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ABSTRACT

This report describes ten tests of single panel segments of
triangular trusses fabricated from RIS and hexagonal hollow sections,
Attention was directed primarily at thc behaviour of the joint where
four web members are connected to the tension chord, Parameters in-
vestigated included the size of the gap, the ratio of web member width
to chord width, the chord wall width to thickness ratic, the angle
between web planes and the shape of the tension chord {square and
hexagonal).

Observed failure modes included web member buckling. chord wall
deformations at the joint and interaction between these two modes.
Methods of analysis or design devecloped for planar truss joints may,
in some cases, be applicable to triangular trusses. In general, the
test results were found to lie within the range of the planar truss
predictions. 1In other cases, planar truss analyscs are not applicable,

and methods especially developed for triangular trusses are necded.
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Lo MR IoN

This report describes structural tests on ten segments of triangular
trusses comprised of square and hexagonal tubular members. 7The objectives
of this project were as follows:

"to study the behaviour and develop appropriate design

procedures for the web to bottom chord connections in

trusses of triangular cross-section. In particular,

the effect of two sets of web members in two different

planes bheing attached to the bottom chord at the same

point will be examined with a view to using present

design methods for planar trusses in either their present

or a modified form." (1)

This final report on the projcct provides a summary of all the work
performed, and results are presented in sufficient detail to support the
conclusions presented. Complete details are prescnted in two more detailed
reports (2,3), and reference may also be made to two Progress Reports (4,5).

All test specimens comprised one panel of a Warren type triangular
truss, as shown in Fig. 1, and reprcsent a truss with one tension chord
and two compression chords. VWhile primary interest was focussed on the
joint of the four web members to the tension chord, a truss panel was tested,
rather than an isolated joint, in order to achieve realistic conditions in
the web members framing into the joint of interest.

2. TEST SPECIMENS

2.1 Truss Specimens

The nominal dimensions of all truss segments are given in Fig. 1, and

noninal member sizes are given in Table 1. With the exception of the tension



chords of trusses 8, 9 and 10, all members were square USS, provided
by the Stecl Company of Canada. The hexagonal mcmbers werce provided
by Tubes de la Providence, Lexy, France.

Actual values of the selected test parameters which influence the
joint geometry and strength are given in Table 2. For specimens with
squarc tension chords (nos. 1 to 7), the principal variables were the
anglc between web planes (90° and 60°), the ratio of average web member
width to chord width, 8, the ratio of chord width to wall thickness, v,
and the magnitude of the joint gap. Specimens with hexagonal chords
(Nos. 8 to 10) were esscntially identical except for the size of the
inclined web members.

For design purposes, the trusses were analysed as pin connected.
The design of all the joints initially followed Ref. 6, which has been
used in Canada since 1971 for the design of two-dimensional trusses.
However, the designs of specimens nos. 6 to 10 were subscquently reviscd
in an attempt to ensure joint failure in these later tests, since higher-
joint strengths were predicted by other design methods (7,8,9) and, in the
first test series, several specimens showed rclatively little joint dis-
tress. In order to obtain jeint failure before the member failures, the
following changes were made in specimens nos. 6 to 10:

(1} the thickness of the web members was increased to prevent

them from buckling and yielding. (As a consequence of this, the

new sizes ordcred were not from the sawe heat of steel as that of
the other members);

(2) the compression web members of spccimens nos. 2 and 8§ were



reinforced partway througl the test in order to prevent buckling,

and,

(3) the bottom chords of specimens nes. 9 and 10 were prestressed

in compr¢ssion to prevent yield in tension.,

Measured dimensions of all members are given in Refs. 2 and 3,
and were used in all calculations of member resistances and loads, etc.
given in this report. In a number of cases, incorrect members wvere
supplied, and in these cases nominal values for the supplied members are
given in Table 1.

2,2 Material Properties and Fabrication

The specimens were fabricated from HSS members which were either
hot formed to final shape or cold formed tc final shape and stress relieved.
For the squarc 1185, C5A G40.20 Class il and CSA G40.21 Grade 50W were
specificd. (The web members of specimen no. 7, however, appeared to be
of CSA G40.21M Grade 480W.) For the hexagonal HSS, grade E-21 steel of
the French standards was specified. The minimum specified properties fon
these material specifications are given in Table 3,

Three tensile test coupons were tested from each member meeting
at the joint of interest, and were selected from tube walls other than
the one centaining the seam. Average results for these tests are given
in Table 4 for each member,

The specimens were arc welded manually using low hydrogen elcctrodes
of the E-480XX series (ultimatc tensile strength = 480 MPa), Fillet welds
were designed following Ref. 6, and the weld details at the joints under
study are shown in Fig. 2. A reduced shop drawing of one specimen is shown

in Fig. 3.
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S.1 test Arreacy.at

Yine of the specinens sirglated the sad senel of o wisply sunporte:d
truass i Which the shear, o] thervfore the loads in the wely menbars and
Of Yhe Jolnt, werg mlxiraun,  Dne specinen (a0, 3] simalatoed anoiplerioar
pancl in evder Lo investigate the offeot of having a hipher average
tension luad in tha chored,

The te:xting arrangsrent wis chosen Lo zimualate as closely as
passillc the corditiens each panel would exparience as part of o conplete
truss.  Figs. 4, b oand 6 show end pancls in their inveried testing position.
The speciven cantilevers {rom the rig, which Is fixed to the strong tloor,
ane 15 lodued Dy vertieal loads ot oits il These lowds, applicd throogk
a loading Leam witn cotles and kydraal e jacks under the streony floar,
represent the shear a3t the sugport of the real trass,  The iotertal
reactions af the real truss at the Imapinory sut botween Lhie end pancl
and the sojacent one and Lhe zeans by wloweh the rig provided thes to thes
SRCCINens wore:

Cal  tension only in the hwtton chard, provieded s the tendoeas,
Ca) comprossion only in the top chords, provided by the hovi-
sontal rovkers, &nd

(v)  the aeternal tvansversoe shear, provided by Lhe vertical

rovhers,

In the case of Truss Ne.o 3, o2 scvom! reaction frage, tcentival to
that shown in Fip. 4, was placed at the other end of the sopcinen, and
Lhe speoimen wos atitached o b By bendons along the tensiorn cloed axis.
S oother conncotion was made to this seoopd reactian frape, winleh Thos

avevedd Lo epply ohitorns tension an the tension chord,  loadine ia shoear



took place in thc same ways as for all other specimens. The small ver-
tical component of the load applied by this rig, which resulted from
deflections of the truss, was calculated and the applied shear load was
corrected accordingly.

The reaction frames, tendons, and connections to the specimens
were designed to resist, at ultimatc, chord loads of 1780 kN, corres-
ponding to a vertical load of 630 kN at the end of the truss segment,

In this report, the tension chord is referred to as the bottom
chord, this being the usual position in a truss. It should be noted,
however, that in the inverted test position this chord is in fact upper-
most.

3.2 Instrumentation

Instrumentation compriscd electric resistance strain gauges and
mechanical deflection (dial) gauges. Details of the measurements taken
and the quantitiecs derived are given below,

3.2.1 Member Strains, Member Axial Forcecs and Bending Moments

Strain gauges were located at the third point sections of the
bottom chord and of the compression and tension web members, and in
addition some gauges were placed at the centres of the web compression
members. Fig. 7 shows the locations of the sections on the members and
Figs, 8 and 9 show typical locations of strain gauges at cach of these
sections on a specimen with square and hexagonal tension chords respec-
tively,

The member axial forces and bending moments were obtained from
these measured strains, and from the secction dimensions and material

properties, by sumuing the stress distributions round the scetions.



These calculated member axial forces and bending moments are given in
full in Refs. 2 and 3. Computer programs used for this data reduction
are glven in Ref. 3.

3.2.2 Measurcd and Corrected Joint Deformations Along the Axes

of ihe Web Members

Joint deformations were measurcd parallel to the axes of the com-
pression and tension web members rclative to a plate tack welded normal
to the adjacent unattached wall of the tension chord, as shown in Fig, 10.

Along each tension web member, one dial gauge nicasured directly
the joint deformation. Along each compression web menber, two dial gauges
werc usced to measure beoth the deformation and the rotation due to the out
of the web plane bending of the web member. By correcting for this rotation,
the joint deformation along the web member centreline was calculated, Rota-
tions due to the bending of the web members in the web planes were also
mecasured with the dial gauges set perpendicularly to the web members.

These rotations did not affect the measurements of the deformations along.
the axes of the web members, and since they are less important, they are
not discussed further.

In the case of Trusses I to 5, only one deflection measurement was
made parallel to the axis of the web compression member, and hence the
resulting deflection overestimates the joint deformation along the axis,
since it includes a component rcsulting from the rotation. Where com-
parisons arc made in the following, between joint deformations of any of
Trusses 1 to 5 with those of Trusses 6 to 10, the uncorreccted values have
therefore been used for the latter. The arrangement of dial gauges for

Truss No. 7 is shown in Fig. 11(a).



In tests Nos. 1 to 7, this arrangemcent was satisfactory because
the chord.side walls bulged out very little, at least in the early stages
of loading, and the plates staycd in position. In the first test of a
hexagonal section, No, 10, the‘measurements became unrecliable when the
chord side walls deformed significantly out-of-plane and hence rotated
the plates. 1In the later tests, (Nos. 8 and 9) therefore, because similar
chord deformations were expected, the plates were supported away from the
joint and extended to overhang it. This arrangement proved satisfactory
aﬁd is shown in Fig. 11(b).

3.2.3 Shear Deformation of the Bottom Chord (Mcasured on Specimens

Nos. 8 and 9 only)

The transverse deformation of the bottom chord on one side of the
joint in relation to the opher side was measured on-specimens Nos. 8 and
9, with dial gauges placed transversely to one side of the chord and
attached to a bar fixed on the other side of the chord. This arrangement
is shown in Fig. 11(c). The recorded deformation was a measure of the -
shear deformation of the bottom chord at the joint but also reflected, to
a lesser degree, some bending in the chord,

3.2.4 Mid-Length Transverse Deflections and Curvaturcs of the

Compression Web Members

The transverse deflections were measured both in and out of the
web plancs by two dial gauges fixed to a bar supported at the ends of the
compression web members. This arrangement is shown in Fig. 11(d). The
transverse deflections and the curvatures obtained from the strains at
the mid-length were used to detect the bending and the buckling of the

compression web members both in and out of the planes of the webs.



3.2.5 Specimen Overall Measured Deformations and Corrected

Truss Deflections

The overall deformations at the ends of the trusses were measured
with dial gauges placed at each corner as shown in Fig. 1. The curves
showing the transverse deflections of one end of the trusses relative to
the other end were obtained by subtracting from the measured truss deforma-
tions the rigid body components due to the flexibility of the testing rig.
3.3 Loading

Loads wcre applied by means of hydraulic jacks, and at least ten
loading steps wecre used in each test. Readings were taken at each loading
step just after applying the loads. 1In test No. 3, the initial uniform
tension applied by the second loading rig was maintained constant through-
out the test. On the other hand, the prestressing }oads in the tension
chords of Trusses 9 and 10 were increased proportionately with the transverse
shear. At each step, the shear load was applied first followed by the pre-
stressing load and the readings were then taken.

4. ANALYSIS AND DESIGN ASPECTS

In this section, the bases for the calculated values of joint and
member strengths are cutlined.

4.1 Joint Strengths

In the absence of previous rescarch work on joints in triangular
trusses such as those considered herein, previous results used in design
and research and developed for joints in planar trusses were examined.

In the case of a 90° triangular truss with a square tension chord, the web
members lie in a plane which is normal to the wall of the chord to which
they are attached., The same is truec of a 60° truss with an hexagonal

chord. In thesc cases, if the joint resistance is determined by deforma-



tions of the chord wall to which the web members are attached, or by
limiting behaviour in the web members, it is reasonable to expect some
corrclation between the planar and triangular truss joint behaviour.

If, on the other hand, the joint resistance is governed by failure modes
involving the uﬁattached chord wall, the loss of symmetry about the web
plane would preclude a close correlation. This lack of symmetry will
also exist in the case of the 60° truss with a square tension chord.

Of the ten test specimens, eight correspond to the conditions described
above, which potentially could lead to similar behaviour of the planar
and triangular truss joints, and this justifies an examination of planar
truss joint strength predictions.

Seven of the ten specimens had RR-type joints (RHS web to RHS
chord members) and the joint strength proposals examined for these were
(10), the Corby curves(7), the Delft equation(ll), and

(8}

the computer program developed by Packer® . Results obtained from these

the Sheffield curve

four methods are given for these seven test specimens in Tables 7 to 13. .
The first three of these methods are concerned with joint behaviour

only. On the other hand, the Packer program not only includes several

modes of joint failure but also other associated modes of deformation and

(8,20}

failure , and Tables 7 to 13 give loads at which four of these addi-
tional forms of behaviour are predicted. These are the following: Jjoint
deformation equal to 1% of the chord wall width; initial yileld; and two
local buckling mechanisms in the web compression member, one corresponding

to axial compression in the member (Ml) and the other corresponding to

rotation of its end at the joint (M2).
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Three specimens in the test program had RHex-type joints [RHS
web to HexHS (lHexagonal tollow Section) chord members], for which no
design method was available., These cases were investigated by adapting
joint strength proposals for both RR- and CC-Planar joints (CHS web to
CHS chord members). The RR-planar joint strength mcthods used were the
Shefficld curve, the Corby curves, and the Delft equation mentioned
above. The CC-planar joint strength methods werc the Stelco efficiency
diagrams and the Delft equation for CC-joints.

Several assumptions were made in order to adapt these methods to the
hexagonal section chords as follows: (a) to assume both circular and
square chords with the same cross-sectional area and wall thickness as
the hexagonal section, (b) to assume a circular section with the same
wall thickness and with diameter equal to the distance between parallel
walls of the hexagon and (c¢) to assume a square section with the same wall
thickness and with walls equal in width to one wall of the hexagon,
Results from these analyses are given in Tables 14 to 16.

4.2 Shear Strength of the Chord

The maximum shear stress in an HSS section occurs at the centroidal
axis. By introducing an elastic shear constant, Cs’ and using the von Mises
yield criterion, the shear force on an HSS section, when the maximum shear

stress reaches yield, is given by:

g
e

Vy = CS 75 (4.1)
wherc CS can be calculated by elementary theory.
The chord member in an (1SS truss at a gap joint is subjected to the
shear load from the vertical components of force in the web members. 1f,

for simplicity, the cffect of the axial load in the chord member is
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neglected, the shear resistance of the chord can be calculated using
Eq. 4.1.

4,2,1 Planar Trusses

1In planar trusses, the elastic shear stress distribution in an RHS
chord is as shown in Fig. l2(a): The chord shear resistance corresponding
to initial yield can be obtained from Egq. 2.1, where CS has been given
variously as:

from Stelco (12): CS = Zho,flat.to N (4.

where hO,flat is the flat portion of the chord side walls,

from Mouty (13): C =2h,."t

s 0 0 (4.
\J 3 . = .

from Wardenier (9): CS 2(h0 + ZtO) tO (4.
4,2.2 Triangular Trusscs

In triangular trusses, the elastic shear stress distributions in
RHS and HexHS chord members are as shown in Fig. 12(b). The elastic shear
constants are:
for an RHS chord member: CS = 0.47 AO, (4:
for an HexHS chord member: Cs ~ (.48 AO (4.

The shear stress distribution in the chord member, when full yield
is reached is shaown in Fig, 12(¢). The full yicld shear resistance can be
aobtained from Eq. 4.1 using the following plastic shear constants:
for an RHS chord member: Cg b = 0.71 Ay (4.
for an HexHS chord member: CS = 0.067 AO (4.

The ultimate shear resistance of RHS and llexHS chord members in triangular

trusses may be expected to be bounded by the first yield and the full yield

shear resistances.

5)

6)

7)

8)



In planar trusses with gap joints, the shear fallure of the chord member
generally becomes critical for values of B = (bl + bz)/2b0 grecater than about
0.8. In triangular trusses, since the web members are usually smaller than in
planar trusses becausc the shear is carried by two sets of web members, it can
be expected that for gap joints the shear failure of thc chord will become
critical at lower values of B.

4.3 Truss Member Strengths

The strengths of the tension and compression members of the test trusses
are discussed in subsequent sections in relation to the joint strengths.

Tension member strengths are calculated as the product of the cross-
sectional area and the yield stress. In all cases, results are based on
measured dimensions and measured material properties.

Compression member strengths have been evaluated by means of column
strength curve ko. 1 proposed by the Structural Stability Research Council {14.)
This is the uppermost strength curve of three, and has been found to be appli-
cable to HSS compression members of hot rolled or cold rolled, stress relicved
material.

Compression web member strengths have been evaluated for several
different effective length factors K, namely 0.7, 0.9 and the value based

upon the method recently proposcd in a CIDECT report (15).

5. * TEST RESULTS AND DISCUSSION

The elastic beliaviour of the trusses is described below in §5.1, and
in §5.2 the individual truss behaviour at ultimate load is discussed in
relation to the various observed failurc modes. In §5.3, the influence of

the main test parameters is discussed and compared.

5.1 Elastic Behaviour of Truss Specimens

Elastic analyses of the specimens were made with threce different

models, using the computer program SAP{23). These models assumed (a) pinned
joints, (b) rigid joints with zero eccentricities and, for Trusscs ¢ to 10,

(¢} rigid joints with approximated eccentricities. Fig. 13 shows these



threc models for speuimen No. 6. The member section propertics were based
on measurcd dimensions, and the nominal member lengths werc used,

The analytical axial forces obtained frow the three models agree
within 3% in the worst case and within 1% in wost cases. The experimental
axial forces of all the specimens agree well with the analytical values.
The experimental axial force is 82% of the analytical value (modcl 'a')
in the worst casc, 99% in the best case, and about 93% on average.

As expected, the analytical bending moments obtained from the three
models differ considerably. The bending moments from model 'a' are zero,
while those from model 'b' are different and smaller than those from model

*¢'. Presumably, because of the inadequacies of the analytical models,

the analytical bending moments correlate poorly with the experimental values.

Fig. 14 shows the axial forcec distribution in specimen No. 6 obtained

from analysis 'a' together with experimental points, Fig. 15 shows the
bending moment distribution obtained from 'c' together with experimental

points,

The analytical overall deflections obtained from the three models agree

within about 10%. The deflections obtained from models 'a' and 'b' are
smaller than those from model 'c'. The experimental overall deflections
of all the specimens agree well with the analytical values from the com-
puter programs. For specimens 6 to 10, the experimental valucs werc 80 to
104% of the predicted values using model 'c', as shown in Table 5.

5.2 Observed Modes of Failure

A summary of the test behaviour and the mode of failures of each
individual truss is given in Table 6, and Tables 7 to 16 give, for each
truss in turn, the predicted ultimate loads for each of the failure modcs

discussed in §4, together with the maximum experimental load. In the



following comparisons with the predicted values, it should be recalled

that the predicted values are based on planar truss joints and thus do

not consider the presence of a second web plane, Complete descriptions

of each individual test are given elsewherc (2,3), and in the following
the results are described collectively according to the observed primary
mode of failure, and Table 17 gives a summary of the observations according
to these modes, FEach specimen after test is illustrated in Fig. 16 where
the predominant deformations are shown. Truss No. 7 is not included since
no significant deformations were observed in the test, and for Truss No. 3,
the web member buckling shown was accompanied by significant chord wall
deformations which are not visible.

5.2.1 Joint Failures

The curves of the chord wall deformations in the direction of the
axis of the comprcssion web member on the side where the deformations were
largest are given in Fig. 17. In Tests No. 1, 8-2, 9, and 10, the chord
walls show a sudden loss of stiffness along the compression web members -
and the ultimate resistance of the joint was considered to have been
closely approached.

_In Test No. 1, significant joint deformations occurred, and inter-

acted with the buckling of the compression web members, and all the joint
strength predictions seemed to be unconservative, as shown in Table 7.
The Sheffield predicted joint strength was, however, only 2% higher than
the maximum applied in the test, whereas the other three predicted values
based on the Corby, Delft and Packer methods were 47%, 30% and 36% higher
than the test value.

For Tests 8-2, 9 and 10, various "equivalent" sections were assumed,

as described in §4.1, in an attempt to predict the hexagonal chord joint



strength using planar truss strvength predictions. These valucs are shown
in Tables 14 to 16, but in view of the observed modes of failure, which
involved in all cases a flattening of the chord cross-section under the
combined action of the two compression web members, it is unlikely that the
predicted values can have much meaning. Indeed, little consistency is
cvident from the results in Tables 14 to 16.

In Tests No. 3, 4 and 6, the loss of stiffness of the chord walls
under the web members was gradual and the joint deformations interacted
with the buckling of the compression web members. In each case, the joint
stiffness in the direction of the compression web member remains positive
when the ultimate load corresponding to web member buckling is reached.

In Tests No, 2-s, 5 and 7, the measured deformation of the chord
walls along the axes of the web members was very small, and primary failure
was not associated with the joint.

The application of planar truss joint predictions to triangular
trusses is only appropriate if the connected walls of the chord are deform:
ing indcpendently of the unconnected walls. Of the trusses with significant
joint deformations, this condition appeared to apply strictly only to
Trusses Nos. 1 and 6, and application to the latter, being a 60° truss,
also may be questioned. Trusses 3 and 4, in which out-of-plane deformations
of the unconnccted walls occurred, thus clearly indicating unsymmetric
behaviour, may nevertheless be amenable to analysis by the planar truss
methods. Of these methods, the Sheffield curve and the 1% deformation and
yield values of Packer give consistently conservative results for these four
specimens, with the exception of the 2% overestimate by the Sheffield curve
for No. 1. The Delft cquation appcars to give the closest value on average,

and the Corby value is quite high, especially for Truss No. 4.
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The initiation of yielding in shcar in the walls of the tensicn
chord is predicted in a number of tests at loads considerably less than
the maximum test loads. This initial yielding does not appear to have
much significance on the joint behaviour. The predicted load to cause
full shear yicld in the gap is higher than the maximum test loads in all
tests except Nos. 9 and 10 (both with hexagonal chords). For these trusses,
the high shear stresses will have made more critical the severe conditions
created by the chord tension combined with the bending of the walls of the
cross-section resulting from the transverse forces from the web members.

5.2.2 local and Overall Buckling of the Compression Web Members

Local buckling of the compression web members was observed in Tests
No. 2-s and 3. In these tests, the maximum load applied to the web members
was respectively, 10% and 22% higher than the local buckling resistance
predicted by Packer's computer program. AIn the other tests, the Packer
computer values indicated high local buckling resistance and, in these
other tests, local buckling was not observed. For the test series therefgre,
the program predictions have been consistent with the observations,

Overall buckling of the compression web members was observed in the
Tests ﬂos. 1, 2-s, 3, 4, 5, 6 and 8-1, 1In Tests No. 1 and 6, the calculated
buckling resistance of the web members, based on curve 1 of Ref. 14, and
using effective length factors of 0.77 and 0.79, based on Ref. 15, were
respectively, 15% and 16% higher than the maximum loads applied to the web
members, The actual effective length factors, back-calculated from the
wmeasured applied loads, were about 0.9, In Tests Nos. 3 and 5, the calcu-~

lated buckling resistances with K = 0.94 and 0.77, based on Ref. 15, were

respectively, 7% and 9% lower than the maximum loads applied to the web



members. The actual back-calculated effcctive length factors were about

0.7 in botﬁ tests. In Test No. 2-s, the overall buckling of the stiffened

web members was simultaneous with or was induced by their local buckling.
Because of the reinforcing in this case, the calculated buckling strength

of the web members was approximate, and the actual effective length factors
were not back-calculated. In Tests No. 4 and 8-1, buckling of the web
members, as indicated by transverse deflections and central curvatures, was
approached but not reached. The calculated buckling resistances with K = 0.96
and 0.74, based on Ref. 15, were respectively 10% and 9% higher than the
maximum loads applied to the web members.

In short, the calculation of the effective length factor, by apply-
ing the analysis of Ref. 15, was conservative in Tests Nos. 3 and 5, and
probably also in Tests Nos. 4 and 8-1, but was unconservative in Tests
Nos. 1 and 6. It should be noted that relevance of the analysis of Ref. 15
to the triangular truss web members is questionable., On the one hand, the
joints to the compression chords were either at an angle to, or on the .
corner of, the chords and had vertical and horizontal web members framing
into them. On the other hand, the joints to the tension chord consisted of
two sets of web members and in the 60° trusses, the web members were con-
nected off centre and at an angle to the bottom chord. All these conditions
differ from those assumed in Ref. 15.

It should be noted that, in Tests 1, 3, 4 and 6, buckling of the
compression web membersoccurred or was imminent after significant joint
deformations had developed. In the case of Nos. 1 and 6, buckling occurred

at a lower load than predicted.
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5.2.3 Tensilc Yield Failures

Failure in Test 8-2 occurred at a load corresponding to 103% of the
load corresponding to calculated tension chord yield. 1n Test 5, the ul-
timate load corresponded to 98% of the load expected to produce tension
web member yield.

5.3 Influence of Main Parameters

The seven trusses with RHS tension chords were designed to provide
information which could be related to each of the four main parameters:
the joint gap, the web to chord wall width ratio, {, the chord wall width
to thickness ratio, bo/to, and the angle between web planes, o, The compari-
son tests are listed in pairs in Table 18 together with nominal values of
the main parameters. The three hexagonal chord trusses are also included.
Comparison between Tables 18 and 2 shows that, in some cases, the fabricated
trusses had joint gaps which differed considerably from the nominal values.
This should be considered in comparing the behaviour of the various trusses
in the following paragraphs.

5.3.1 Joint Gap

Tests No. 1 (g = 25 mm} and No. 2 (g = 0 mm)

Gap joints, being generally weaker than lap joints, were studied in
all te; specimens. The Sheffield, Corby and Delft design proposals do not
take the magnitude of the gap into account in predicting the strcngth of a
gap joint. However, it is generally recognized that a joint with a small
gap is stronger than one with a large gap. Specimens No. 1 and 2 were
nominally identical except for their gap sizes.

Duc to the slightly higher yield strength of the tension chord of

Truss No. 2, the Sheffield, Corby and Delft methods predict the ultimate

strength of joint no. 2 to be about 5% greater than Truss No. 1, whereas
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the maximum test load applied to joint no., 2 was 124% of that applied to
joint no. 1. The maximum load applied in Test No. 1 was associated with
the interaction betwecen the buckling of a compression web member and the
joint deformations, whereas in Test No. 2 it was associated with the buck-
ling of a compression web member without much joint deformation.

As can be seen from Fig. 17(a), shbwing the joint deformations,
joint no. 2 was stiffer and deformed much less than joint no. 1, and this
can be associated with the smaller gap size.

5.3.2 Relative Size of the Web and Chord Members

Because in triangular trusses the shear is divided between two webs,
the web members are normally smaller than in planar trusses. For this
reason, attention was directed to small ratios of web to chord member
widths, expressed as B = (bl + bz)/ZbO which is of p?imary importance in
all design recommendations., Values of 8 = 0.4 and 0.6 were considered in
the three following cases.

{a) Tests No. 1 (8 = 0.4) and No. 3 (B = 0.6)

According to thc Sheffield, Corby, Delft and Packer proposals, the
ultimate strength of joint no. 3 was predicted to be bhetween 153% and 196%
of that applied to joint no. 1, and the maximum test load applied on joint
no. 3 ;as 229%, The maximum load applied in both tests was associated with
the interaction between the buckling of a compression web member and the
joint deformations. The difference in the resistances, and the stiffer
behaviour of joint no. 3, can be seen in Fig. 17(b).

(b) Tests No. 5 (B = 0.4) and No. 7-2 (R = 0.6)
According to the Sheffield, Corby, Delft and Packer proposals, the

ultimate strength of joint no. 7 was predicted to be between 153% and 216%
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of that of joint ne. 5, and the measured maximum load applied on joint

no. 7 was 153% of that applied on joint ne. 5. However, the maximum load
applied in Test No. 5 was associated with the buckling of a compression

web member, whereas in Test No. 7 the ultimate strength of the test speci-
men was not reached. Fig. 17(c) shows that the stiffer joint had the larger
8 value.

(c) Tests No. 6 (B8 = 0.4) and M. 4 (B = 0.6)

According to the Sheffield, Corby, Delft and Packer proposals, the
ultimate strength of joint no. 4 was predicted to be respectively, 164%,
196%, 127% and 191% of that of joint no. 6. The measured maximum load
applied on no., 4 was 113% of that applied on no. 6. The maximum load
applied in both tests was associated with the interaction between the
buckling of the compression web members and the joint deformations. As
caﬁ be seen from Fig. 17(d), joint no. 4 was slightly stiffer than joint
no. 6 and this behaviour can be associated with the higher B ratio of no. 4.

5.3.3 Chord Thickness

For planar truss gap joints, this is a very significant parameter
and this was expected to apply alsc in the case of triangular trusses.

Values of t, = 4,78 mm (bo/t0 = 26.6) and t, = 7.95 mm (bo/to = 16.0} were

0 0

considered in the following cases:
(a) Tests No. 1 (to = 4.78 mn) and No. 5 (to = 7.95 mm)

According to the Sheffield, Corby, Delft and Packer proposals, the
ultimate strength of joint no. 5 was predicted to.be, respectively, 183%,
128%, 221% and 265% of that of joint no. 1, while the measured maximum load
was 229%. The maximum load applied in Test No. 1 was associated with the
interaction between the buckling of a compression web member and the joint

deformations, whereas in Test No. 5 it was associated with the buckling of



a compression web member without much joint deformation. Fig. 17(c) shows
that joint no, 5, with the thicker chord walls, was stiffer and deformed
much less than joint no. 1. Becausc of the lower stiffness of no. 1,

the strength of the compression weh member was decreased, the ratio of the
experimental to predicted compression web member strength being about 10%
lower in test no. 1 than in Test No. 5.

(b) Tests No. 3 (t0 = 4.78 nm) and No. 7 (to = 7.95 mm)

According to the Sheffield, Corby, Delft and Packer proposals, the
ultimate strength of joint no. 7 was predicted to be, respectively, 173%,
139%, 260% and 294% of that of joint no. 3. The measured maximum load was
153%. The maximum load applied in Test No. 3 was associated with the
interaction between the buckling of a compression web member and the jeint
deformations, whereas iu Test No. 7 the ultimate strength was not reached.
The deformations shown in Fig. 17(f) show the same trends as in Fig. 17(e).

5.3.4 Angle Between KWeb Planes, o

In trusses where this angle is 900, the joints are in some ways
similar to those in planar trusses because the web members are connccted
at 90° to the chord walls. On the other hand, when o is 60°, the web mem-
bers are connected at 75° to the plane of the wall of a square chord. The
angle between the web members and the chord, ©, was 45% in the 90° truss
specimens and about 39° in the 60° trusses.

All comparisons between test specimens are expressed, in Fig. 17
for example, in terms of the shear in the truss, i.e. the test load applied
at the end of the specimen. Becausc of the significantly different geom-
etries of the 60° and 90° truss specimens, a given shear load in a truss
leads to different forces on the joints in the two cases. Since the behaviour

of a joint is normally dependent primarily on the load applied normal to the
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chord wall, the end shears on the trusses which are required to produce

the same load normal to the chord walls in the 90° and 60° trusses have
been computed. For unit compression force normal to the chord wall at the
joint in the 90° truss, an end shear load of 1.41 is required, whercas the
end shear would have to be 1.74 in the 60° truss, i.e. a 23% greater applied
load. This should be considered when interpreting Figs. 17{g)} and (h) and
if thesc are used to compare deformations under identical normal loads on
the chord walls, the 60° truss curve should be lower relative to the 90°
truss results, It should also be noted that the compression web members in
the 60° trusses were 9% shorter than those in the 90° trusses.

(a) Tests No. 1 (o = 90%) and No. 6 (o = 60%)

According to the Sheffield, Corby, Delft and Packer proposals, the
shear load applied on truss no. 6 corresponding to the ultimate joint
resistance was predicted to be, respectively, 120%, 121%, 141% and 160%
of that applicd on truss no. 1, while the measured maximum shear load
applied on truss no., 6 was 198%, as shown in Fig. 17(g). The maximun
applied shear loads in both tests were associated with the interaction
between the buckling of a compression web member and the joint deformations.
The 60° truss thus sustained a significantly higher normal load on its chord
walls ;han the 90% truss,

(b) Tests No. 3 (@ = 90%) and No. 4 (a0 = 60%)

According to the Sheffield, Corby, Delft and Packer proposals, the
shear load applied on truss no. 4 corresponding t; the ultimate joint
resistance was predicted to be, respectively, 122%, 121%, 117% and 156%
of that applied on truss no. 3, while the measured maximum shear load
applied on truss no. 4 was 98%. The joint deformations are shown in Fig.

17(h). The maximum applicd shear load was associated in both tests with
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the interaction between the compression web member buckling and the joint
deformations, including deformations of the unattached chord walls. The
ultimate load of truss no. 4 was not guite attained because the limit of
travel of the specimen was reached.

In these two trusses, both with f = 0,6, the normal chord wall
load sustained by the 60° truss was about 20% less than that sustained
by the 90° truss. It is of interest to note that the reverse of this
occurred in tests 1 and 6 for which £ was 0.4. This suggests that because
of the off centre attachment of the web members in the 60° trusses, as
illustrated in Fig, 18, the joint strength in these trusses is less sig-
nificantly influenced by low values of f than in a 90° truss. This is
further illustrated by the comparison between the relative results for
trusses 4 and 6 shown in Fig. 17(d) and ;he relative results for trusses
1 and 3 shown in Fig. 17(b).

5.3.5 RHex-Type Joints. Tests no. 8, 9 and 10

The three specimens, nos. 8, 9 and 10, were tested with three differ-
ent web to chord member width ratios, % = 0.51, 0.68 and 0.85, respectively.
Other joint parameters were identical. Joint deformation measurements are
shown on Fig, 17(1).

The maximum applied test loads on trusses 8 and 9 were 75% and 85%,
respectively, of that applied to truss 10, and joint stiffness also increased
as B increased. The same trend is predicted by the Sheffield, Corby and Delft
methods with the latter providing the more accurate indication of the strength
variation. The mode of failure in all cases involved flattening of the chord
section, with large lateral spreading and folding of the unattached side

walls, as shown in Fig. 16(g) to (i). The punching into the chord of the



web compression members was greater in trusses 8 and 9 than in 10, which
had the larger B ratio. Consequently, in truss 10, the flattening of the
chord section took place in the region of the gap, whereas in trusses § and
9 it occurred at the end of the web compression members and to some extent
in the adjacent chord on the side away from the joint. The high shear
stresses predicted by the analysis of §4.2.3 should also be noted, these
being more critical in truss 10 than in 87

6. PRINCIPAL OBSERVATIONS AND CONCLUSIONS

(1) In the test series, a variety of failure uodes were observed. These
included punching-in or push-pull failures of the tension chord walls, local
and overall buckling of the compression web members, and an interaction of
this buckling with joint deformations in some cases,

(ii) A triangular truss will carry one-half of the shear force in each web
and, for all practical configurations, the force in each web will be less
than in the web of an equivalent planar truss. Thus the web members of the
triangular truss will, in general, be smaller than those of the equivalent,
planar one. In addition, for the same depth of truss, they will be longer.
Thus, in general, it can be anticipated that the relative size of web member
to tension chord member will be less than past experience with planar trusses
would suggest. While this will generally lead to more severe conditions in
the joint because of the smaller width ratio of the members, the capacities
of the smaller and more slender web members are also more likely to bhe critical.
(iii) By assuming a column strength curve (curve 1 of [i47]), effective length
factors for those web members which underwent overall buckling were calculated.
Values in the five relevant tests varied from 0.7 to 0.9, In two tests, the
calculated X was equal to 0.9 (Tests 1 and 6) and in both cases significant

chord wall deformations had taken place under the compression member ends prior
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to buckling. Other calculated K values were 0.74 or less.

(iv) Values of the effective length factors calculated using the pro-

posed CIDECT method (15) were equal to or larger (i.e. conservative) than

thc values calculated from the test buckling loads, except for Tests 1 and

6, both of which exhibited significant chord wall deformations. However,

the end conditions in the tests differed somewhat from those on which the
results of (15) are based. h

(v) In a 60° truss with a square tension chord with web members welded

to adjacent sides, the off-centre attachment of the web members appears to
diminish the sensitivity of the joint strength to a reduction in the parameter
g, the ratio of web member width to chord width.

(vi) Hexagonal chords exhibited very large deformations at the joint,
involving a flattening of the cross-section accompanied by outward dis-
placements and folding of the chord side walls. Of the trusses with square
section chords, only trusses 3 and 4 showed any significant flexure in the
unconnected walls, and in these, the cross-sectional shape changed very -
little compared with those with hexagonal chords. The only direct compari-
son which can be made between 60° trusses with hexagonal and with rectangular
sections is between trusses 9 and 6 respectively, since they had identical web
members. Truss 6 sustained a load 15% greater than truss 9, but its chord
area was 21% greater and chord wall thickness 6% greater. 1t appears, there-
fore, that there is no major difference in the joint strengths for rectangu-
lar and hexagonal chords of similar weight.

(vii) Member axial forces and deflections in the elastic range of loading
may be calculated by treating the truss as a pin-jointed space truss. This

applies to all types of joints and chords treated in the test series.
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{(viii) Measured moments in the elastic range were larger than those given
by analysing the truss as a space frame, with assumed eccentricities in the
joints,

(ix) The effect of the variation of the gap joint parameters in the
triangular trusses showed the same trends as for the planar trusses:

- a joint with a small gap was found to be stiffer and stronger
than one with a large gap;

- the joints with higher relative size of the web and chord members
were found to be stiffer and stronger than those with lower values
in 909 trusses;

- the joints with thicker chords were found to be stiffer and
stronger than those with thinner chords.

(x) Previously developed methods of predicting the strength of planar

truss joints might have some application to triangular truss joints. They
will be particularly relevant to 90° trusses with square chords, when a
punching type of failure involving only the connected chord wall is critigal,
There are considerable differences between current methods for planar trusses,
which is partly due to their different bases (e.g. some are lower bounds to
experimental results, others are based statistically on a given probability
of not being exceeded, etc.). The limited number of test results for tri-
angular trusses to which the planar truss methods might be applied, do not
permit general conclusions to be reached. Howevgr, it may be noted that all
results for trusses with rectangular chords lie within (or at most 2% outside)
of the range of values given by the four methods considered.

(xi) Methods of analysis for triangular truss joints should be attempted

in order to avoid the extensive and expensive testing which would be required

of an empirical approach,
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s,Pp
CC-joint

CHS

CR-joint

C.HW.M,

HexHS

HS5

NOTATION
area of a section [mmz]

width of RHS chord, compression web member, tension
web member [mm]

Bottom Chord

column curve no. 1, Ref. (14)

elastic shear constant of a cross-section [mm2]
plastic shear constant of a cross-section [mmz]

a joint made of CHS web members connected to a CHS
chord member

Circular Hollow Section

a joint made of CHS web members connected to an
RHS chord member

Compression Web Member
eccentricity of the joint [mm]
gap betwecn toes of the web members [mm]

depth of RHS chord, compression web member, tension
web member [mm]

Hexagonal Hollow Section

Hollow Structural Section



RHS

RHex-joint

RR-joint

S1
52

to, tl, t2

T.W.M
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effective length factor of a compression member

length of a member, measured from centreline to
centreline fmm]

Rectangular Hollow Section

a joint made of RHS web members connected to an
HexHS chord member

a joint made of RHS web members connected to a
RHS chord member

side 1 of a triangular truss
side 2 of a triangular truss

thickness of HSS chord, compression web member,
tension web member [mm]

Tension Web Member
total applied shear load on the specimens [kN]
shear on HS5S to cause first yield [kN]

angle between the web planes in triangular trusses
ldeg)

mean width ratio between the web members and the
chord = (bl + bz)/Zb0 [mm]

angle between the compression web member and the
chord [deg]

angle between the tension web member and the chord
[deg])

yield stress of the chord, compression web members,
tension web member [MPa]

ultimate stress [MPa]
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T
Specimen No. a 8 4 T:g_ e B
0 booe b
1 d deg ( .1 2 0
[deg) [deg] ma] [mn] 5 s
! u '
! -
I ‘
1 1 9p° 45° 25 0.20 0 0.4 25.6
2 50° 45° 0 0.00 -52 0.4 25.4
3 50° a3° 51 0.40 +13 0.6 25.6
i
4 60° 35° 67 0.53 +13 0.6 25.2
5 90° 45° 25 0.20 o 0.4 13.8
) 60° 37° 73 0.57 - 4.8 0.4 26.6
7 30° 45° 56 Q.44 +19.1 0.6 16.0
8 60° 38° 62 0.83+ -17.5 0.51* 16,6~
S « 60° 38° 62 0.83* - 7.9 0.68* 16.6*
10 60° 38° 62 0.83* 0 0.85¢ 16.6%
Notes: a = anglc betwecn web plancs
8 = angle between diagonal web members and tension chord
g = gap dimension
e = eccentricity
*by is based upon the width of one face of the hexagonal sections
Table 2. Joint Paramerters. (Measured Yalues)
Specificd Properties
Material Specification Mi nimm Tensile Minimum
Yield Strength Elongation
Strength
[MPa] [MPa] i%)
Square ISS Canadian: 345 485-621 22 in 50.8 mm
GCSA G40,20, Class H
CSA G40.21, Grade S0W
Hexagonal 1SS French: E-21 Stcel 240 - 20 in 5.65 5

Table 3.

Specified Materlal Properties
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