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CHAPTER 1

TNTRODUCTTON

1.1 Introduction

fn structural steel- work, it has generally been

found that the use of Hollow Structural Sections (H.S.S.)

leads to a more economical and lighter design than conven-

tional rolled sections when members are subjected to biaxial
bending. The superior performance of H.S.S. when subjected

to axial load, makes theír use desirable in trusses where

all welded. construction and intricate joint details result
in an aesthetically pleasing structure. In recent years,

a larger sel-ection of members has become more readily
available, and. as better fabrication procedures are devised,

H.S.S. sections are becoming increasingly popular.

The major drawback to the use of H.S.S. is the

relatively high cost of fabrication of connections. The

automatic tube-cutting machine has greatly simplified the

member end preparation required for connections in trusses

using round H.S.S. for both web and chord members. Sínce

the introd.uction of rectangular H.S.S., the necessary

profiling has been reduced to simple mitring, depending

on the combination of sections used. and the joint geometry.



However, the cost of connections is still quite high when

compared with those required for standard r and wF shapes,

and the required welding is still much more invorved than

the reratively simple straight firret welds required. for
the popular standard steel shapes.

A recent proposal to reduce connection cost and

simplify connection design and fabrication is end flattening.
This connection technique has been used in the past for
light bracing and other secondary members. It has the ad-

vantages of requiring simple fillet welds arong straight
lines, and no profiling. rn situations where an acetylene
profiling machine is unavailable, end frattening allows
connections to be made between round. members and reduces

preparation and fabrication time. The procedure allows

simple connections, of the type used for standard rorled
shapes, to be used with H.S.S.

Photos 1.1, I.2 and 1.3 show profited tubes and

some typical profiled connections between round H.s.s. tubes.
Photo r.4 shows a typical round. to square H.s.s. connection.

I.2 Literature Review

L.2.I Conventional H.S.S. Connections

2



Æ

Some Profiled H.
Joints

Photo 1.1 S.S. Tubes and Typical

Typical Profiled Joint Betvreen Round
H.S.S. Tubes Vüith A Gap

3

Photo 1.2



Photo 1.3 A Typical Profiled Joint
H. S. S. Tubes !üith The
Overlapping

Between Round
Web Members

Mitred Connection of Round Web Tubes
To a Square St,iffened Chord

Photo I.4



Generally, it has been shown that three main

parameters govern H.S.S. static connection strength(2' 6, 9

11, L4, L6, 17, 19, 27, 321, These parameters are:

(a) the ratio of branch width to ehord width (ß);

(b) the ratio of chord thickness to chord diameter
ß/oh and

(c) the eccentrÍcity of the joint (which is a
measure of the distance of the intersection
of the web member axes relative to the chord
axis) or the gap between web members. Nega-
tive eccentricity usually indicates a lapped
joint since the web membersrcenter-lines meet
on the web side of the chord center-line
while for positive eccentricity the web
member center-lines meet on the side opposite
the web members.

fnitially, investigators found that varying the

eccentricity (e) between +D/4 and -D/4 resulted in an

increase of joint efficiency of from 50 percent to 108 per-

cent of the tension member strength. Joint efficÍency is
a measure of the ul-timate joint strength relative to the

yield strength of the tension member incident on that
joint. However, most early tests involved members with
large ß ratios and the corresponding large web sections

over-emphasized the value of eccentricity as a joint
parameter. Vr7hen smaller web members \irrere used, even with
negative eccentricities, the gap between tension and compress-

ion members resulted in low joint efficiency, since a gap

between the web members forced the web loads to be trans-



ferred through the face of the chord member. The large

deformations of the chord face associated with this form

of load transfer led to premature failure of the chord.

It was this transfer of forces between web members, not

through the chord face, that resulted in higher joint

strength. It was also found that the secondary stresses

caused by joint eccentricities of up to !D/2 could be

neglected, since the moments produced were relatively

small for the normal range of H.S.S. sizes.

The effect of varying the member Ê ratio is to

effectively change the joint flexibility. A low value of

ß yields a more flexible joint with a low plastic yield
point, but a large capacity for stress redistribution and

therefore high ductility, while a high ß ratio results in a

higher yield point, but lower ductility.
eorrrkr*p(11) found t,hat as the r/D ra:ío was

increased, the thicker chord waIl relieved the radial
bending stresses in the web tube walls and resulted. in a

stronger joint. Further, he found that the effects of

varying d/D and r/D ratios became less and less signifÍcant
as the degree of overl-ap lras increased. This was sub-

stantiated by Eastwood "t .t [14) who found that for D/r

less than 25, the ínfluence of these parameters \4ras reduced,

and was significant only when load was transferred. through

(3



the chord face. The work of Eastwood et al also showed

that if load is to be transferred through the chord face,

deflections can be reduced by increasing the ß ratio; that
is, by increasing the stiffness of the joint and forcing

load transfer to occur in the side walls of the chord.

Shinouaa(27) found that by increasing the joint

stiffness, joint, and therefore total truss, deflections

could be reduced and a more uniform stress distribution
between members obtained.

1.2 . 1. 1 Circular Chords

Connections of round web members to round chord

members are probably the most complex in terms of end

preparation. For joints where the web members overlap, it

is necessary to have a tube profiling machine since the

web tubes must be profiled in two planes. In sit,uations

where a tube profiling machine is not available, a joint of
this type would be almost impossible to fabricate by hand.

Photo 1.3 shows this type of joint.

Thus, although this type of joint is very sound

structurally, it requires very careful preparation, and if
an acetylene tube profiling machine is unavailable, the joint

is very difficult to construct,

In design curves of T/D anð, d/D (ß) ratios published

7



Ín the H.S.S. Connection Desl.gn Manual published by The

Steel Company of Canada(13), it was found that joint

efficiencies are highest in the range of d/D ratios from

0.35 to 0.5 wit.h 100 percent efficiency occurri-ng at a f/D
ratio of 0.05, for non-eccentric joints between round web

and round, chord members. Bouwkamn(11) i= in agreement

with the results presented in the Ste1co Connection Design

Manual (13). He found further that superior strength

characteristics hrere displayed for joints with negative

eccentricity especiall-y for values of t/D between .01 and

.03 and d/D values between.3 and .5. It is concluded, there-
fore, that a joint with negative eccentricity virtually
giuarantees load transfer between the web members, and hence

large efficiencies.

For joints with a gap between the web members,

larger d/o and T/D ratios reduce the loca1 bending stresses

around the joint and increase the overall strength of the

connection. For such gap joints, these parameters are more

pronounced, since all of the l.oad is transferred by the

chord face.

I.2.I.2 Rectangular Chords

The problems involved when round web members are

to sguare chords usually stem from the fact that
tubes are weld.ed to the relatively flexible face of

attached

the web



the rectangular member, This type of connection can lead

to very large local deformations of the chord face, unless

stiffening plates are attached to the chord., or the web

tubes interact. For joints that use stiffening plates,

sfrinorrda(27) found that stiffening plates produced high

localized stresses in the tube walls at the ends of the

plates when all four sides of the stiffening plate were

welded to the chord. He also found that the ultimate joint

load was the same whether two or four sides of the plate

were weLded to the chord. That is, the high stresses did

not affect the ultimate capacity of the joint. For increases

in the chord axial load above the design value, a load

red.uction proportional to t.he inverse of the stiffening
plate thÍckness (tp) occurred.

A further problem encountered with square chords,

is that significant deformation of the chord. occurs at
loads very much below the elastic limit of the members. Thus,

elastic design cannot be used in selection of members for this
type of joint. Eastwood. and wooA(15) found that the ultimate
load carried by a gap joint was a function of the chord thick-
ness. Design tables and charts have been compiled to relate
the maximum vertical Load that can safely be applied to the

rectangular chord member, and to the parameters T/D and d/D.

I



L.2.2 Flattened-End Connections

Jamm "t .t (19) have claimed that 100 percent

efficiency is achievable in truss connections involving

flattened-end H.S.S. members. Hl-avacek, however, has

found joint efficiency to be 20 percent lower than that for
profiled joints. Washio and Kuroburr"(31) found joint

efficiencies for truss joints involving flattened-end H.S.S.

members to range from approximately 45 percent to 50 percent.

Thís figure must be viewed as very approximate since the

effective lengths of the members involved \¡rere not reported,

and the study was only a preliminary investigation of

experimental techniques.

In t.ests conducted at the Cornmonwealth Experimental

Building Station in Australia, Andersorr(1) found that t.he

ultimate load capacity of cropped-end connections was equal

to the capacity of profiled-end connections. However, the

circumferential stresses around the cropped-end members

\^Iere in general much higher than those for the profíIed-end

members. Hlava."L(17) foo.rd similar results for joints

between flattened-end members. Anderson concluded that the

redistribution of overstress, non-elastic chord waIl

behaviour before failure, the longer length of normal axial

load distribution, direct load transfer between web members,

and the,effect of negative eccentricity in reducing stress

10



intensification in cropped-end members do not adversely

affect the ultimate load carrying capacity of the joint,.

r.2.3 Boundary Conditions For Test Specimens

fn investigating the behaviour of truss connections,

the test specimen normally consists of a single joint between

two web members and a chord member. To simulate conditions

in an actual truss, member segments extending from the joint

in question, half way to the adjacent joints are used and

appropriate boundary conditíons are imposed at the member

ends.

Eastwood, Wood et ut(ls) irrvestigated the effects
of five boundarlz conditions, ranging from pins to rollers,
for the far ends of the members. They concluded that the

bound.ary conditions had only a minor effect on joint

behaviour and used pinned conditions (which simulate con-

diLions in a truss with relatively stocky members) for the

majority of their work. Bouwkamp(t1), ropr"." (3) and washio

and x,rtob.rr"(31) used similar boundary cond.itions.

I.2.4 Effect of Slenderness Ratio

fn tests conducted on profiled members in H.S.S.

trusses by Mouty(23), it was found that for web members,

an effective length of 0.7.&was conservative for design

purposes. These results are not, of course, directly

11



applicable to members with flattened ends. In tests con-

ducted at the university of Manitoba(38), slender tubular
columns with end connections which simulated the effects
of circular truss chords hrere tested. Three different
end preparation procedures (profiling, shearing, flattening
and sawing) were used.

It was found that the profiled joint had the lowest

effective length factor, fol-3-owed by the completely flattened-
end. column and then the sheared-end column, whose effective
length factor was approximately 10 percent greater than that
for the specimen with profiled ends.

1.2.5 Techniques of End Flattening

The two most commonly used end preparation

techniques are flattening followed by sawing, and shearing,

with the shearing action producing the flattening. The two

methods are simple and economical, but care must be taken to
ensure the correct angle of cutting, especially in the

shearing process.

Problems arise also due to cracking of the tube

parallel to its axis.

Cracking can occur at any orientation of the tube

seam relative to the direction of flatt.ening. This problem

is more pronounced for small diameter t.ubes and tubes with

L2



thick walLs since the local bending is more extreme for
these tubes than with larger diameter tubes. Bo,r1o"(7)

suggested preheating before flattening, but this requires

extra time and expense, and will probably resul-t in a more

costly joint. Another solution to the problem is closing

the cracks by welding. This repair can be d.one at little
extra cost during the welding of the joint j-n either the

fabrication shop or on site.
This cracking problem is more pronounced for hot-

rolled sections than cold-formed sections, and probably

relates to material properties and eold working of the

sectÍons.

1.3 Scope of Study

This study represents an initial phase of an

investigation of the load-deformation behaviour of truss
joints between tubular members with flattened ends.

The objective of the present investigation was to

evaluate the relative merits of four types of flattened-end

connections under static loading, to determine which of the

connection types rnerited furtherf more detailed, study. No

attempt was made in this initial study to evaLuate the

effects of various joint. parameters, but rather to simply

compare joints with significantly different geometries.

13



A significant aspect of the ínvestigation concerned the

design of the loading equipment and the development of

appropriate measurement techniques.

1.4 Assumptions and Limitations

Due to the nature of the initÍal projecL, the

test program was limited to static tests using a non-

spring-load.ed prestressing bar. The prestressing bar was

simply stressed to apply a given compression load in the

chord. This prestress load would drop due to elastic
short.ening of the chord when external load was applied.

rf the bar had had large springs between the specimen

loading plate and the prestressing bar bearing p1ate, the

spring would have expanded as the chord shortened and the

prestressing load could have been held constant during

the test.
Another factor that may affect joint behaviour

slíghtly is the loading simulation. In this study, the

compression members vrere supported by pin supports which

simulate conditions in a stocky truss rather than rollers

which simulate a more flexible truss condition.

The study was limited to an experimental deter-

mination of joint behaviour with no attempt to predict this

behaviour analytically. However, other researchers have

L4



attempted to correlate experimental and analytical inves-

tigati-ons in the interpretation of joint performance, and

these results are presented in the next chapter.

15



CHAPTER 2

BEHAVÏOUR OF HOLLOW STRUCTURAL SECTTON JOTNTS

2.1 Methods of Analysis

Many investigators have proposed analysis tech-

niques to aid in the understanding of the stress distribution

around joints, and also to aid in the design of these joints.

von obering and .r.*(24) and Blockley and Eastrood(5) have

used classical t.heories (plate on an elastic foundation

and thin plate theory) with some success for the analysis

of joints in tubular members. nou*k.*p(10) has compared

deflectj-ons and stresses obtained using photo-elastic

techniques with those predicted using the Bijlaard theory

and with the results of a computer simulation by Scordelis (26) 
.

He found that the photo-elastic and analytical procedures

showed promise for finding the stress condition in the

joint. The Bijlaard theory applies for pressure vessels

with the plugs cut out at the joints. This intensifies
loading stresses at the joint and results in a lower joint

capacity.

Jubb and Redwoo¿ 
(20) analyzed the stresses induced

in the chord face using a yield line analysis, in the same

manner that concrete slabs are analyzed. They found that it

16



is a simple and useful method of analyzing a joint, but

requires more extensive tables relating joint eccentricity,
B ratio and the ratio of beam depth to column width for
complete analysis.

Scordelis and Bouwkamn(26) have written a computer

program, based on classical thin shell theory, for the analysis
of a simply supported circular cyrindricar sheIl, representing

a section of a tubular chord member. Utilizing the five
loading cases shown in Figure 2.r, any combination of web

to chord connection can be analyzed.
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Comparing stress and displacement results with
those obtained experimentally, it was found that the

computer analysis compared favourably to t,he results of
Bijlaard and Kempner, Sheng and Pohle.

cr."t"(17) developed a program to automatically

generate a finite-element mesh to analyze pratt type joints

by the finite-element method. By considering slzmmetry,

computing machine functions, the degrees of freedom related
to the basic elements used and substructuring of specimens,

Greste was able to produce a very efficient program to
produce meshes of variable fineness for use with a finite
element analysis program.

Although he concentrated on N type joints (this

work was done in conjunction with that of Bouwkamp), the

program is general and can be applied to any joint config-
uratíon.

In comparing the stresses obtained experimentally

and from the finite element program, it was found that the

results were in very good ag'reement, and that values of
stresses tended to converge rapidly as the fineness of the

mesh was increased.

Of the four meshes proposed, (coarse, medium,

fine and Xfine), Greste found. that for most purposes the

medium mesh could be used, while the fine mesh was more

18



than adequate for analytical studies.

Becker, Gerberich and eolr*k.*p(4) formed a model

to analyze the fatigue failure of joints under cyclic
loading by considering fracture mechanics and. crack initia-
tion and propagation. They devised models based on a two-

dimensional notch crack and a three dimensional sãmi-

elliptical crack, wÍth which they \^rere able to predict the

life expectancy of joints. Their moder was in good agreement

with other experimental findings.
Current work on analysis techniques is d.irected

toward increasing the correlation between experimentar and.

analytical vaLues of the tube stresses and deflections.
As yet, there is no simple way to check the adequacy of
joints other than destructj-ve testing, but as programs are

written for more complex fourier analyses, the level of
competence will Íncrease in this area of design.

Several investigators cit.e failure theories based

on classical methods which are familiar to most people.

The more contemporary theories such as fracture mechanics

and crack initiation and propagation as advanced by Becker

"t .t (4) are at present applicable only for special joint
configurations,

While analytical studies can accurately predict
the elasti-c load-deformation behaviour of some joinLs, the only

reriabre means of establishing t.he actual joint response to

19



stat.ic loading is by experimentation.

In the experimental investigation of conventional

profiled joints and mitred joints between round web members

and square chords, several parameters have been recognized

as playing a significant part in influencing the perform-

ance of the joints. Some of these properties are eccentri-
city (e), T/D ratio and drlD ratio or ß ratio. These properties

are defined bel-ow.

(i) Eccentricity, (e), is the distance above
or below the centroidal axis of the chord
at which the axes of the web tubes inter-
sect. Figure 2.2 illustrates eccentricity.

(ii) T/D is the ratio of chord thickness to
chord diameter. As t.he T/D ratio is
increased, joint efficiency increases.

(iii) d/D is the ratio of web tube diameter to
chord tube diameter. For any value of
T/D there is a value of d/D that gives an
optimum value of efficiency.

In addition, for connections involving flatt.ened

end members, some parameters such as the degree and length

of flattening are introduced. Jamm "t .t (19) state that
100 percent efficiency can be developed when the web tubes

are f lattened to between Drl4 anð, D/5. Hlava."L (18 ) f ot,nd

that joint efficiency decreased by less than 20 percent for
completely flattened web tubes in similar joints.

Consideration should be given to the stress distri-

20
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b) POSITIVE ECCENTRf'CITY

C) NEGAT IVE ECCENTR IC ITY
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bution in the wal-l of the chord member due to the stress

transfer in the decreased developed area of the web members.

This could cause large chord wall deformations at loads

greatly below the elastic limit and, consequently, before

the structure reaches its useful limit, based on the

structural adequacy of the members. Arrd"r=or(1), however,

found that for joints with a web member overlap the stresses

around the joint do not adversely affect joint performance,

regardless of the degree of flattening. For mitred joints

between round web tubes and square chords, Eastwood and

wooA(15) found that the stress distribution around the joint,

for a st,atic loading condition, gave no indication of joint

performance. They concluded that the parameters that alter
joint performance are those that change the joint stiffness
and ultimate capacity. These parameters are the eccentricity,
T/D and ß ratios.

2.2 Failure Criteria
Excessive deformation is probably the best criterion

of the useful life of a member, since plastic deformation

before failure can be very large. With such large deformation,

the structure can become unusable before ultimate failure has

occurred. In tubular trusses wittr end flattened web nernbers, plastic

deformations are usually noticed particularly early around the

joints.

22



Blockley "t rt(6) defined fail-ure, in tests

similar to those described in this study, as a movement of

the loading ram of 0.045 inches per minute, under no load

increase. Attempts to relate the maximum allowable truss

defLection to failure hrere abandoned, since it was found

to be too difficui-t to relate joint deformation, elastic

member shortening and the limiting truss deformations

because the panel sizes and the joint geometry v¡ere variable.

An arbitrary value of 0.05 inch deflection of the chord

face under the compression member was chosen as being equi-

valent to joint failure"

Arrd"r"orr(1), eo.**k.*p(11) and Beale and topru." (3)

used ultimate failure criteria such as buckling, tension

failures and weld failures in the evaluation of their test
joints.

In the present study, the excessive deformation

criterion will be used to define the useful limit of the

connection. Although ultimate failure criteria, such as member

buckling, fracture, etc. will also be examined, it was felt

that because end flattening results in larger joint deformations,

an excessive deformation failure would give a better indication

of the useful life of the structure. Other types of failure

are also possible. For smaLl web sections, the effective

length (Kt) may be fairly J-arge, and the web compression member

23



may buckle elastÍcalIy before the deformation of the chord

face becomes critical. This buckling may be símple Eu1er

Bucklingr or it may be similar to web crippling in standard

rolled shapes. A localized web crippling failure may be

more prevalent in specimens where there is no web tube

interaction; that is where web loads are transferred

through the chord face only.

Another possibility is punching through the

chord face in either tension or compression. This problem

is most prevalent for joints wíth very small T/D ratios
where I-arge web members forces are involved.

2.3 Joint Efficiency

several investig.tot=(B' 11' 12' L4 and 19) have

defined the joint efficiency as the ratio of the failure
load for the joint to the tensile st.rength of the diagonal

member or the yield strength of the first member to yield.
This definition is simpler to use than others,

such as that proposed by Washio and. Kurobane (31) , and is
widely accepted as a standard means of defining joint

capacity with respect to the tensile capacity of the diagonal

web member.

The numerical calculation of joint efficiency ís

not the only means of evaluating the structural performance
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of truss joints. A qualitative evaluation of other factors
i.nvolved in the overall response of the connections to
loading is also possib1e. These other considerations cannot

be neglected due to the nature of the joints being tested.
Probrems such as Euler Buckling, ì-ocaI buckring or other
problems related to end flattening can occur at roads

very much bel-ow the tensile capacity of the diagonal web

member, and very low values of apparent joint efficiency
may result.

rn this study, measurements of the overall specimen

displacements, rotations and the relative displacements

of the web members to the chord tube will be taken. These

measurements will give an accurate record of the test joint
response to statj-c loading. In addition to deflection measure-

ment, some specimens will be strain gauged in order to
measure the distribution of member stresses.
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CHAPTER 3

DESIGN AND FABRTCATTON OF TEST SPECTMENS

3.1 Introduction

The design of the series of test specimens was

influenced by several factors.

Firstly, it was felt desirable to facilitate

comparisons between results obtained in this study and those

obtained by others. Second1y, several d.ifferent joint

geometries involving different directions of web member

end flattening and both circular and square chord members

were to be investigated. It was desired, also to determine,

if possibl-e, the effects of different methods of end

flattening on joint behaviour. finally, in selecting member

sizes, consideration was given to ranges of available sizes,

ease of fabrication and size and capacity of loading equipment.

A total of 1O specimens, involving two methods

of end flattening, four different geometries and both square

and circular chord sections were tested.

3.1.1 Specimen Design

A number of studies(lt 2t 5, 6t 11, L4, 15' 16 and

19) of the behaviour connections in tubular trusses have been

based on a Pratt truss geometry. Consequently, to facilitate

26
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comparisons of resul-ts obtained in this study with those

of the previous studj-es, the pratt truss geometry was

selected.

In order to obtain meaningful comparisons of
joint behaviour for the several joinL configurations

consÍdered, the test specimens were designed to portray
rel-ativel-y severe load.ing and geometric conditions. A

fulI scale truss r¡rzas considered and then scaled down to
obtain the design shown in Figure 3.1. Because of its
relativel-y severe web member loadíng, the compression chord

panel point adjacent to the end vertical was selected as

a modeL for the test specimens. A high strength prestressing

bar was designed to provide the necessary chord compressive

force.

In proportioning the joint, small web members

were matched with large diameter thin-walled chord tubes.

It was hoped that these member sizes would result in
relatively low values of joint efficiency and hence represent

severe tesL conditions. unfortunately, the proposed chord

section was unavailable, and a tube with a thicker walr was

substituted for some of the specimens,

A second consideration in the design of the spec-

imens was the methods of end preparation available. The two

most commonly used methods of end preparation currently in

2a



usei shearing, and flattening and sawing, ÌÀ/ere used in this
test program.

shearing has been found to require a minimum of
fabrication time although care must be taken to ensure

symmetrical- flattening and correct ori-entation of the
sheared planes.

End flattening and sawing is favoured by some

fabricators who have developed special equipment to reduce

the preparation time and thus reduce costs. proper

attention must be paid in the flatteníng of the tubes so

that distortion, as illustrated in photo 3.1, is reduced.

since the purpose of this study was to investigate
a variety of fl-attened-end joint configurations, both circu-
lar and rectangular chord tubes and directions of flattening
parallel and perpendicular to the truss plane were used.

similarly, the degree of flattening was varied from furl
flattening to partial flattening with a gap of å inch
between the tube wa1Is.

As was done in previous studies, it was assumed

that, during loading, truss members tend to deform approx-
imately as shown in Figure 3.2 \^rith points of inf rection
approximately at the mid-length of each member. The test
specimen was consequently designed to consist of a chord
member and two web members, arl extending from the joint in
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Photo 3.1 DisLortion Due To lJneven Flattening

$pecimen 2R1
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question, half way to the adjacent panel points.

The secondary member end moments, which result
from the continuity between truss members, range from very

small- val-ues for trusses with long, sLender members, to

relatively l-arge values for trusses with stocky members.

Eastwood, lfood et. al-(15) employed several types of member

end condit.ions, involving either pins or rollers, to simul

late conditions in an actual truss. After finding that the

member end conditions exerted only a minor influence on the

joint behaviour, they used. the relatively simple pin con-

nections for most of their work.

For this study, the chord and compression web

member supports \¡rere designed. as pin r or rocker, supports ,

with virtual-ly no provision for transverse member, displacement,

while the tension member was applied through a pin connection.

Hence, the joints should simulate the relatively severe

conditions at a joint in a truss with stocky members.

3.2 Specimen Designation

Figure 3.4 illustrates the four joint configurations
used in this test series" A three character designation was

used to identify the various specimens. The first charact.er

specifies the joint geometry by using the digits from 1 to 4.

The second character, letters A, B or C, designates the method
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of end preparation. For types 1 and 2t A indicates flattening
of the tube Lo a \ inch gap and cuttirg, and B indicates
shearing. For types 3 and 4, A indicates complete flattening
and sawing. As the specimens were fabricated in pairs, the

third character, t.he digit 1 or 2, distinquishes each

specimen of the pair.

Thus, 282 indicates a type 2 specimen with sheared

web tubes.

The type 1 specimens had round chord members with
the fLattened members attached to the chords parallel to
the dlrection of flattening, as shown in photos 3.3 and 3.4.
The type 1A specimens were prepared by flattening and

cutting. A , inch gap between the flattened tube walls was

used.

The type 18 specimens used sheared tubes. Shearing

fully flattened the tubesr âs shown ín photos 3.11 and 3.14.

The type I specimens incorporated a positive
eccentricity of D/4 so that the gap between the web members

would force the member loads to be transferred through the

chord tube face.

The type 1 joints, because of their simple end

preparation and straight fillet welding, were the easiest

to fabricate. The preparation of the web members for the

type 2 joints was the same as that for the type 1 joints.
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Photo 3.3 Type 1A Joint Configuration

Fhoto 3,4 Type 1B Joint Orientation
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However, the type 2 joints had zero eccentricity so that

the web tubes required further preparat,ion to allow for

the web member overlap as shown in Photo 3.5 and 3.11. The

type 2 joint was investigated because it was anticipated

that its J-arger fabrication cost might be offset by signi-

ficantly better structural performance.

The type 3 specimens used square chords with zeto

eccentricity and the flattened web tubes attached perpendicular

to the chord. tube. Photos S.A and 3.26 show details of the

specimen configuration. For the type 3 and type 4 specimens,

the web tubes were fully flattened and cut by hacksaw or

acetylene torch, It was felt that the localized chord loading'

for the type 3 sp.ecimen, might be less severe than that for

a conventional mitred joint with relatively small web members.

Joint type 4 was similar to joint type 3, except

that, lt had round chord members. Photos 3.7 and 3.13 show

the web tube orientation and profiling of this joint.

Joint type 4, while requiring profiling, involves

the profiling of a flattened tube, which requires only the

cutting of circular arcs on flat surfaces. The cuts can be

made by hand. using simple templates. This joint may prove

to be a good alternate to joints between large chords and

very small web members which place a large point load on a

rel-atively pl-ane surface. The type 4 joint may increase the
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Photo 3.5 Member Overlap Before Welding

Photo 3.6 End View Of Type 3 Specimen



Photo 3.7 Type 4 Joint Configuration

Photo 3.8 Side Viev¡ Of V[eb Member Preparation
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severity of the load in the web member, but distributes
the load to the sÍdes of the circular member in much the

same way as the type 3 joint spreads the web member load

to the vertical sides of the square chord.

3.3 End Preparation and Fabrication

Most of the end preparation and fabrication of
the test specimens \4ras performed in the University of
Manitoba Civil Engineering Machine Shop or Civil Engineering

Laboratory where the required flattening and cutting
equipment were readily available. Other operations were

conducted at the Dominion Bridge Fabrication Shop and the

Lincoln Electric Vielding Research Laboratory in Vfinnipeg.

3.3.1 Preparation of Type 14, 2A, 3A and 4A Web
Members

The flattening required for the type 14, 2A, 3A

and 4A specimens was done in the Civil Engineering Laborat.ory

using a Riehle 60,000 pound testing machine as shown in
Photo 3. B.

The web member gap of d/4, as specified in Figure 3.4,

was obtained. by placing a 1 inch by Lr, inch plate in the

pipe to be fl-attened. Jamm ut rt(19) suggested, a D/4 gap of

\ of the chord diameter to reduce the stresses apptied to
the chord tube. In this study, however, the gap was reduced
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Lo \, of the web member diameter in order to examine the

influence of higher stresses on the chord tube. After

the tube was flattened and the % inch by Lr, inch plate

removed, the web tube was cut to the minimum length

required to develop fulI flattening. The completely flattened

web members used in type 3 and type 4 specimens \^¡ere prepared

in the same wây, but without the separating p1ate.

After the flattening was done, the type I, 2 and

3 specimens \^rere cut to provide the required joint geometry

as shown in Figure 3.4. This operation was done using a

mechanical hacksaw in the Civil Engineering Machine Shop.

T1pically, however, steel fabricators use abrasive saws for

this type of operation, thus further reducing preparation

time without adversely affecting the finished fit of the

joint or the material properties.

Photos 3,9 and 3.10 show the web tubes after they

have been flattened and cut for the type 1 and 3 specimens,

while Photo 3.11 shows the finished diagonal member end

preparation for the type 2 specimens.

Final preparation of the type 4 web members was

done by acetylene cutting and grinding after the required

profiling hras determÍned for the tubes. The grinding was

necessary to obtain a good fít of the tubes after the

tubes were initially cut by a hand-held torch. These
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Photo 3.9 Type 1A Web Compression Member Flattening

Type 3 Web Compression Member
Fi.attening

4-4

Photo 3.10



Photo 3.11 Type 2 Diagonal lrleb Member preparation

Photo 3.72 Type 4 lrfeb Tube Preparation



operations u¡ere reasoned to be typical of conditions produced

by the automatic acetylene cutting tooJ-s used by larger

steeL fabricators.

Photo 3.12 shows a type 4 web member after final
prof ÌI-ing has been done, and Photo 3.l-3 shows the web tube

fitted to a round chord after initial- tack welding has been

completed.

Observations of the flattening of hot-rolled

hoLlow structural sections and cold-formed hollow structural

sections revealed a very marked difference in material

performance. Hot-rolled hollow structural sections

cracked along the seam at almost any orientation of the seam

to the fl-attened force, whereas cold-formed hollow structural

sections did not. In only one instance did a cold-formed

section crack on the tube seam, and that occurred when the

seam coincid.ed with the point of maximum curvature as in

Photo 3.14.

This performance when undergoing bending indicates

that a more ductile hot-roIled hollow structural section

tube may be preferable to t.he currently used materíals.

3.3.2 Preparation of Type 18 and 28 Web Members

Difficulties were encountered at the Dominion

Bridge Fabricating Shop when shearing the web members for

46



Photo 3.13 End View Of Type 4 Specimen

Photo 3.14 Crack In Seam Of Flattened H.S.S.



specimens type 18 and zFl. Due to the non-production use

of the shear, lt was noted that some of the inclined tension

web members had been sheared at between 3 and 7 degrees from

the specífied angle of 45 degrees to the tube axis. These

tubes had to be refinished, and the Photo 3.15 of specimen

2Bl- shorn¡s the most severe misfit observed. The vertical

weh members also \¡/ere deformed slightly in some cases, with

a distinct kink appearing in the sheared face. This distortion

was not excessive and the weldment readily rectified this

situation. Another problem encountered was the difficulty

of holdlng the pipes in the shear. For this reason, the

operator used a template to hold. the pipe. unfortunatelYr

this template held the tube at an angle of 60 to 65 degrees to

the shearing plane causing the distorted end' preparation as

shown in Photo 3.16.

Ït is f elt, however, that guid.es designed for an

operation of this sort and. better protective devices to

prevent the prepared tubes from snapping back rn¡ould

increase the uniformity in end' preparation'

Photo 3.17 compares the finishing produced by the

three end preparation methods (i.e. 1 inch gap in flattened

tube, ful1y flattened tube and sheared tube) '

Photo 3.18 shows the finished tension diagonal

tube. Photo 3.19 is an end view of specimen 181 after tack

48



Photo 3.15 Damaged Diagonal Vfeb Member

Sheared Tube EndsPhoto 3.16

4g



Photo 3.17 Of End

Photo 3.18 Sheared Tension Tubes
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Photo 3.19 End View Of Type 18 Specimen

Ph.oto 3.20 Crack In Flattened Face Of H'S'S'



welding showing the narrow plane of contact between the
web tubes and the chord.

3.3.3 Problems of End Preparation

The main difficulty encountered. in the flattening
of the web tubes \¡¡as cracking of the tubes along the welded

seam. This cracking was observed i-n most specimens and

occurred at almost any position of the seam on the flattened
end., as shown in Photos 3.20 and 3.21 for frattened tubes
and Photos 3.22 and 3.23 for sheared tubes.

Two remedies to this problem are preheating, which

is expensive and time consuming and not always necessary,

or closing by werding, which is also expensive and time

consuming. Depending on t.he length of crack and the type
of end preparation, most of the damage can be cut off, and

a minimum length left to be repaired. This selection,
however, involves cLose inspection that again is expensive

and time consuming.

An example of this type of problem is shown in
Photos 3.23 and 3.24 before and after welding of the cracked

seam.

3.3.4 Specimen Fabrication

After the materials v¡ere prepared,, the joints
were f itted up and tack weld.ed before f inal weldments v¡ere made.
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Photo 3.2I Crack At Point Of Maximum Curvature
In FLattened H.S.S.

Crack In Flattened Face Of Sheared
H. S. S.
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Photo 3.23 Crack In Web
Reþair

Compression ùtemb"r n*?or"

Photo 3.'24 Crack In Specimen 48 After Repair
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Photo 3.25 shows an assembled specimen prepared, for final
welding. This preparation was done in the Civil Engineering

Laboratory by technicLans from the Civil Engineering

Department.

3.3,4.1 Final- Specimen ?felding

Al-1 final welding of alL specimens vzas done by

the same qualifi:fed welder under id.entical conditions
". 

.".t/

A Lincoln Vfelder set at 150 amps AC and a 5/32

inch Líncoln Type 57 (6013) Electrode were used for all
welds.

In some cases, especially for the type 3 and 4

specimens, where a poor fit was obtained, the filli{¡g of

deflects was done using a 6011 l/8 inch electrode at 100

amps AC.

As a result of experience gained in the welding

of the specimens, the following recommendations are made

for the fabrication of further specimens:

(a) A better fit should be obtaÍned by improving
the bevelling of types 3 and 4 specimensi

(b) Careful attenÈion should be paid to the end.
preparation of types I and 2¡ and

(c) Care should be taken to maintain sufficient
clearances for welding in connections of the
type illustrated ìn Photo 3.26.
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Photo 3.25 View Of FinaL
And Joint

Fitting Of Specimen
Template

Fhoto 3.26 Joint 3A1 Configuration
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CHAPTER 4

TEST PROCEDURE

4.1 Test Equipment

The test equipment

simpJ-ifying fabrication and

of specimen during testing.

was designed with a view to
allowing an unobstructed. view

4.1.1 Loading Frame

fhe l-oading f rame, illustrated in Figure 4 .l and

Photo 4.I, consisted of two W21 x 68 beams supporting two

reaction assemblies inclined at 45 degrees to the horizont.al.
Each react,ion assembly had. a two inch diameter semi-cylindrical
bearing surface with a k inch diameter centering pin to receive

the chord and. compression web member of the specimen. one

of the reaction assemblieshad provision for both horizontal
adjustment and adjustment of the bearing surface paralrer
to the sloping face.

The 12 inch deep buÍlt up jacking beam was

bolted to the main beam and permitt,ed horizonLal adjustment

by increments of three inches. A three inch diameter hole

through the jacking beam allowed a loading yoke to pass

through the beam in order to apply load to the test
specimen.

6_7
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shim plates \^rere used to provide even bearing
of the compression members, after it was found that some

of the web compressÍon member bearing prates were not
properry aligned. The shims also prevented bending in
the plane perpendicur-ar to the specimen, due to uneven

bearing.

4.7.2 Prestressing System

In order to apply the minor compression load in
the chord of the test specimen, a threaded post-tensioning
bar was inserted along t,he centroidal axis of the chord
memberr âs shown ín Figure 4.2. The bar had an ultimate
stress capacity of 400 ksi, was ll¿ inches in diameter and

had an area of r.23 inches squared. Eight strain gauges

were applied to the bar, for the purpose of monitoring
the load applied to the chord member.

Two sets of mutuarly perpendicurar strain gauges

Ì^¡ere connected in the half bridge configuration to compen-

sate for posslble temperature and bending effects. The

gauge factor was 2.08. A Budd. strain rndicator vras used.

six calibration tests were conducted for loads
up to 80.0 kips, and the resurting calibration curve is
shown in Figure A-1.
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4.1.3 Jacklng System

The l-oad was applied. to the tension web member

by means of a 200 kip simplex hol_low core jack. Two

pressure gauges connected to the hydraulic cylinder measured

the applied load.

The gauges were of 2t000 and 10r000 psi capacity,
and were attached in series to the hydraulic system. The

smaller capacity pressure gauge was used to give a more

sensitive reading of pressure at low applied loads, while
the 10r000 psi gauge indicated applied jack loads up to
200 kips; weLl above the expected failure load.

Although the load applied by the jack could be

calcuLated from the line pressure and pressure face of
the jack, it was felt that calibration of the jacking

system was desirable to give pressure values without
corrections for pressure losses or varying frictional
resistance of the Riehle testing machine. while the

calibration conditions corresponded to quit.e small

displ-acements of t.he jack J-oading ramf it was felt that they

simulated the joint testing conditions reasonably welr,
particularLy within the elastic ranges of the specimens.

The calibration was performed by applying load to the jack

in a hydraulic cylinder.

The calibration of the system was carried out for
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loads up to 80 kips. The average pressures obtained

from four calibration tests are recorded in Table A-2.

A loading yoke made from \ inch by 4 inch
plate and a coLd worked 2 inch diameter st.eel bar

r¡ras threaded through the jack and the loading frame

jacking beam. It was attached by a pinned-joint to the

specimen tension member.

4.2 Instrumentation

The two primary quantities to be measured were

joint deformations and mernber strains in the vicinity of
the joint. Two different techniques hrere tried for
measuring the most significant deformation quantities;
the radial deformations of the chord at the joint. The

purpose of the strain measurements was to determine elastic
longitudinal stress distributions around the web and chord

members in the vicinity of the joint.

4.2.L Displacement Measurements

For the initiat test, that involving specimen IA2

an attempt was made to measure the chord deformations by

means'of cal-ipers. Caliper readings of the outside diameter

in the plane of the truss, were taken at I different points

in the vicinity of the joint. Because of the timited
accuracy obtainable with the calipers and the difficulty of
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taklng the readings at the correct points on the circular
chord member, this measurement procedure was found to be

unsuitable.

For subsequent tests, the more elaborate
deformation measuring apparatus shown in photo 4.2
was used.

rt consisted of a twenty-four inch long aluminum

frame with u-shaped yokes that were fastened to the specimen

by means of set scrervs positioned in punch marks on the
chord center line. pairs of dial gauges mounted on magnetic
bases were attached to steel strips that were screwed to
each side of the aruminum frame. Aluminum collars vrere

similarly attached to the web members by set scre\^¡s. Fine
wires connected the four dial gauge stems to the collars
and measured the displacements of the web collars rerative
to the measuring frame. rn order to obtain the axial dis-
placements of the web members relative to the chord center
line, it r¡¡as necessary to apply two types of corrections.

Firstly, the elastic axial deformation of the
portion of each web member between the collar and the
chord face had to be deducted from the d.ial gauge reading.
This axial deformation was based on the average axial stress
for the web member.

Secondly, the dial gauge readings had to be

6õ



O
J

lÐ

lh
ot

o 
4,

'2
 

A
lu

m
in

um
 M

ea
su

rin
g 

F
ra

m
e 

A
nd

 C
ol

la
rs

hl
ith

 Ð
ia

l 
G

au
ge

s 
In

 P
os

iti
on



corrected for the effects of bending of the chord member

withLn the twenty-four inch length of the measuring frame.

Thls was done by d.eterminLng the chord d.isplacements

normal to Ìts axl,s at the joint and the two points where

the measuring frame attached to the chord.

Two different techniques were tried for d.eter-

mlning the necessary chord displacements. For specimens

2BZ ,€.Rd tBz , dial- gauges measured chord dis-
placements at both ends and aL the joint, The overall
chord bending was then prorated down to obtain an approx-

imation to that occuring wÍthin the twenty-four inch
length of the measuring frame.

l{hen this procedure proved to be somewhat

unsatisfactory, displacement measurements were made at, the

two ends of the measuring frame and at the joint
The dial- gauges used throughout the test series

h¡ere Mercer or Kyoto spring-loaded deflection gauges

sensitive to one-thousandth of an inch deflection over

a range of one inch.

Photo 4.3 shows a typical specimen in the l_oading

frame with the deflection gauges in position.

4.2.2 Strain Measurements

In order to obtain longitudinal stress distributions
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Photo 4.3 View of Specimen Showing Dial Gauges

Test Setup Showing Hew1et't-Packard
Data Acquisition SYstem
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around the web and chord members foil strain gauges were

applied to specimens 2Bz, rB2 and 1A1 as illustrated in
Figures 4.4, 4.5 and 4.6.

The gauges properties were:

Length 6mm;

Gauge Factor 2.00 t .5; and

Resistance IZO t .15 ohms.

The Hewlett-packard Model rTas Acquisition system
shown in Photo 4.4, hras used to obtain a printed and a
punched paper tape record of the gauge readings. A

computer program was used to convert the voltage readings
from the Hewlett-packard apparatus to strain readings.

4.3 Test procedure

rnitial preparation of the specimen incruded
establishing punch marks on the chord and web tubes
for the purpose of locating the measuring frame and.

col-lars on the specimen. The threaded post-tension-
i-ng bar was then threaded through the chord member.

The prestressing bar was located by means of end

plates with stops machined to the internal dimensíons

of the chord tube. This assuned accurate 1ocation of the
bar.

The bar was then tensioned to approxiaately 17 kips
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so that the Load would drop to approximately 14 kips, due

to elastic chord shorteni-ng, at approximately the expected
failure load. This procedure v¡as necessary since erastic
shortening of the chord due to the externarly applied loads
caused a loss of prestress force. The prestressed specimen
hras then lifted onto the loading frame and the tension yoke
and jack attached.

After the specimen was positioned in the loading
frame, the dial gauges hrere rocated and the Hewlett-packard
Data Acquisition equipment was connected to the strain
gauges. An initial load was applied to the diagonal web

member and the alignment of the test speci-men and

the operation of a1r dial gauges checked. The road was

then released, initial gauge readings checked and gauges

reset, if necessary.

Load was then applied to the specimen until
fail-ure occurred. After each increment of load, all d.ial
gauge readings hrere recorded, the prestressing load was

noted and the strain gauges electronically monitored.
careful observation was made of the specimen, and

any signs of distress, such as tube splitting, weld cracking
or tearing and elastic buckling were noted with photographs
being taken in several instances to show Èypical behaviour
of the test specimens.
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Load applied to the specimen was increased, as

recorded in the test 1og, untir failure was observed. The

failure mode, excessive deformation, elastíc bucklinþ and

other failure criteria, and. Ioad, were established and noted
at this time. The dial gauges were then removed and the
load increased until ultimate failure occurred.

The load was then released. and the specimen

removed from the loading frame and dismantled. The failed
specimen was then carefully inspected for other signs of
distress. Photographs of the failed member were taken

and the mode of f ail_ure . recorded..
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CHAPTER 5

TEST RESULTS

5.1 fntroduction

The significant characteristics of flattened-end
joint behaviour are considered to be joint stiffness, joint
efficiency, load at the onset of plastic deformation and

ultimate failure load.

Many of these characteristics are readiry i11-
ustrated in load-deformation diagrams. Hence for the
specimens tested, plots of road versus tension member

travel relative to the chord face in the direction of the
tension member and load versus compression member traver
are presented.

Joint efficiency was calcurated for each specimen

on the basis of the measured ultimate loadr or the load
corresponding to a large deformation failure (0.05i¡rchdeflection
of the compression tube into the chord face) in specimens

where this criteria governed.

As a further indication of joint behaviour the
displacement of the unloaded face of the chord, normal to
the chord axis, is presented for each specimen. This latter
plot gives a further relative measure of the 1oad-deformation
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behaviour for the various specimens.

Measurements \rere taken for specimens 282, rBz and

141 of the joint and member strains. These findings are
presented in the form of applied load versus strain reading.

5.2 Material properties

The materials used were either hot-rolIed round

hollow structural sections conforming to csA specification
G40.16 (1969) or cold-formed seamless sguare hollow
structural sections conforming to csA specificatíon G4o.r7

(1e6e).

Table 5.1 is a test report on the composition,
yield point and ultimate strength of the various materials
used.

fn addition, two tension specÍmens were cut
from the web tube material as a check on the materi-aI

properties.

Tables A-4 and A-5 present the results of the
tension tests and Figure 5.1 shows the plot of these results.
From the stress-strain curves, the average yierd point stress
was found to be 53 t200 psi and the average ultimate stress
was 77,300 ksi. These values are in good agreement with the
varues in Table 5.1 and the values found from the tests were

used in calculations of ultimate tensire capacities of the
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diagonal web members and overall joint efficiencies.
usÍng a material tensile strength of 77.3 ksi,

the ultimate strength of the tension web nember was found
to be 77.3 x .619 = 46.7 kips.

The sguare chord material was obtained from a

local distributor. Mill reports ,nrere unavailable due to
the small quantities used, and. because the material
properties for the chord section had little influence on
joint efficiency, tension tests were not run. The specified
yield strength of the material was 50 ksi, and a resistance
welding process was used in producing the tube.

5.3

5.3.1

Results of Joint Tests

Specimen 1A.1

Specimen 141 failed at a load of approximately
38 kips, due to buckring of the compression member. The

calculated joint efficiency vüas 3g.O/46.7 = gl?.
Tabre 5.2 lists the dial gauge readings of the

web member axial deformations from which the tension and
compression member travel corrected for elastic web tube
shortening and chord tube bending are obtaj-ned. This table
also lists the overall specimen deflection paralrel to the
web compression member as werl as the deflection at both
ends of the aluminum measuring frame. The latter varues
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v/ere used to correct the readings of the web member traver.
when the applied road reached a value of 3g kips

the joint was deforming plastically and was incapable of
sustaining any load increase.

Because of the one-half inch gap between the walls
of the flattened web tubes, the loaded width of the chord
member at the joint was relatively large and the local
deformation was not apparent until the load approached

38 kips.

In addition to the curves of overall joint dis-
placement and web tube dispracement shown in Figures s.2
to 5.4, plots of joint and member strain are presented in
Figures 5.6 to 5.8. The locations of the sixteen strain
gauges used to monitor the specimen strains are shown in
Figure 4.6.

5.3.2 Specimen LAz

In the testing of specimen IA2, the change in the
di-ameter at seven points along the chord over a two

lengLh centered at the point of intersection of the
members was measured.

Figure 5.9 shows that no deformation of the chord

was measured at loads below 35.0 kips. This was due to the
poor accuracy obtained in reading the calipers, which courd

B3

chord
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Photo 5.1 View of Type 1.A,1 Specimen After
Testing

Photo 5.2 Crack fn Notch of Weld In Specimen IA2
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be easil-y disturbed and would thus give unreliable readings

of deformation, Another problem in using the calipers was

the difficulty of applying the gauge to the same spot con-

sistently. This tended to produce readings that vary

rapidl-y as the distance from the measuring point increased.

Monitoring the values of strain in the prestressing

bar, showed that the application of load to the tension member

reduced the force in the prestressÍng bar due to the elastic

shortening of the chord. In order to remedy this problem

in subsequent tests, the prestress bar was overstressed

by approximately 3.0 kips so that the precompression would

drop to approximateLy the required force at the anticipated

failure load.

Figure 5.9 shows the deformation of the chord face

along the gauged length as load was increased to ultimate

failure.

The specimen failed at an applied load of approx-

imately 41 kips due to elastic buckling of the web compression

member as shown in Photo 5.3. Failure was accompanied by

a crack in the acute angle of the tension weld as shown in

Photo 5.2.

Joint efficiency was calculated at 4L.3/46.7 =

898 of the ultimate tension member yield strength.
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Photo 5.3 Typícal Compression Tube Buckling
Failure

trhoto 5.4 -View of Specimen 182 After Failure
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5.3.3 Specimen J'Bz

The results of specimen 182 are recorded in Table
5.3. rn this test, in ad.dition to the dial gauges, twenty
strain gauges, l0cated as shown in Figure 4.5, were used to
obtain strain measurements in and around the test joint.

The specimen exhibited larqe deformations of the
chord face, that first became noticable at approximatery
32 kips. The specimen failed at approximatery 34.5 kips,
due to excessive travel of the web compression member into
the chord face. This resulted in an efficiency of 34.s/46.7
74? with respect to the ultimate strength of the web tension
member. As load was applied above 35 kips, the deformations
increased until the specimen failed due to buckling of the
web compression member at a load of 37.75 kips.

The prot of tension member travel shows the joint
initially becoming plastic at about 27.s kips, which is
about the same load range that the compression member traver-
graph indicates initiation of plastic activity.

Figure 5.10 shows the graph of the strains recorded
in Table A-7 for gauges r through g. The plots for the
gauges 1 through 9 behave as one would expecti gauges on

the compression member approached prastic strains at approx-
imately 30 kips and achieve full prastic strain at about
34 kips when buckling is irnni¡sn¡- gauges on the tension
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member approached the plastic strain region as failure
occurred,' strains for the gauges on the chord reflected
a low state of stress.

The pJ-ot for the gauges located at the base of
the compression member (Figure 5.10) indicates that the
st'rains in directions paralrel and perpendicurar to the
chord at the base of the compression member were tensile.
This is probably due to the load transfer, through the chord
face, between the web members. unfortunately, gauge 10

was damaged at a 10w strain and. did not permit better
evaluation of the state of stress ín the compression
member.

For the gauges on the web tension member, the
gauges parallel to that member, and gauge 1g revealed
tensile strains, which hrere expected. Gauge 13 showed

compressive strains, which were verified by gauge 14. This
probably indicates a s1ight.ly eccentric 1oading.

5.3.4 Specimen 2Al

Table 5.4 shows the test data for specimen 2A1.

Plots of load versus compression member travel, load versus
tension member travel and load versus overall deflection
show the test specimen to be fairly rigid with all the curves
just moving into the plastic range when premature failure
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due to tearing of the tensíon member at the loading prate
occurred.

The measured defrections of the web members rera_
tive to the chord face vrere very small with the tension
member deforming the face by approximatery .05 i-nches and
the compression member deforming the face less than . ol
inches' The overall specimen deflection was limited to .07
inches by the rigidity of the joint.

The rack of excessive chord face deformation was
probabry due to the one-half inch gap between the war-Is
of the flattened web tube and to the transfer of load
between web members above the chord face.

Attempts to correlate a rigid body rotation to
the gauge 1 overarl defrection faired indicating the
possibility of impend.ing deformation due to bending.

Because a premature failure occurred at the
point where the tension web member was welded to the prate
through which the load was applied, the subsequent specimens
were reinforced at this point to preclude similar failures.

Joint 2A1 was evaluated as being 36.s/46.7 = Tgso

efficient.

5" 3,5 Specimen ZAz

The results of the test on specimen 2A2 are

to2



Photo 5.5 Joint 2AI Detail

Photo 5.6 SPecimen 28 Joint Detail
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tabulated in Tab1e 5.9.

The behaviour of this specj-men was almost identical
to that of specimen 2A1 wíth slightly larger web member

defrections relative to the chord facer âs can be seen in
Figure 5.13 and 5.14. The overall specimen deflection hras

somewhat larger as is shown in Figure 5.15, but this may

have been due to an initial movement of the gauge, as the
curves are similar except for the initial varues read.

Since the two tests (i. e. 241 and 2A2) \rrere very
similar and, the failure modes were identical, further
explanation of this jointts behaviour is not required.

Joint 2A2 \^ras found to have 39.5/46.7 = g5A

efficiency.

s.3.6 Specimen 2F2

Table 5.6 presents the results of specimen 2P.2.

rn addition to the dial gauges, nine strain gauges \^7ere

applied to t.he specimenr âs shown in Figure 4.4 and the
resulting strains \^rere calculated by a computer program.

In addít.ion to the strain gauges, dial gauges

hlere positioned at the reaction end of the chord and. the

free end of the chord so that any movement of the measuring

frame, relative to the chord tube center line, could. be

measured.
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Figure 5.2 shows the compression member travel
for the test specimen. subsequent to fairure, it was

observed that the behaviour of the joint was just becoming
fu1ly plastic and probably would have failed. due to excessive
deformation below 40 kips, since the chord deformation was

becomj-ng quite noticable. This a\^/areness of 'rplastic-f1ow,,
v/as heightened by the relatively rarge tension member travel-
as is shown in Figure 5.3.

The overarl deflection of the joÍnt also showed

the specimen to be on the verge of plastic behaviour, while
the chart of prestress loss shows a slight curvature to
suggest i¡nninent plastic behaviour.

Joint efficiency was calculated at 4r.6/46.7 =

B 93.

During the test at approxÍ_mately 34 kips, the
'weld joining the tension and compression members cracked
and started to open. At this point, the web member travel
started to increase, and- chord deformation became signifi-
cant.

The gauges were removed at a load of 39 kipsr âs

it was feared there would be a sudden failure. Load was

applied until the compression member buckled at an applied
load of 41.6 kips.

Figure s.L7 shows the plots of the nine strain

tln
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gauges used in thís test.
From these results, it can be seen that the web

compression member underwent plastic strain beginning at
approxi-mately 38 ksi. At approximately 45 ksi the strain
readings indicated that the compression member was almost
fully plastic. The web tension member began to undergo
plastic strain at approximately 4s ksi and was fully plastic
at approximately 57 ksi.

The load-strain plot for the chord indicates that
the chord material was in the erastic behaviour range. This
is quite reasonable since the chord was not highly stressed.

5. 3.7 Specimen 3A'1

The test of specimen 3A1 was the first test in
which use Ì^/as made of the measuring frame and collar
apparatus' rn addition to these displacement measu.rements,

gauges number 1 to 5t as shown in Figure 4.4, measured

the chord displacement at the joint (gauges L,2, and 3),
the rotation of the chord tube (gauge 5), and the web

tube (gauge 4). These gauges permitted a comparison of the
projected rigid body displacements measured by gauges 5 and

r, to the actual displacement of gauge rt as well as alrowing
the rotati-on of the compression members to be estimated..

Table 5,7 shows the results of test 3A1. The

116
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ultimate failure was due to buckring of the web compression

member at 36.5 kips. The initial failure was due to
excessive deformatLon of the square chord tube under the

compression member at a load of approximateJ-y 27 kips as

illustrated in Figure 5.19. At the initial failure, the
joint showed marked plastic deformation which increased

until the joint failed. Photos 5.9 and 5.10 show the

deformed joint after testing.
Figure 5.18 shows the overall displacement of the

joint as measured by gauge 1 during a plastic load deflection
curve similar to the stress-strain curves found when the

web materials v¡ere subjected to a tension test.
The attempt to correlate the deflection of gauge

1 to a rigid body rotation projected from the displacements

of gauge 5 shows that the loading condition causes a bending

moment in the chord which results in dispracements rarger
than a rigíd body displacement.

Figure 5.16 shows the loss of prestress as the

applied load is increased. The loss of load follows a

curve that decreases due to the elastic shortenj.ng of
the chord up to approximately 27 kips, then fal1s off
rapidry as the joint becomes plasLic and the deformations

of the chord face increase.

1 
_19
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ficiency is 27.5/46.7 = 59å of the
>ad.

3A2

I shows the test data recorded for
I compared favourably with the test
r 341 as is shown in Fj_gure 5.19 through

showing compression member travel into
es extremely well with the results for
failure occurred at approximately 29.S kips
formation, and ultimate fialure occurred
tension member failure just above the

)tos 5.l_1 and 5.I2.
>n member travel agrees closely with
3Al and are approximately 12 percent

rt is becoming plastic.
-l gauge 1 deflections and prestress
, similar to those found for joint 3A1

:urther interpretation.
ciency for test 3A2 was caLculated at
ough failure occurred in the tension
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member buckling.

5.3.10 Specimen 4A2

Figures 5.22 through 5.25 indicate that results
of specimen 4A2 are similar to those for specimen 4A1.

However, unlike spec j_men 4A1, failure occurred

in the tension member at the jointr âs shown in photos 5.13

and 5.14. The numerical evaluation of efficiency gives a

value of 39.0/46.7 = 849-, despite the fact that fairure
did occur in the tension member. This reduction in
capacíty of the tensj-on member was probably due to a

slightly eccentric loading that would initiate a pre-
mature yielding at some point in the tension tube.

Because of the similarities between this test
and that for specimen 441 no further evaluation of the

results for speci-men 442 is included.
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Photo 5.13 View of Specimen 4A2 Ä.f ter Failure

Fhoto 5.14 Side View of Joint 4A2 After Testing



6.1

6.1.1

CHAPTER 6

DISCUSSION

Discussion of Experimental Results

Specimen 141

specimen 1A1 faired due to compression member

buckling at a load of 38.0 kips, giving the joint a calcu-
lated efficiency of B1 percent.

The table of resurts shows the joint to be on the
verge of a rarge deformation failure when the ultimate
failure of the joint occurred. The joint seemed to be

fairly rigid since prastic deformations were not apparent

until the applied load had reached. approximately 33 kips as

shown in Figures 5.2,5.3 and 5.4. The plot of loss of
prestress force indicates the loss of chord tube precom-

pression to be due to elastic shortening of the chord.

The strain gauges measuring member strains
responded as expected. to the loading situation. As the
buckling failure became imminent, gauge 1 started to record
a decrease in compressive stresses until buckling occurred.,

at which time gauge 1 read large tensile strains.
The plots of strains for the gauges at the joint

indicate responses similar to those recorded for specimen rB2.
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The resurts of the tests are in good agreement with the
qualitative evaluation of the test specimens based on the
test done by Vfhite and Fang(31).

rn all tests where the specimen failed by buckri*g,
the compression members buckled in the same direction. This
was probabJ-y due to the local joint rotationr âs shown in
Figure 6.1. This rotation was probably also responsible
for tension faílures of the sort shown in photo 5.14, for
specimen 4A2.

These failures might also have been initiated by

a slight.ly eccentric loading, causing moment in the web com-

pression member as shown in Figure 6.1(b).

6.I.2 Specímen IA2

Since the measuring system used for specimen LA2

was not adequate, the joint can only be evaluated qualitatively.
The calculated joint efficiency \^ras gBB. Obser-

vation of the joint after failure had occurred, showed no

apparent signs of a deformation failure.
Although this speci-men had a positive eccentricity

of 1 r/8 inchesr a gap joíntr rro chord member distress was

evident. This was probably due to the % inch gap between

the flat.tened tube walls of the web member which gave a more

even stress distribution than would be obtained with completely
flattened web tubes.

lnt
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Because of Lhe inadequate measuring systemr ro
locarized joint deformation was measurable until the applied
loads r^rere quite 1arge,

6.1.3 Specimen IB2

specimen rB2 failed at 34.5 kips due to excessive
deformation of the chord tube under the web compression

member. ThÍs jointts efficiency, calculated on the basis of
the 0.05 inch deformation rimit, was 742. Graphs of member

travel and specimen deflecti-on show the specimen to have

undergone quite substantial prastic deformations when the
ultimate buckling failure occurred at 37.75 kips. The

deformations approached .L7 ínches under the compression
member and .21 inch total joint deflection.

The strain gauges applied to t.he specimen members

indicated the strains increased fairly uniformly as the
applied load was increased. Figure 5.11 shows that these
strains increased linearly to an applied road of approximately
30 kips when buckling of the web compression occurred. The

strain gauge on the internal- chord face shows a reversal of
strain from tension to compression. This is probably due

to a slight misal-ignment of the prestressing bar causing the
slight tensile strain recorded by the gauge.

The st.rain gauges located at the joint of the

ln"



specj.men recorded the strains shown in Figures 5.11 and s.r2.
The recorded strains under the compressíon tube

show gauges 10 and 77 to be in tension. This shows the same

stress reversal phenomenon as described by Eastwood 
"t .t 

(15)

for joints between round web members and square chord members.

Eastwood noted that this reversar of stress was most apparent
for g ratios greater than 0.4, which is in t.he range of ß

considered in this series of tests. This stress dÍstríbution
may be due to the mechanics of the load transfer and deformation
of the joint. As load is inereased in the joint, the eompression

member tends to rotate towa-rd the tension member due to the
l-arg"er and largrer chord tube d.eformation. In order to r:esist
a buekling failure, the face of the compression tube furth.est
from the tension diagonal must act in tension.

The strain distribution near the tension diagonal
is fai-rrlz straightforward. The stresses recorded by gauges

12, 18 and 19 are tensile, indicatíng a burging out of the
chord tube, while gauge 13 indieates a compressive strain.
This com"pressive strain indicates that the chord member is
aeting to resist the load applied to the joint by the tension
member,

Specimen 2A,1 and 2A2

Specimens 2Al and 2A2 appear to be very rigid. as

:nn
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is shown in Figures 5 " 13, 5. r 4 and 5.15. This rigiditlz is
due to the ä inch gap between the faces of the flattened
tubes which reduced local chord tube stresses and the web member

overlap that allows a direct transfer of load between the
web members.

ultimate failure occurred at 36.5 kips for specimen

241 and- 39.5 kips for specimen 2A2. Both joints failed pre-
maturely at the loaded end of the tension member. This failure
was due t.o weld notches at the base of the tension member

loading prate. Apparent joint efficiency \^ras gla based on

the ultimate failure load, but the joint behaviour and cleflection
curves indicate it would. have been much higher if the joint
had not failed prematurely.

The plots of compression member travel and overall
joint deflection indicate the test specimens to be on the
verge of plastic deformation when the premature failure
occurred. The graph of tension member travel was already
into the plastic range, indicating the joint to have some

ductility. Further investigations involving this joint are
recommended, to evaluate the duct.ility of the joint so that
its suitability can be more carefully reviewed..

6.1.5 Specimen 2P.2

The plots of member strain
the strains to increase in the members

lnu

for specimen 282 indj-cate

as the loading increases.



The strains increased almost linearly until buckling of the
web compression member occurred, ât which time the strains
showed a t"t:" increase in magnitude.

The defrection readings and graphs show that the
chord face deformations hrere very close to the value of
0.05 inches when facture occurred due to buckring of the
compression tube. Extrapolation of the average compression
member travel indicates that this failure could be expected
to occur at approximately 40 kips, slightry below the 4r.6
kip load at which compression member buckling occurred.
Photo 5.7 shows the chord tube deformation. rn addition
to the compression tube buckling and rarge deformations,
a crack, shown in photo 5.9, developed. in the interconnecting
weld between the web members. This weld failure may Índicate
an inadequate weld or an eccentric loading condítion which
would cause a greater tensile stress at the interconnecting
weId.

The specimen failed at a 1oad. of 4r.6 kips giving
a carculated efficiency value of g9?. The curves of member

travel and overall specimen deflection show the member to be

undergoing plastic deformation which was initiated at
approximately 30 kips.

This joint performed very wert and is a likely
choice for further, more intense, study.
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Specimens 3.A'1 and 3A2

These specimens behaved almost exactly alike as

shown by the plots of tension and compression member travel.
rnitial failure occurred at approximately 27.5 kips due to
excessive chord tube deformation under the web compression
member. ultimate failure occurred at 36.5 kips in both
tests. specimen 3A1 failed due to compression member

buckling while specimen 3A2 faired due to tearing of the
tension member at the joint. photos 5.9 to 5.10 show the
joint deformati-ons of the two specimens and the ultimate
failure mode of specimen 3A2.

This type of joint is especíarly flexibre due to
the reratively concentrated loading on the flat face of the
chord member. This flexibility is reflected by the overarl
deflection curve in Figure s.2L which shows that plastic
behaviour of the joint started extremely early in the life
of the specimen. Joint efficiency is only sgz, which is not
surprising for this configuration. A better load transfer
condition for this specimen would be achieved if the flattened
web tube were of the same width as the chord tube. A con-
figuration of this type would transfer more load directry
into the chord side warls and thus reduce stresses on the
connected face and improve the overalr joint performance.

The l-ow value of joint. efficiency confirms an

ln,
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earlier qualitative evaluation of the performance of the
joint in that deformations of the chord face are exceedingly
1arge. This distortÍon at chord loads greatry below the
elastic Límit of the materiar raises serious doubt regarding
connections between flattened-end members and rectangular H.s.s.
Although the joint efficiency is low, this joint type is very
easy to fabricate and weld.

6.I.7 Specimen 4A1 and 4A2

The plots of compression member travel, tension
member t.ravel and overall joint deflection for these two
specimens, shown in Figures s.22 and s.24, reveal the joint to be
very rigid' However, all of the curves show plastic deformations
to be incipient.

Joint 4A1 failed at 35.5 kips due to compression
tube bucklíng, whire specimen 4A2 faired. at 39.0 kips due to
tearing of the diagonar tension member near the joint as shown
in Photos 5.13 and 5.14. Joint efficiencies Ì^¡ere 762 for
joint 441 and g3B for joint 4Az although failure occurred in
the web tube.

The early buckling fairure associated with specimen
441 may have been due to misalignment of the web compression
member due to welding distortion. This failure emphasizes the
necessi-ty of careful fitting up of the web members, and welding
procedures in the fabrication of the test specimens.

148



The failure of specimen 4A2 may also have been

caused by a misalignment of the web members due to weld.ing

distortion, which could have caused. a slight.ly eccentrically
applied load and higher tensile stresses at one point in
the tension diagonal. It must be noted that the type 3

and 4 joints may be the most difficult to fit up due to the

orientation of the web members.

6.2

6.2.r

Discussion of Joint Behaviour

Load-Def lection Criteria
Figures 6.2, 6.3 and 6.4 are plots of the load

deflection curves for the web compression member and the

web tension member, and the overall specimen deflection.
These curves all-ow t.he different joint configurations to
be evaluated with regard to relative deflections and joint
ductility.

The type 3A joint consistently displayed. large
deformations at very low loads. These large deflections
are due to the application of the web tube loads to the

flexibre face of the square chord member. The distortion
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of the chord tube first became discernible at about 20 to
25 kips appJ-ied load, extremely early in the =p"ái*"r, life. ït
was felt for thls specimen that the fairure criterion of
.05 inch deflection under the compression tube might have

been too liberar. There is no doubt that the deformation
observed would make a structure using this joint configuratÍon
unusabLe ]-ong before the ultimate collapse of the structure.

The stiffest joints appear to be the 2A and 4A

types. These joints exhibited the lowest joint deformation
under the compression member and. the lowest overall joint
defrection. The rigidity of the type zA joint is due to
the large area of chord that resists the applied. loads and

the verticar shear transmitted directly between the members.

This joint type seems to be a very successful one'since it
invorves straight welds in the fabrication and straight
cuts in the preparation of the web members. one aspect
that may limit the desirability of using this configurat.ion
is the L inch gap between the flattened tube warls. This
feature leads to a reduced. localized stress distribution
on the chord tube, but may be difficult to prod.uce economically.

The type 4 joint o$¡es its rigidity to the orienta-
tion of the web members which dist.ribute the road from the
web members over an arc on the surface of the chord tube,
rather than along a line in the plane of the truss. This
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joint type requires some profiLing of the web tubes, but
the preparation consists only of circular arcs in a

single plane rather than the more invorved profiling
required for conventional round to round connections. The

type 4 specimen \^ras similar to the type 3 specimen with
the exceptìon of the chord tube. Arthough the joint
parameters are very simirar, the relative rigidities are
very dissimilar. This is due mainly to the rigidity
inherent in the chord tubes and the transfer of load into
the side waIls of the tubes.

The type 4 specimen, although it was probably the
best specímen type in terms of load-deflection behaviour,
would be rather expensive to fabricate because of the pro-
filing required and the difficurt welding involved.

The type r-A and 2B specimens behave similarry
to the type 2A and 4A joint configurat.ions vüith respect to
compression member travel and overall specimen deflection.
The deformations related with the type lA and 28 joints are
approximately 10 to 15å rarger than the type 2A and 4A

deflectÍons, but the 1A and 28 joints display higher ultimate
roads at these deformations and larger capacity for the
redistribution of stresses due to the ductility of the
joints. These joint types merit further investigation based

on the l-oad-deflection behaviour of the joints.
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The load-deflection behaviour of the type 18

specimen is simil-ar to that of the type 3A specimen. The

ultimate loads and initíal. failure road.s are higher and

the defl-ections about 3oa less than for the 3A configuration.
The use of a gap joint in conjunction with completely
flattened web tubes or sheared web tubes resul-ts in joints
that do not perform adequatery compared to overrapped joints
using the same end preparation.

6.2.2 Ultimate Load and Efficiency Criteria
Table 6.1 compiles the rnitiar and ultimate loads

and failure modes and the calculated joint efficiencies.
rnitial faÍlure in this context is equi-valent to an excessive
deformation failure.

This table revears the type rA and 2B specimen

types to have the highest ultimate loads and joint efficiencies.
At ultimate fairure, both specimen types vrere on the verge
of an excessive deformation failure. These two configurations
exhibit a balanced type of fairure that indícates an optimum

design. rn add.ition, bot,h joints displayed a large amount

of plastic deformation whích gives early warning of impending
failure.

The type 2A and 4A configurations dispray a lower
joint efficiency than the 1A and 28 pattern although the
former are much more rigid than the latter when load
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deflection criteria are compared. This decrease in
efficiency is due to the lack of ability of the 2A and 4A

specimens to deform and thus redistribute the web loads
more evenly over the chord member. Arthough the type zA

specimens failed prematurely due to faurty roading plate
welds, the speçjrnen behaved similarly to the type 4 specimens
with regard to 1oad deflection behaviour.

The least efficient joint configurations h¡ere the
type 18 and 3A series. Both these configurations failed
due to excessive deformation before the ultimate mode of
fail-ure occurred, the 18 configuration 10g below the ulti-
mate load and the 3A type 30å below the ultimate load.

6.3 Comparison of Joint Behaviour

The Lype 3 and 4 joints dispray the two extremes
in joint behaviour, that is very frexíble versus very ri-gid,
and neither joint concretely indj-cates that further research
will change this evaluation.

The series 3 joints are too flexibre. Better joints
between round web members and square chords can be formed by
using mitred web tubes with or without an interconnection
between the web members. This type of joint results in ress
end. preparation and a better joint response, although the
welding may be more intricate than for the type 3 specimens.
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The type 4 specimen behaves quite werl when com-

pared to the other test specimens. The problem with this
joint is in the fact that profiling of the frattened tubes
is still requlred. This l-eads to an increase in joint costs,
compLexi-ty and welding time. The fact that other joints were
idearJ-y suited to flattened-end preparatÍon behave equarly as

well with regard to load-deflection behaviour and better with
regard to efficíency and ultj-mate load capacity than the series
4 joíntsrtends to rnake use of this specimen type ress desirable.

The series 2A connection reacted very simirarry to
the type 4A series with regard to load-deformation behaviour
and ultimate joint capacity. unfortunately, the joint failed
prematurely, but still displayed a fairly high efficiency and

very good load-deflection behaviour before failure occurred.
A drawback to the use of this joint is the required gap in the
frattened tube. This gap is desirable in that is reduces the
localized stresses associated wit.h the load transfer between

the web and chord members, but may require more time and care
in its end preparation. The type 2B specimen, hovrever, makes

use of sheared web tubes which eriminates the extra work
required for the 2A specÍmen. This joint behaves almost as well
as the 2A ioint when load deflection criteria are compared and

shows an i::crease in overall joint efficiency of nearly 103. rtris in-
creased efficiency is due to the ability of the joint. to deform more
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easily and redi.stribute the loading stresses. rn view of
these comparisons it' seems that a joint with completely flattened
and sawn or sheared web tubes behaves as well âs, if not
better than, a similar joint with a gap between the flattened
web tube walls.

The type 1A joint behaves similarly to the type

2B joint in terms of load-deflection, efficiency and ultimate
i-oad criteria. This joint makes use of the same web tube
preparation as the 2A specimen, but incorporates a positive
joint eccentricity into the joint. This results in a 3/g

inch gap between the web members and. forces aIl the load

transfer to take place in the chord tube. Although the
joint involves less intricate welding, the web tube prepar-
ation detracts slightly from the desirability of using this
type of joint configuration.

Finally, the type 18 joint behaved similarly
to the type 3 series specimen in that it faired due to
excessive deformation. This joint had the same eccentricity
and gap between the web members as the type 1A joint, but the
sheared. tube preparation resulted in higher stresses at
the chord tube face during load transfer. The joint
exhibited large deformations early in iLs life giving the
joint an efficiency value of 75 percent. These considerations
tend to make this joint undesirable when joints with a gap

betweeb web nenbers are used.
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6.4 Stress Distribution Around The ,loint
Observations of the load deflection curves for

joint. types 2A and 2B indícates that the increásed chord

face stresses for the type 2B joint do not alter the

response to loading or efficiency of the joint appreciably.
This behaviour arÍses from the fact that a substantial
part of the load transfer occurs directly between the web

members.

These observations are in agreement with the

findings of Ander=or, (1) 
who found for joints with a web

tube overlap, that the increased stresses associated with a

completely flattened t,ube do not seem to decrease the joint
capacity.

This, however, is not the case for joints that have

a gap between the web members. Strain gauges applied near

the joints of the type 1A and 18 specimens reveal the stresses

at the base of the tension member t.o be higher for the type

18 joint than for the 1A confj-gurations. This difference is
due to the totally flattened tubes used in the 18 joint.
The stress distribution under the compression tubes is about

the same for both joints. From the load-deflectj-on response

and the efficiency values calcurated for the 1A and 18 joints,
it was found that the type 18 joint tended to deform

plastically much earlier in the specimen life than the 1A
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joint. and the efficiency was approximately 11 percent

less for the 1A specimen.

This consideration tends to make the use of
overlapping web members in joints more desirable than the
use of gap joints. consequently, if only overrapping joints
are considered, totally flattened or sheared tubes can be

used with confidence.

6.5 Ease of Fabrication

When consÍdering ease of fabrication in the
preparation of the frattened-end connections used, weld.ing of
the specimen is an important factor. The welding was

found to be extremely quick and easy for the type 1 and z

specimens. This was because of the fit of the members and

the clear view presented to the werder. The type 3 and 4

joints were more difficult to weld because of the orientation
of the web tubes and the amount of firling required to pro-
duce a good weld.

The preparation of the web tubes was most easily
accomplished by shearing. rf proper care is taken to ensure
accurate end preparationr Íro problems should occur with
respect to fit, orientatíon of the sheared planes at the
ends of t.he tube and werding. vühile f lattening and sawing

takes slightly longer than shearing, the results are the
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same" Although, frattening and sawing may be more precise

in aligning the frattened planes of the tube, the perform-

ance of the joint is not altered.
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CHAPTER 7

CONCLUSTONS AND RECOMMENDATTONS

The load deformation behaviour has been experi-
mental-ly examined for connections involving flattened-end
hollow structural sections for a pratt type truss. Four

dLfferent joint geometries involving both circular and

rectangular chord tubes have been investigated in this
program; the first phase of a more extensive study

to recommend design criteria for this connection type.

7.L Conclusions

From considerations of load-deflection behaviour

and joint efficiency, four joint configurations appear to
be worthy of further investigation. These joints were types 14, 2A,

28 and 4A, all of which involved circular web and chord sections.

The Èype 4A specimen, which involved web tubes

flattened in the direction perpendicular to the chord,

exhibited a very stiff load-deflection behaviour due to
the orientation of the flattened. web tubes. This caused

the specimen to faiL just after plastic deformations

started to occur. rt was fert that this lack of ductility
\^ras undesirable for f lattened-end connections. This

consideration along wit,h consideratLons of end preparation
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and welding caused this specimen to be judged less advan-

tageous for general use than some of the other joint con-

figurations tested.

The type 1A and 2A specimens which had a å inch
gap between the flattened web tube warls and an eccentricity
of +D/4 for the type 1A and. zero eccentricity for the type 2A

joint behaved very well with regard to structural response,
joint efficiency and ultirnate joint capacity. A slight problem

arose because of the }¡ inch gap between the flattened. walls of
the web tube. This feature required extra time to be spent in
end preparation and reduced the ductile capacity of the type
2A joint. The type 1A joint had a small gap between the
web tubes, which arlowed good ductire joint behaviour.

However, considerations of fabrication and comparison of
the type 1A joint with the type zB joint, tend to favour
use of the 2B configuration rather than the type 1A or 2A

specimens,

The type 2B specimen Ínvolved completely flattened
web tubes and an overl-ap between the web members. The web

tube ends for this specimen were prepared by shearing,

although flattening and then sawing are a suitabre alterna-
tive to this operation. This joint type revealed. the
highest joint efficiency value of any of the specimens con-

sidered in this prelirninary program" Tn terms of end
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preparation, welding, structural adequacy, and chord

deformations, the joint compares favourably in all aspects

with the other joints tested.

From considerations of strain distribution around

the joÍnts in tests 1Al and !Bz, and the performance of the
type 2A and 2B specimens it can be concluded that joints with
overlapping web members behave better than comparable

joints with a gap between t.hese members especially when

the web tubes are completery flattened. observation of
the member strains did not clearly indicate a variation
of stress around the web tubes. Hohrever, observations of
the failure of specimens 4A2 and 3A'2 indicate an increased.

tensile stress at the toe of the diagonal web member. This
\^¡as apparent since the tension failures for these specimens

\^¡ere initiated at the toe of the member, as shown in
Photo 5. f.4u,

The method of end preparation for completely

flattened tubes does not appear to alter the joint response

to loading. The use of a gap between the flattened. faces
' of the web tubes does, however, resurt in a stiffer joint

for which deflection is substantially reduced.

The possÍbilit,y of local buckling of the web tubes

near the joint does not appear to be a probrem since the
weld used in the tests conducted was large enough to provide
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even bearing on the chord tube.

The ductilíty of the various specimens ranged
from very ductile as exhibited by the type 3 joint which
deformed pi-asticall-y at very 1ow applied loads to very
stlff as was exhibited by the type 4 specimen. Generally,
these two extremes are not suitable for use. The types
1 and 2 specimens had ductilities ranging from very flexi-
ble for type lB,which responded simirarly to the type 3

specimen, to fairly rigid as displ_ayed by the type 2A

specimen. From observations of the 28 and. 1A specimens,

it has been found that ultimate failure coincided wíth a

large defrection failure. These joints indicate a fairly
ductil-e behaviour that is quite desirable with the view of
structural performance in mind.

From the above considerations, it can be concruded
that completely flattened-end preparation is both economically
and structurally feasible when an overrap of web tubes is
incorporated into the joint. For connections that do not
have this interconnection of web membersrhowever, complete
flattening of the web tubes reads to an early large deform-
ation faÌlure.

Recommendations

ïn order to establish design rules for flattened-

1r'
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end connecLj-ons for joints between round web members and

round chord sections, more detailed research must be

conducted over a wide range of joint parameters.

rt is recommended on the basis of this investi-
gation that joint type 28 be investigated further varying
such parameters as T/D, d/D and eccentricity since it is
well- suited to this type of joint based on efficiency,
load-deformation, ease of fabrication, ultimate load and

duct.ility criteria. By substituting flattening and sawing

for shearing in the preparation of the web tubes, the
fabrication and testing of these joints can be done entirely
at the university of Manitoba with a substantial saving in
time without any adverse joint reaction.

rt is recommended that the following suggestions
be implemented in future phases of this study so that
information pertinent to design criteria may be gained.

A larger range of T/D and d/D ratios should be

investigated. This can be accomplished. by using chord.

tubes up to 6 5/8 inches in diameter and web tubes from

2 Lo 4\ inches in diameter.

Joint eccentricity should be varied from some

minimum web tube overlap say 3/4 of an inch, to a fu1ly
overlapped condition of the web tubes so that the effect
of web member interaction on the performance of the joint.
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can be evaluated.

More research on the effect of frattening the
ends of tubes must be done in order to evaruate the effects
of end flattening on slenderness ratios (RL/r) of compression

members. This program would involve tests on frattened.
end columns similar to those tested. by nuzy¡(38) so that
erestic buckling curves courd be plotted. These tests
would invorve a range of RL/r ratios for the columns which
would include both stub columns and slender columns.

It. may also be useful to determine the loads
that can be safely applied to the face of the chord tube by

a frattened-end member by conducting tests on T-sections
similar to those done by Toprac .t .t (3). Toprac tested
tee connections for profiled tube joints in order Èo

evaluate the maximum load that could be applied to a

hollow member.

Finally, in ord.er to gain insight into fatigue
strengths, it may be advantageous to measure strains at
the joint so that a comparison of stresses between conven-

tionally profiled joints and flattened-end joints can be

obtained.
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LoAD (k)
STRAIN

(MrcRo ru/rw)*to4
AVERAGE

STRAIN LoAD (k)
STRAIN

co'c*õ-ri/T*)*roa
AVERAGE

STRAIN

0.0

1.0

2.0

3.0

4.0

5.0

2
2
2
2
2

2

40
42
38
39
45
40

76
80
77
76
79
77

115
116
113
113
115
110

150
151
148
L47
150
L45

183
186
182
183
184
180

2

40

77

113

150

183

6.0

7.0

8.0

9.0

10.0

11 .0

12.0

2L7
219
218
220
213

25I
254
254
255
248

285
289
287
289
282

319
323
324
324
316

35s
358
357
358
350

388
392
391
391
385

442
426
426
428
420

2L7

252

289

323

357

390

426

TABLE A-1

CALIBRATION OF PRESTRESS BAR

L77



TABLE A-1 continued

LoAD (k)
STRAIN

(MrcRo rN/nq)xtoa
AVERAGE

STRATN LOAD (k)
STRAIN

(MrcRo nq/in)*roa
AVERAGE

STRAIN

13. 0

14.0

15.0

16.0

17 .o

18 .0

19. 0

20.o

4s6
460
460
46r

495
496
492
494

526
528
528
s29

s64
564
560
562

s94
s98
s98
s98

628
630
632
633

662
66s
667
668

702
702
697
698

460

494

528

562

597

63r

666

700

2r.o

22.O

23.0

24.0

25 0

26.0

27.0

28 .0

735
735
732
732

770
77L
765
767

804
805
800
802

838
838
834
836

872
874
868
87r

906
908
903
904

940
942
937
939

97s
976
973
974

733

767

802

837

877

905

939

974
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TABLE A-1 continued

LoAD (k)
STRATN

c¡¿icRõ ìÑ/ï*)*roa
AVERAGE

STRAIN LoAD (k)
STRAIN

(MrcRõ ;î7i*l*roa
AVERAGE

STRATN

29.0

30.0

31.0

32.0

33. 0

34.0

35.0

36.0

1009
1011
1007
1008

L044
L047
1 040
r044

1 078
I 080
1 075
I 078

LLL2
1116
1113
1110

1 143
LL47
TL47
I 150

TL82
1 185
I 178
LLB2

TzL6
T2L7
L21,3
L2L5

L250
L249
L253
L252

i 009

L044

1 078

1113

TT47

L782

L2T5

I250

37 .0 I285
1286
L283
r284

T3T7
1319
1377
131 9

1355
1356
1352
1355

138 6
1389
138 9
1391

r424
1425
I420
1424

14s8
r455
I456
1458

t493
r494
1490
1492

1528
1528
L527
L52s

38 .0

39.0

40. 0

47.0

42,0

43.0

44.0

1284

1318

r353

1389

r423

1456

r492

1527

!,,



TABLE A-1 eontinued

LoAD (k)
STRAIN

Cr,ricRõ ;îË*)*toa
AVERAGE

STRAIN LoAD (k)
STRATN

(MïcRõ iîii*)*roa
AVERAGE

STRAIN

45.0 1563
1565
1559
r562

1s96
r594
1598
L599

1 633
I 635
L629
1630

1 668
L667
1665
7666

I 698
17 00
17 03
1703

L734
L734
L738
1734

L76s
L7 68
t772
17 66

1804
1803
1806
18 06

r563

46.0

r596

47.O

I632

48.0

r666

49.0

LTOT

s0. 0

1735

51 .0

L7 67

52.0

1805

53.0

54.0

55. 0

I s6.0

57 .0

58.0

s9.0

60. 0

1838
1838
t842
1843

r872
r877
L87 6
1873

r907
1 908
1910

r94t
t946
1945

1977
1982
r982

20L6
20I6
20L2

2048
205L
205t

2082
2085
2086

1840

187 4

1 908

1944

198 0

20r5

2050

2084

180
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LOAD
2000 psi

GAUGE

10000 psi
GAUGE LOAD

2000 psi
GAUGE

10000 psí
GAUGE

1

2
3
4
5
6
7

I
9

10
11
L2
13
L4
15
T6
L7
18
L9
20
2L
22
23
24
25
26
27
28

62.5
100
155
200
250
300
355
40s
450
49s
s30
570
620
670
730
770
800
855
925
980

1030
1090
1 150
L220
L270
1310
1355
139s

400
450
500
s50
600
650
700
7s0
850
900
970

1030
1100
I 140
I 190
I220
I260

29
30
31
32
33
34
35
36
37
38
39
40
42.s
4s
47 .5
50
52.5
55
57 .5
60
62.5
65
67 .5
70
7 2.5
75
77 .5
80

L470
151 0
1550
1610
1635
1700
17 45
L790
1840
1880
r940
r97 0

1340
1370
1400
1450
i500
1 550
1580
163 0
17 00
17 50
L7 90
1800
1950
2075
2L80
2350
2450
2580
27 00
27 50
2850
2950
3075
3200
3300
3425
3525
3650

TABLE A-2

CAIIBRATION OF PRESST]RE GAUGES
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TABLE A-3

MEASURED CHORD TUBE DTMENSTONS

MEASURED
SPECIMEN CHORD TUBE
NUMBER DTAMETER

AVERAGE MEASURED AVERAGE
CHORD TUBE CHORD TUBE CHORD TUBE
DTAMETER THICKNESS THICKNESS

1A1

282

LA2

4A2

4.518
4.542
4.540
4.535

4.54r
4.s39
4.542
4.544

4.s43
4.539
4.542
4.544

4.52I
4 .534
4.528
4.537

4.534

4.543

4.542

4.530

0.196
0.188
0.189
0.r97
0.200
0.188
0.193
0.193

0.205
0.200
0.196
0. 198
0.198
0.196
0.195
0.19s

0.205
0.200
0.196
0. 198
0.198
0.196
0. 195
0.195

0. 193
0.18 9
0.191
0.189
0.200
0.189
0.198
0.191

0.193

0.198

0.196

0.I92

1r"



Table A-3 continued.

MEASURED
SPECTMEN CHORD TUBE
NUMBER DTAMETER

AVERAGE
CHORD TUBE

DTAMETER

MEASURED AVERAGE
CHORD TUBE CHORD TUBE
THÏCKNESS THICKNESS

4At

181

2AI

2A2

4.551
4.543
4.534
4.539

4.530
4.530
4.528
4.531

4.540
4.537
4.s0r
4 .536

4.543
4.530
4.530
4.532

4.542

4.530

4.539

4.534

0.200
0.r92
0.191
0.198
0.199
0.r97
0.197
0 " 200

0.195
0.196
0.195
0.195
0.195
0.187
0.193
0.195

0. 197
0.r97
0.189
0.200
0.r97
0.198
0. 191
0.199

0.188
0.187
0. 199
0.191
0.193
0.196
0.189
0.199

0.197

0.198

0.196

0.193

18n



TABLE A-4

Tension Test on Hot Rolled H.S.S. Web Tube Material

Test #1

LOAD (1b) STRESS (psi ) STRAIN (ín/j-n)

0
250
s00
750

1000
125 0
ls00
17s0
2000
2250
2500
27 50
3000
3250
3460

5,730
l.I,460
17,190
22,950
28,650
34 ,400
40,250
45,900
51,600
57 t40o
63,150
6B,800
7 4,500
79,500

0.0113
0. 01s6
0.0185
0. 0211
0.0234
0.0258
0.0280
0.0303
0.033s
0. 0388
0.0484
0.0587
0.0793
0.1685

Area = 0.0436 in
Specimen Length = 4.688 in.
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TABLE A-5

Tension Test on Hot Ro1led H.S.S. Web Tube Material

Test #Z

LOAD (1b) STRESS (psi) STRAIN (inlin)

r00
200
300
400
500
600
700
800
900

1000
110 0
1200
13 00
1400
ls 00
1600
17 00
18 00
1900
2000
210 0
2200
2300
2400
25 00
2600
27 00
28 00
2900
3000
310 0
3200
3290

2,290
4,575
6,850
9,r40

LI,420
13,710
L5 ,97 0
L8 ,27 0
20,550
22,800
25 r 100
27,400
29 ,650
31,950
34,250
36,500
38,800
4 1, 100
43 ,400
45 ,7 50
47,900
50,200
52,500
54 ,7 50
57 ,100
59,300
61,600
64,000
66,300
68,500
70t750
73,000
75,100

0.0000
0.0029
0.0051
0. 006s
0.0080
0. 0091
0. 0102
0. 0112
0.0120
0.0128
0.0138
0.0146
0. 01s4
0. 0159
0.0168
0.0r77
0.018s
0.0194
0 .0204
0. 0215
0 .0226
0.0238
0.0261
0.0288
0 .0326
0. 03 66
0.0422
0.0480
0.0s28
0.0613
0.u728
0.0840
0.1622

Area = 0.0438
Specimen Length : 4.753

1f3 6
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