + 10% oA TYre T30 | POLARITY
\ ’
s/ 111 111 170 - 32 11.37.045"7 50 [I-13"] DCSP
2 2 170 -- 32 9. 6 " " " [
3 ki 120 - 32 11.9 " ! " "
3 4 160 - 32 11.9 " " " "
4 13 160 - 32 11.9 " ! " "
4 [ 160 = 32 11.9 " " " !
5 bi 170 - 32 0.8 ! ! " !
5 8 ]70 - 32 0' 8 i " " "
6 9 ] 70 - 32 ] 2 . 0 " " " "
="
nOTES

2) Cleaning of flux required on first two passes only.

1) Robvon type ccc backing ring not tack\welded in position.




Therefore, the total time required required to splice weld hemis-

phere #1 to hemisphere #2 was 49 min. 45 sec.

. =49~
P
9th Pass - welding time

Total, Welding Time was

was

3
28

Cleaning of flux - required only on first

* 11

- 1st Pass -

2nd Pass -

Total time to clean flux

4
16

Hemisphere #1 to #2 (1/2" nominal thick plate).

a)

. b)

3

Set-up time - 5 min.

Seven (6) passes were required to complete the weld. See

Data Sheet D3, as shown in Table 3.3, for welding sequence

and parameters.

we]diné time

1st Pass -

2nd Pass - welding time
3rd Pass - vwe1ding time
4th Pass - welding time
5th Pass - welding time
6th Pass - welding time

Tota].He1dfng Time was

was

was

was

was

was

was

21

-

min

min

two
min
min

min

min.
min.
min.
min.
min.
min,

min.

. 00
. 45

secC.

sec.

passes.

. 30
. 30

secC.

secC.

. 0 sec.

30
40
40
40
40
40
50

sec. .

sec.
sec.
sec.
secC.
§gc.

sec.

[

/
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Welding Data Sheet for we]dinq of Spheres

W FEUNLS O Dousixs
OATA SHERT A

‘ w::amtss D€ SOUDAGE
"‘2’”‘ gdr A

D3

e spdCmcanon of SOUDASE
YROMS IPECR MO

w§
B8R i

CC I
SUBMERGED ARC

IMIION S (SA 640,12
rouren: . 16 (flat)
T8 o€ Padenaurrass

Teee ‘NI
TENR ¢ WVERPASEE NIL
mMTERTRsE TENS, .

T L APP QT T ALR RATH.
Thkes nang

Lincoln L50 - EM 13K

T
TRAPS Rame ane Li pcoln 880 - F7?
S e
. BACKING

8 A 1.d1.]

SHIBLMNG eAS . ar con

Al OF TRaNAND . 4 ren

TRALING S48 ' . AT .. em

Az on SouTEN | 1 ven cACOWIS Ou JOINT

saGune ¢a8 ar 4] ¢ JONNT SEOMETRY

AmPS " ou voLTS m&% Lfitcrmoot
a L RRM LR
cort [coucns | rasse weg FeED T OTCA | FOLAAIT
T s10K | LAYER PASS Py 101 SPUED LAM i 7: t ]oz DiA TYPrL (& 1] AOLA IIT?

3" 1 1 1 160 - 32 70.0 | .0457  L50 -13" "DCRP
2 2 1 70 - n 9 . 6 1] 4 " "
2‘ 3 1L} - Lid ® N Lia 1) 1

J 4 " - " " " 1t 1] "
J 5 L] - L1 " " W " "
4 6 " - L} " " n " n
| naTes

¢

1)‘ Robvon type ccc backing ring not tack wélded in poéition.
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c) . Cleaning of flux was only required on the isf-pass and
' w
.'was accomplished while welding @he 2nd pass.
&, .

Therefore, the total time required to splice weid hemisphere

#1 to hemisphere #2 was 26 min. 50 sec.

Q v

Where “an excessive gap (3/32" or more)”exists between the backing

ring and the inside surfaces of the hemispheres,. the first pass was made

using the gas metat-arc welding process in accordance with Data Sheet

D4, as shown in Table 3.4,

Q'3.4

L

u
&

A complete welded joint of 5 sphere is shown in Figure 3.16.

Quality Control : .

3
v
"
N

In addition to the u1tra$on1§ examination of the plates prior

¢

to -

the spinning process, before welding; all hemispheres were examined on

R

the inside surfaces by using 1iquid pénetrant. After welding, the weld:

‘and the adjacent material were also examined using liquid penetrant.

cracks were revealed in both cases.

3.5

Summary ' i K b )

OneAcan‘observe from the téest that the volume of weld metal

No

deposited for the same joint configuration i§ 7% greater using 5/8" thick

s
=3 a

bil'ﬁiate. However, the depositing rate with the same welding process is 85%

-

A
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Table 3.4 Welding Data Sheet Using Gas Metal-Arc Process -

mao/wvtzs DF SOUDAGE
W 5 ‘2/”‘ Q‘ TA
-}

mocess: GMAW ROOT PASS
SAW FILL PASSES

13

D4

w» reunal O pountes
DATA SHEET MQ

we spdeimcanon O $OUDASE
SPECR M

ss
w

ws_
BaR

SRBLTRE S 0sh 640,12

res TIOn o 1(; (ﬂat) e
Teme sa redousrrsss -
PRENGAT TTRR 'NIL . e

mreasase o . NIL

revFTRAeA ™™™ Robvon Type ccc Backing Ring
AT ZACPQOT-FIULE XCT S,
E A arer GMAW E70S-3 (A675) .
SAW Lincoln L50-EM 13K
RO8 COMMERCIA T
Tanlg 088

mapsavsiers,  SAW Lincoln 880-F12

45°

“N\

¢ag-gaz (for GMAW only) BACKING —NOTE L
T 0, . & 30-35 44 RING
SAZ DX TRENANY 3 pCN
TRaNING 849 e . AT .« oree cm
eaz o seuUTEn I pen CAQQUIS DU JOINT
saanne sas ar . ern JOINT 8XOMETAY
AnPy voLTS |w ™ tLECTROOC
vITESSE DU VANCEMENT
" iL RRM L LN .
Stk |coucne | rasse wine reeo The. orce | roLamiTi
T | S108 | LavER | mass AT
L ass |, 10% wero Pu t .7 + 10z DA Tyee €30 | POLAMITY
I 1 1 1 160 - 25 Note 3 [.045"] Ae/5 [1-137 DCRP
2 21 170 - 32 9.8 " L50 " :
3 3 9 - i " n " “" "
AL 4 " - 1® " " [} " w
L R [} - 1 n 1" " H n
4 L " - u " n n " "
~
\
noTES

1) Gap 3/32" or more.

»

2) Robvon carbon steel type ccc backing ring std. 12" size.
3) Clean backing ring and groove edges prior to welding.
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Figure 3.16 Complete Welded Joint of Sphere

c



la-

L]
v
.
>~
.
\
»
»
»
© e o
~
(]
1
.
.
[ -
i
3
i
““
2"

Q

we

S : [

-

»

. & <
greater for the 5/8" thick plate-sphere. Thus,"from the above, it can

I-

of ye]ding. ~ . "

i ' a
.
d
o [}
'
.
€ l,. ~ . »
o
o /".’\ .
1
- \ " o
.
.
hd o . 7
.
.
‘ ”
\ Ve
'
x
b @
.
) .
v *

.
»
L] o -
.
.
4 . 4
. H
v
- . ~ ~
- v .
3
- ”
f
a hd n'
.
. 3 R
S o
A}
r -
R -\ ) .
M .
- o=
I3
M 14
. . - \
~ N o
2
e . A ' - o ~ i
( c - 3
- - \ ‘
. g -
rd . , .
-~
- , v, -
N
- ’ .,
Ll . —
J - l N Y .
-g\ - -
’ .
-y = ' -
& M . [ r . -
A . o - L ®
. , Ki »
v {
‘{““ 3 o
- ~ ¥
1 A
. a ~\{\{";‘¢3 ‘ > ® a . 1
\ I B .
[ ‘.i - } ‘
. ) ’ .
B » s
. . p o .
1 4 ¥ .
[

’

. be seen that the depositing rate has a most significant impact on the cost

.

LR



' ‘a ' : - A
- - o '
»
v o )
f .
w‘ - ’ .
. ’ ’ '
° \ _ : - -+ " /
. -
R % ¢ . o
S - LI
- T
- < - » -~ .
- * '
. ’
c‘ N . * ) N\ ’ ,
» . CHAPTER 4
L) -
. ‘ ) , ¢ ' »
’ o . ” ¢ "

' . . ' EXPERIMENTAL PROGRAM

t
v
B
Y .
: . y .
« . '
'
. .
N '
‘ .
.
. v
.
+ 7
. ’ *
f
s . .
, L r
| / ’ "
‘ \
- \
. . L
N
.
. N
- .
Y
- / "
. .
.
//, . v
o e / ‘
, . I4 L
Id - 3
- . R
o
8 . 4
. 6 ,
.
.
- - . & »
-
.
s N M " 3
+ \ o ’
\ ; *
. . '
4 “ R
. - . ' R -~ »"‘ .
- ’
"
. , - L L -
-
A, N —
’ -’




-55-
( 3
CHAPTER 4

™ EXPERIMENTAL PROGRAM

*

. i —
The details of tests and results are de):ribed in this chapter.

-

4.1 Test Specimeéns ‘ ’ ~

For simplicity the tests were limited to one plane representing
two joints, in each.grid layer of the $tructure, having the highest axial
load combination that could occur in practice. The four representative
joints located at the top and bottom chord are shown in Figureé 4.1 and
4.2. The four diagonal members joininthhé doub1é‘1ayer grid were omitted
since the magnitudé of the maximum load in a member was consiﬂered in-
significant (i.e. 4.5%.of the maximum load occurring at a joint in the
horizontal plane).. . L ' o

The tests were carried out on a joint specimen for a series 6f

Toading cases representing the design maxima. These are the following: -
, ' /
(1) the maximum compression loads in a]1\\he chord members;

‘ /
(2) the maximum tension loads in ag11 the members;

-y

(3) (the maximum ténsion loads in four members and compres%jon

P ‘

L}
x:: Joad in two members; " o
. ]
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PLAN VIEW OF TOP CHORD MEMBERS.

Figure 4.1

Location Plan of Joints 327 and 411

e e o ey



102'- aY2"

.4

PLAN VIEW OF BOTTOM CHORD MEMBERS

Location Plan of Joints 103™and 203

Figure 4.2

Q

o

PR




-88-

/

(4) the maximum compression loads in four members and tension

N

loads in two members.

The joint specimens were two 12" diameter spherical nodes, each of diffe-
rent'wa11 thickness being 1/2" and 5/8". Details and load tases of joint

tested are indicated in Table 4.1.

The axial loads applied to the test specimens were achieved by
welding six (6) HSS 4 1/2" 0.D. X 0.3125" wall thickness conforming to
CSA G40.16 having a yield strength of 50 ksi. Although the highest design
compression load of 130 kips reduired a HSS 5 9/16" 0.D. X 0.3750" wall
thickness, i1t was decided to use‘the 4 1/2" HSS as this was the only
size available at the time. The design for three of the joints being
tested required the 4 1/2“ HSS. Since the length of the HSS required
for the tests were 6 1/2" long, the compression or tension capacity of
the member would be identical. Thus -

B

Fo A |
6 F A \ *
0 y

N

-

-
H

0.6 x 50 x 4.11.

-

d23.3 kips < 130 kips 0K

Hence the.4 1/2" HSS weré welded to the éphere specimen, at an

angle of intersection of 60°, with a full strength weld.
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TABLE 4.1 DETAILS AND LOAD COMIBNATION OF JOINT TESTED

+

Sphere Wall .

Max. Design Loads (Kips)

Specimen Joint Location Thickness
, Nominal, in. Pi P2 P3
a 327  Top Chord 0.625 a8 -130 -48
2 103 Bott. Chord 0.625 43 130 43
3 203 Bott. Chord 0.625 80 10 -55
4 411,  Top Chord 1 0.625 - 68 -25 4
5 103 Bott. Chord .  0.500 43 1308 43
6 203  Bott. Chord .  0.500 80 10 -55
7 411 Top Chord 0.500 - 68 - 25 40
8 327 Top Chord 0.500 - 48 -130 -48
9 - - 0.500 150 0 0
10 “ - 0.500 220 0 0.

Sign Con

.

»

i
vention: -

ndicate Tension
ndicate Compression
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4.? Test Set-Up

The tests were carried out in the structural shop at Dominion
llBridge-Sulzer Inc. in Lachine, Quebec. The test specimen was installed
‘in a specially designed test frame, as shown in Figure 4.3, which was able
\to apply loads up to 234 kips (117 ton;) in each member,

The loads are applied with three 150 ton capacity ENERPAC cylinder

Jjacks. The jacks are double-acting hollow plunger design that can accom-
modate a rod running through the cylinder. The jacks, when mounted on
the frame can either push or pull on the members. The members directly
opposite to the jacks are bolted to the frame. Fiqure 4.3 show the jacks
mounted on the test frame for an axial compression load application. For
a tension load application on the members, any one of the jacks can be
mounted on the opposite side of the stub bracket. '
N

- The jacks are activated with an electric powered pbmp. Each
pump is equipped-with a four-way directional valve that gl]ows finger
tip control for powered advance and retraction of cylinders with holding
in center position. The pump is équipped with hydraulic gauges which
permit visual reading of the pressure generated by the pump and measures
the input pressure in psi and external loads in tons. Each gauges are
precisely calibrated and highly accurate - within *2% of full scale. The
calibration of the gauges were verified using a reference cell prior to

the tests.
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4.3 Testing Procedures

A typical specimen shown in the test frame is illustrated in
Figure 4.3 and the test results are summarized in Table 4.2, Test results

for all other joints are listed in Appendix A.

Before the start of each test, 25% of the service-loads was
applied in each member at the joint. This was to insure Ehat all jacks‘
and joint specimen were 1ocked 1ﬁto position. The loads were then
released to return &o a zero load condition. Each tubular member welded
to the specimen w;s center punch with a zero and a reference point loca-
tion so as to measure any possible deforma@ion of the joint during the
testing operations.

The testfng of each specimen was started by applying loads in
increments of 20 to 30 kips alternately until 1.6 of the service load
was reached and displacement readings were recorded at each step. At the

end of each series of tests the jacks were activated again to a zero ]oad

condition and final readings were recorded for any deformation.

After completing the series of tests, a tensile test using the
1/2" thick wall sphere specimen and two tubes was performed as Shown
in Figure 4.4. One load of a 150 kips was applied then released to a
zero load condition and final reading was recorded. The next load

applied was equ51 to 1.7 the maximum tension load that could occur in
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Table 4.2 Physical Test Results

susJecT . - ) ' specimen v
: 1
’ C.E.G.E.P. du Vieux Montréal TomT W
Space Frame of Gymnasium Roof , 327 0~
Top Chord’
2 :
<
* READING lL : TYPICAL
. -]
2 ;

SIGN' CONVENTION - -

4+ INDICATE TENSION

| - inpicate COMPRESSION
TYPICAL
} T FINAL
AXJAL -] REAOING READING READING \READING || mgaging | -
LK?:SO /4 P mc'::u '-25f INC’:CS /l 5P |Nc'zts 1 &P lNé:ES :;‘lozno
Pl -12 || - 48] N1 - 60 | Ni1 - 72 1 N1 )l - 77| N1 | B4
Pa -32 -130 Nﬂﬁ"j -163 | Nil |[-195 [ Nil | -208 | 3/32 | Nil
Ps | -12 || - 48| Ni1 | - 60 N?ﬁi - 72 | Nil - 771 NiY ) m
«
I "’{l
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-+ to a zero load cond1t1on and funa1 read1ng was recarded.
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+

the structure (i.e. 1. 7 X 130 Tets say 220 k1ps) The load was released

r

4.4 Summary of Test Results

4

The test results for each joint number on each specimen showed
that no plastic deformation took place under the applied loads equal to
1.6 the service load. The 1/2" ‘thick-wall sphere specimen under the

applied tensile load, with.only‘two_tubes, of 220 kips showed a 1/16"

deformation. It is debatable whether the sphere or the tubular member

was deformed since on the yield point for the two materials was surpas-

v

sed under the applied load. |,

i
However,'it was quite apparent from the result of the tests that

the spherical joint had an adequate factor of safety for thi;‘pﬁoject.

;The test cou]d have been pursued employing Ehinner plate material but

since this could present fabrication and/or distortion fﬁztﬂ!mgjiﬁth the
large amount of weld depoéit the 1/2" nomina1’spherica1 node was consi-
dered acceptable. .
. 2y 7
,b
Q
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., final pos1t10n

\ ) Two types of. Wévren trusses were shop faﬁ)mcated in SGCUONS
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54 " Introduction - - . y R } .
' / AL .

H
-

_ The existence of a cor}creta~foundati‘t)r; waﬁ, did not permit the

use of conventmna] mathod of assembling a\tn/’ee d1mer?10na1 space frame;

L /
name]y assembling on the ground and hftf’nu the finished framework -in its
J » '

The aim was tnen to fabr),cate subassemblies in ‘the shop -

. to make up box- segtjons of"a s1ze :chat wou]d be sat1sfactorvy for handhng

and sh1pp1ng. o o
[ ' : ‘
TR ~ . co

- . ‘ v . . e éa
5.2  Pebritation ° ’
5'.2‘1 Trusses o . i
Dy e | »

‘ v‘ . ’ N . -

£ » -

* making up one half- truss, as ls_hown in ngure 5. 1. " Each sect13n 67 ft.

4 -,
4 . . ¥ k'
) - «
0 , P P
¢ ' ! _
' . ) R . . . “

10 in.

Jomts and tWenty e1ght (28) conhect'mg tubular members
. - ! * J

4t : i . [

1ong and 8 ft deep cons1sted of f1f$een (15) sphemca] noda]

. The cambering of"vth'e..truss was* achiev d by increasing and
- ®
decreasing }the lengths of the top and bottom chord nimber
o «
“‘and ma1nta1n1ng the origifat Tength of the d1agona1 members

respectively
The spheres

were' pos1't1o~ned accurately on a welding jig and’ the tubu]ar‘members, cut

”

. +
'(0' . v

»
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to the required ]enbth,‘were tack welded in place untf] a2 half-truss was
formed. Final welding praceeded with thé'assembly ppsition being changed

tb accommodate the welders. /

»

-

5.2.2 Subassemb1¥

v
' ’

The trusses were then assembled together to form agsubassembly,
shown in Figuregd.?. "Each sybassembly consisted of }wo half-trusses

“with forty- one (41) members protruding from one truss ready to be field
o, ' » ,
welded to an adjacent subassembly. o
T, C e «

<

A total twenty six (26) subassemblies were fabricated each having

@

an overall width of 15 ft. 9 sn., a depth of 8 ft., a length of 67 ft.

9 in.~@nd-weighiﬁg between 12,408 1bs to 17,200 1bs. )

) . N
¢ Y f .
“ " The members were welded to the sphens§ by manual shiglded arc
" " ) ‘ . ! »
« " welding process. A process using a coated electrode which-is.a mild

3

- guided manually by the welding operator,

¢ v

‘steel rod, 14" or 18" long, coated with a flux which melts in the heat

» of "the arc ts provide & gaseous shield from the’ atmosphere. The coated
. ; *, o

» . J ’
electrode is gripped in"an insulated holder which is manipulated or

e
.

1

.o i . )
The weld was .sized to suit the service load in each member.' This

was achieved by usingjeithér ang of the following

types of weld.
7“ N ‘ e'- ) * . n' ! v

-

v
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1. Fillet weld.

2. Partial penetration groove weld. : 7

o,

3. Complete penetration groove Qe]d. !

Only members requiring fillet weld sizes of 7/16" and over hig
to have the ends prepared for groove welds. Members reguiring fillet
weld size of 1/2" and under had the ends cut“square. To ensure thdt the

L
, desired strength of the member would be achieved, each member was iden-

~

" tified with a 1etten'desi§ﬁation that referred to the type and quantity

€

ATl welds were visually inspected and examined by magnetic par- -
) N
’ ~")
ticle method conforming to CSA-W59. Y\
: /

%

of weld required to develop the Toad in the member.

i

5.3 Ereotion - wf)
c. 2
AT

&  special road permit. Each of the subassemblies were hoisted to their

The subassemblies were trucked to the site, under provisions of‘a

relative Tocation witﬁ temporary tubular scaffolds which were positioned
at the onqg;hird points in the short span direction, as shown in Figure
5.3. The scaffolds were eqﬂ{}ped with sérew jacks gt the bottom of each
scaffold 1egltonreceive the camber éhapehand also to remove the dead load

[N

of 'the structure after completion of erection.

.
. . )
| . . .

1




'Figure 5.3
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By

Partial” Erection of Subassemblies Supported on Scaffolds
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The subassemblies were joined to each other by welding the pro-

—— E—

truding members to their respective joints. This operation was repeated

starting at the center of the building and working simultaneously towards

“ the end walls. Upon completion of the space frame and nondestructive

+ .

examination of the welds, the scaffolds were removed. ‘

H

1
/

The scaffolds were reléased from under the roof structure by
. .
working on the screw jacks in the following carefully controlled manner.

P

_—

Eight jack screws were worked on simu]taneoﬂ%Wy by one man each -
a fota] of eigﬁt men. One group of four men with a coordinator commenced
at the north wall; the other group of four with a %scond coordinator
started from the South wall. Thgréfore, with fbuﬁ’?ines of scaffolds
legs, one man was workfﬁg on each end of each line. L4 R
, ‘
The four men of one group simultaneously unscrewed the jacks of
the first leg in their respective lines by one quarter of one turn - no
wmore. Then moving to the second jacks in their respective lines and
simultaneously unscrewing them one quarter turn - no more. At the same
time ‘the other group were performing the same operations working from the
other end of the lines. Both groups continued unscrewing the jacks one

quarter turn until they met at the center, at which time all jacks had

been unscrewed one quarter turn.

The whole process was repeated again commencing from the ehd walls

by unscrewing the jacks one quart?? increment until all jacks had zero load.
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b4 .
. . %
The scaffold towers nearest the end walls came free first so
that when this occurred they would be unscrewed at least two full inches

in order that they could be completely clear of the structure. The same.

' \
applied to each tower in turn as it became free.

] »
It was most important that this procedure be rigidly followed

) . - [N . . : \,
_ since if any one jack were to be unscrewed more than one quarter tyrn

¢ bef?re moving to the next jack, serious damage could be caused to the
T

#roof tubes. , h

%
%

N

i
. The deflection of the structur® was -then Verified for final
camber and lateral displacement after éomp]etion of ré&éwing scaffolds
and found to be in accordance to the theoretical calcu]aggons.
- : e g

{

N

A\
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CHAPTER 6

CONCLUSION
This report provided an experimental methdd-of determining the
behavior of a hollow spherical joint applied with cancentric axial
loads. The worst critical load variation occurring in the space frame

7 was considered.

“

~—

The following conclusions can be drawq from the results of this

investigation:

1. In all cases tes;ed, the results of t%e\tests proved that S

\\& 4 A

the choice of node configuration, diameter and plate

y

) thickness to be correct. ,
2. With the tensile test performed on the 1/2" thick hollow
sphere employing two tubular sections, no excessive defor-
mation was observed after the yield strength in both the \
tubes and the sphere had been surpassed.
- The éuthor realizes that the series of tests does not include
' ~all the members framing at a joint. Hence, further analytical and expe-
€  rimental work is deemed to be required on the subject of hollow spherical

/) nodes with the dbjective of formuTat%ng design rules.

1
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,'\ \ o ¢ + Table A1 Physical TfSt Results “
. \ > . - . ’ ' .\ . ﬂ »
| < \ . <
i susJget ‘ o~y N specmen w
\ : . ‘ .~ »
| C.E.G.E.P. du Vieux Montréal ‘ r s
‘. . Space Frame of Gymnasium Roof ) 103
' v . ’ y Bottom Chord
1 1 ‘ !
' y - / s
% ‘! § S -
‘ READING | X TYPICAL ,
- | Y
I~ .
gy A} |
| .
| .
! ‘ SIGN CONVENTION:
* o
+ INDICATE TENSION
"g —~ INDICATE COMPRESSION
( Pyo—s f Py -
.l
A )
TYPICAL
AxiAL p‘ . READING READING READING RE40ING EATING
L ‘i?:g /4 P ménu 1-25p mc':és "5‘p‘ mc':zs 6P INCHES 2oaghe
il Py 11 43 | Nil 54 | N1 |l 65 |1/32 (1 69 |1/32 1 Ni1

P2 32 130 |1/64 || 163 [1/32 | 195 {1/32 ]| 208 [1/32 | Nil

Ps J 1 43 | N1 58 | Nivj 65 [1/32 ) 69 |1/32 ) Nil
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f + Table A.2 * Physical Test Redults ,
A -t - ! - -
sueJecT . SPECIMEN N®
¢.E.G.E.P. du Vieux Montréal . TIIT
Space Frame of Gymnasium Roof 203 . .. '
* . Bottom Cho¥d
\ : .
lﬂ ‘ . v -
5. ¥ - ’
< ot . <
READING 'l_ g'_*rvplcm.
- _—.2 s 4 A
Py { E(/Ps
v ° SIGN CONVENTION :
* + INDICATE TENSION'
) E — iNDICATE' COMPRESSION
Ppo—0p E-o—'-——Pz
L} .r :
*‘ P! ' ] Pl '
1-0 Y -0 TYPICAL .
axaL | p READING, READING READING neaoing l aae 1T
Lm:g 4 P mt'::cs 1-25p |NC‘M! 18P mclb':u \-6P |Nésts doa
P 20 80 |1/64 || 100 | 1/64 | 120 | 1/32{ 128 | 1/32| Nil
Pe 3 10 Nil 13 Nil 15 Nil 16 Nilj Nil
Ps J-14 | -55 | Niv | -69 | Ni1)| -83 | Ni1[ -88 | Nil] N
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Table A.3 Phy!ica] Test Results
F ‘ v
susJect ¢ ¢ h SPECIMEN N®
C.E.G.E.P. du Vieux Montréal JOINT N®
r Space Frame of Gymnasium Roof 4ﬁ
’ . Top Chord

READING

——— et

o

TYPICAL

ZEROC MARK
———

REFERENCE LINE
‘\—\—75— ,

.0

u.

TETLLTCTLT®

;

SIGN C?NVENTlON‘ :

+ INDICATE

-~

TENSION

,— |INDICATE COMPRESSION

ch——-o 2
- PS ' N Pl i
1.0 1-0 TYPICAL 4
’ [ 4
axiaL | p / . REAOING AEAOING REAQING neaoing || heaivo
';(‘l,:g 4 P INC':ES 1.25p INéI':!S ISP |NCI=£S L8P INé:!S :ﬁm
Pv 1 -17 || -68 | Ni1 [ -85 [ Ni1 |l -102 | N1 | <109 NiT | wid
P, -6 || -25 | Ni1 || -31 | Ni® (| - 38 (- Ni1 || - 40| Ni1 NiT
‘P 10 80 | NIV 50 | NiT 60 | 1/32 64 1/32 || Ni
/—~\
™~ .
_
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Table A.4., Physical Test Results ’
™~ toA )
a -
SUBJECT / ‘ lPICII(N N®
C.E.G.E.P. du Vieux Montréal ) [
" Space Frame of Gymnasium Roof 103
’ Bottom Chord

READING

—
Ll

TYPICAL

‘4

SIGN CONVENTION:

+ INDICATE TENSION
= INDICATE COMPRESSION

TTTLLr o T

4——.P!
'

TYPICAL
axiaL | p AEADING AEADING READING READING || henbing
li?:f /4 P mé:u 1-25R mc':‘m 5P mcI:ts I-6P mc’r':ts Hag "
P 11 43 Nil 54 Nil 65 Nil 69 N1l Nil
Pa 32 130 |1/64 || 163 [1/16 | 195 3/32 {208 3/32 ‘Nﬂ
Ps 1 43 | Nil1 | 54 | Ni1 | 65 | Ni1 | 69 | Nil | Ni1
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’ Table A.5 Physical Test Results
2 4 ‘ : : .
) sueJLCcT SPECIMEN N°®
"C.E.G.E.P. du Vieux Montréal JOINT N®
«Space Frame of Gymnasium Roof 203

. yBottom Chord

READING

ZERO MARK

CTECTTTINNS

SIGN CONVENTION :

+ INDICATE TENSION
= (INOICATEZ COMPRESSION

«—wP, '
TYPICAL
axia. | p READING ALADING READING READING | AoAL o
ore /a P newes [| 125P [ inches|| 3P [incies || 8P |inches | AhEE™
P 20 80 Nil §f 100 |1/32 || 120 |1/32 || 128 | 1/32 | Nil
Pe 3 10 Ni1 13 Nil 15 Nil 16 Nil || Nil
Ps |-14 [l-55 | Ni1 | -69 | Ni1 || -83 | Ni1 || -88° | Ni1X N1
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Table 'A.ﬁ‘ Physical Test Results
S J
susJLcT o ) SPECIMEN N®
5 .
" C.E.GM.P. du Vieux Montrea) JOWT W
Space Frame of Gymnasium Roof 411
Top Chard
Vi
- V4
t y -
READING 'l_ TYPICAL .
P, K - /p, .
£ .
80° SIGN CONVENTION:
+ INDICATE TENSION
809 \adl F - IMDICATE COMPRESSION
¥ 4 \?5)
Py e \?: Hj—i- ;a——.Pl
Py 7o to 0| rvpicad
¢
axiaL | p READ NG neaoinel| AEAGING READING [| me o g
l.“ol:g /4 P mc‘::‘cu i.25pP mc.!:ts 8P mc'o':u 6P mc‘r':ts s
P, -17 -68 | Nil | -85 NIY )l =102} Ni1 || =109 ] NiY )] Nil
Pe -6 =25 | Nil || =31 {°Nil || - 38| Nit | - 40 Nil § Nid
Py 10 40 | N1 50 {1/32 60| 1/16 641 1/16 § Nil
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Table A.7 Physical Test Results ‘
;thtcr srecimén N® 8
+C,E.G.E.P. du Vieux Montréal VOINT N° :
Space Frame of Gymnasium Roof 327
. Top Chord
% §|_ | - "
READING | ¥ TYPICAL
—
Py N :/P;

4

SIGN CONVENTION :

© + INDICATE TENSION
3 ~ INDICATEZ COMPRESSION
Ptq—-—. Ed——-Pz é
Pl ' ' Pl
1-0 1-0 TYPICAL
AxiaL | p . READING READING READING REAOING [| Reacing
Lk?:: /4 P mc':nu \-25P mc"r‘us 5P mc'au 6P mé:ts boag ™
P -12 |- 48 Nil |- 60 HiY (|- 72 -|1/64 |- 77 | 1/32| Nil
Py -32 ||-130 [1/64 j-163 | 3/64 {-195 |1/16 | -208 | 7/64 | Nil,
Ps | 12 |- a8 | Ni1 - 60 | Ni1 |- 72 fsea |- 77 | 1732 Wi




