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This thesis deals with the behavJour and desi~ of triangular trusses 

fabricated from Hollow Structural_~ections (HSS), with two Warren- type web 

planes and a single tension chord. Experimental programs are descrlbed in 

which triangular truss segments and simplified joints ws"re tested in order to 

investigate th~ behaviour of compression web members and tension-chord welded 

joints. The mechanics of joint deformatlons are analysed in re lation to the 

yield line theory, and simple models are shown to give a good prediction of 

the joint stiffnesses and strengths. Complex yield 1 ine mode ls are 

. 
investigated, but are at best only slightly superïor to the simple mod~ls 

• , 
Recommendations are establLBhed coverimg the design of tension and compression 

r;? 
chord joints, as well as chord and web members. The desi~ of a 22 m sp>an 

triangular truss ls outlined. 
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POUTRES À TREILLIS TRI 
FABRIQUÉES DE PROFILS CREUX 

Département de génie civ\1 
et mécan i que app 1 i quêe 

Universi té McGi Il 
Mon t réal, Canada 

RÉSUMÉ 

Thèse de Doc tora t 
FévrIer 1987 

Cette thêse traite du comportement et de la conce~tlon de poutres à 

treillis trianlJula~res fab.riquhs de proflls creux rectangu.lalres (PCR), ave.c 

deux plans de barres de treIllis à disposition Warren et une seule membrure 

tendue. Des études expérimentales sont décrites dans lesquelles des segments VI 

de poutres triangulaires et des joints simplifiés ont été mIs à l'essaI afIn 

d'étudier le comportement des barres de treIllIs ~omprim~es et des JOInts 

soudés sur la membrure en tension, Les mécanismes de déformatIon des JOInts 

sont analysés en r,elation avec, la th~orie des :llgneS de rupture, et on 

'" démontre que des modèles simples donnent une bonne prédictIon de la rIgIdIté 

et de la résistance des joints. Des modèles complexes sont étudIés, maIs sont 

peu ou pas supé rieurs aux modè 1 es SI mpl ès. Des rec~mmendations pour la 

conception sont établies couvrant le dlmenslonnement des Joints aux membrures 

tendues et comprtmées, aInsi que des membrures et des barres de trei Il is. Le 

calcul d'une poutre à treillis d'une porté de 22 m est ebauché. 
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l' 

This thesis is concerned with the behaviour of triangular trusses 

fabricated fkom Rectangu1~r Hollow Sections (RHS). The trusses considered 

have welded gap joints and are submitted to static loading. 
, 

The work reportei! herein is part of a research program which included 

test, and analytical studies of RHS trian~lar trusses. The research program 

is the only one lmown to the author which is concerned with such trusses. The 

research program was initiated by CIDECT (the International COllUl1i ttee for the 

Development and the Study of Tubular Construction), and was carried out at 

KcGill University initially under the superviSion of Professors P. J. Harris 
'\ 

~ and R. G. Redwood. and ,ubsequently by Profes,o. R: G. lùjIiwood. 

Numerous se'udies on planar trusses using RHS have been made in the past 

~ . ewc: 'decad~ and empirically ba,ed design reco ... endations for the .. trusses 

. /~. b.en publ1,hed. These provided the oruy.information avenablè"a, a basis 

for 1 the des1sn of triangular trussev The present research program was 

/n;;ertaken te: st;'dy the ".pects· of beh("\ and design particular to r triangula,r trusses. The applicability of p'lanads recommendations to the 

•• 

! 
triangul.ar trusses was also studied. 

Results of s~ven truss segment tests are summarized herein which were 

carried out by M. Glebe and the author during their Kaster of Engineering 

degree programs. The tests of twenty· four simplifted joints, which are 

described in detail herein, were part of the author's Ph.D. work. The 

-.A 
th.oretical analyses and the\design recommendations proposed in this thesis 

are also based on original work done by the a\J.thor. ? 

In general, the problems associated with the triangular trusses are 

more complicated than with planar trusses. 

) 

For examp le the geome try, 
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including joint eccentricities and loael components, 1& 3-dimensional; the 

chard face failure involves web members connected at an angle and off-centered 

on the chard face; the gap failu~re involves stress distributions in chord 

walh incl1ned' at 45° to the plane of loading; web member buckling involves 

buckling in and out of the plane of the webs These aspects are treated 

herein. 

The research work described in this thesis provides a basis for the 

design of RHS triangular trusses. This ..Iinc ludes analytica1 methods And 

recolJIDendations for the design of the tension- and compression-chord joints in 

relation ~rd face and gap strengths, and for the design of chord and 

web membe7 

This thesis is ,resented in ~ a traditional format in an attempt to 

constitute a coherent document. lt should be noted, however, that parts of 

the thesis (J> "f have been adapted from two publications (Redwood and Sauer 1983. 

... - \-
Sauer and Redwood 1984). While Chapter 5 and Appendix C treât new material, 

other chapters are based, to a greater or lesser extent, on the two 

references. The material used from these refeorence~ has been rearranged and 

revised where necessary in the light of recent resul ts. '1 t is emphas ized tha t 

the two publications were based on the author's Ph.D. work, and that his 

contribution in the two publications was major. 

During his Ph D. work, the author has participated in the supervision of 

several students who worked on projects related ta the research program on 

triangu1ar trusses. These projects are referred ta in this thesls. and are 

described in detait in the undergraduate Technical Papers and Project Reports 

of Santagata (1982), Skold (1986), Kinicucci and Zafrani (1986), and the 

Kaster of ~ngineering Project Report of Kawczak (1983). 
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dimension - yield line mechanisms with normal stresses in chard 
corners 

" 
component of web member load applied ta chard wall 

plastic modu1i about appropriate axes 

\ 

angle between web planes in triangu1ar tt'uss 
or 
load factor used in limit state design 

ratio of web,member width to chord width, defined in text for 
different applications 

ratio of gap dimension ta chord width 

ratio of dimension d ta chard width - yie1d 1ine mechanis~ of 
chard face 
or 
virtual disp1acement 

virtual displacement 

ratio of web member size to chord width 
or 
angle betweert chard and plane containing two compression (or 
tension) w,b members ~ 

angle between web me~er and chard 
or , 
virtual rotat~on of yield line 
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Subscripts 

cr 

f 

g 

i 

r 

s 

y 

u 

max 

l, 2 

-

distance of web member centreline from corner of chord wall, 
expressed as unit fraction of chord wall width 

ratio of force component normal to chord face of tension web 
member to that of compression web member 

distance from chord corner to side of web member, expressed as 
fraction of chard wall width 

normal load in chord corners, expressed as ratio of total load 
on the chord face 

shear stress 

ratio of shear stress to yield stress in shear 

performance factor 

distance of web ~ember centreline from corner of chord wall, 
expressed as fraction of chord wal~width 

dimension (angle) - yield line mechanisms with inclined end 
'lines 

critical buckling load 

factored load 

refers to gap 

member identification: 
o chord 
1 
2 
3 

compression web member 
tension web member 
tie member 

resistance of member 

..,service load 

yield load 

ultimate load 

maximum load 

" 

Sida l, Sida 2. Refers to outside and upper corners, 
respectively, of tension chord cross-section 

/ 

xx 



." 

o 

f: 
v 

Superacripts 

'(prime) 

- (bar) 
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xxi 

. joint dimension adjusted for weld size and curvatJ.Ire at corners 
of chord 

contact dimension of web member On chord face 
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Types of Joints 

-" 
\ OK double Warren 

ON double pr~ 
DT double Vier ndeel 

K planar Warren 
N planar Pratt -T .-, planar Vierendeel 
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CHAPTER 1 INTRODUCTION 

o .. 
Triangular sectioned trusses fabricated from hollow structural sections 

have been used in -a number of applications both in Canada and Europe. The 

usual form adopted consists of a single tension chord and two <?ompression 
,~ 

chords, with the two web planes separated by an angle in the range 45° to 

90°. - These trusses have considerable visua1 appeal, particularly when a 

Warren arrangement of members is used, and in many cases appearance has been a 

significant factor in their selection. Their Inherent 1ateral and torsiona1 

stiffness resu1ts in minimal 1ateral bracing, further enhancing their 

appearance (Fig. 1.1). 

Some examp1es of triangular trusses with rectangu1ar HSS chords are-'1lS 

• 
follows: 

- Oak Bay Recreation Centre, B.C. 27 m long trusses span a curling ring and 

swimming pool. Compression chords-are HSS 127.0 x 76.2 x 9.53 and the 

tension chords are HSS 127.0 x 127.0 x 11.1. tJebs are round HSS 60.3 mm 

diameter. Over the ice arena spans are 32.3 m and the compress ion and 

tension chords are respective1y H55 152.4 x 101.6 x 11.1, HSS 152.4 x 152.4 
• 

x 11.1 and round H55 of 88.9 mm and 73.0 mm diameter . 
. 

- Sheridan Co1lege of App1ied Arts and Techno1ogy, Oakville, Ontario .• Exposed 

triangular trusses and a vivid co1our' séheme prQvide considerable visual 

impact in this building. The trusses span 9 m and tension and compression 

chords are HSS 101.6 x 101.6 and web members HSS 50.8 x 50.8. 

- Mi1itary Base - St. Jean d'Iberville, Quebec. 33.75 m long triangular 

trusses span a gymnasium and comprise compression chords of H55 152.4 x 

101.6 varying from 6.35 mm to 4.78 mm wall thickness, and tension chorda H55 

152.4 x 152.4 with wall thickness either 6.35 mm 0~9.53 mm. tJeb members 

1 
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vary fram Mss 38.1 x 38.1 x 3.81 to HSS 76.2 x 76.2 x 3.81. \ , 

Trusses of this type have a number of features which dUfer from those of 

planar HSS trusses. Of particular importance are the joints t~ the tension 

chord, where typically four web members meet. The configuration of 
8 

compression chord joints and the end fixity of web members will also b~ quite 

different in a triangular truss. 

A research proj ect, 'lias undertaken to investigate the behavio4X' of 
/' 

J 
triangular trusses. The first phase comprised the testing of a nUmber of 

\ 
se~ents of triangular trusses, with attention being directed primarily at the 

behaviour of the tension chord joint. While detailed results of these tests 

were presented oy Bauer (1981), a summary of the mai~ features is given herein 
, t' 

(Chapter 2) for completeness. The second phase comprised the testing of 

simpl1f1ed tfiangular truss te~ion chord joints, as well as the develop~ent 

of general recommendat~ons for the analysis and design of triangui" trusses 

made of rectangular HSS, and is the principal subject of this thesis. A 

dstaUed description of the second test series is given herein (Chapter 3). 

Results from bo~ tests series are then discussed (Chapter 4), and theoretical 

analyses of tension chord joints are presented (Chapter 5). From the two test 

series and from the theoretiçal analyses, information relevant to design is 

estab1ished (Chapter 6). Using these tentative design recommendations 

'examples of some aspects of the design of a 22 m span triangular truss are 

given (Chapter 7). 

The type of tension chord joint .~onsidered in this research program 

comprised a square HSS chord with waUs incl1ned at angles of 45° to 

horizontal and vertical planes, and web members attached to the two uppermost 

wall.. as shown in Fig. 1. 2a. This configuration is appropriate when the 

included angle between web planes is in the range of about 50° to 90°. 
1 

For lover value. of tM,s angle, and providing the c}l.ord wall 15 suffic ie~tly 
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wida, all web members can be attached ~o one wall of the chord as shown in 

Fig. 1.2b. This type of joint has s1milarities to HSS planar truss joints and 

is not considered herein. 

Because gap joints cause more severe loading of the chord waHs than 

overlap joints, and because o~ the-fabrication advantages of the former, the 

emphasis in the research programs was on the behaviour of gap Joints. Simllar 

. emphas1s ls given to the analysis and design considerations treated herein. 

" 

\ 

\ 

o 

.~- . 
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(q) ( b) 

Fig. 1.1 Truss detai1s and HSS trusses (a) Open section detai1 
(b) Hpllow section detall. (c) Plane truss. (d) Triangu1ar truss 

( (a), (b) and (d) adapted from Stelco 1981 

(al (b l 

fig.' 1.2 Trianguler truss tension chord cORnections. 

4, 
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o CHAPTER 2 SUMMARY OF TRUSS TESTS 

This chapter presents a brief ::;ummary of the truss tests which were 

carrled out as the first part of the proj ect Test results will be discussed 

further and referred to in the following chapters, and are included here in for 

cOLnp1eteness A full description and discuss ion of the tes ts is given by 

Bauer (1981) 

2 l SPECIMENS AND TEST DETAILS 

Tests were carried out on seven short lengths of triangular truss, each 

representing one panel of a Warren type truss A truss segment 'of this type 

"-
is shawn schem~cally in Fig 2 l in the inversed position in which the 

specimens were tested This truss panel was des igned primarily ta lnves tigate 

the joint behaviour and at the sarne time study the behaviour of the web 

members All tension chords were HSS - 127 0 x 127 0 sections with wall 

thickness of either 4 78 mm or 7 95 mm. The principal variab les, which are 

summarized in Table 2.1, were the -width ratio, the angle between web planes, 

cr, the gap dimension g, and the chord wall width-to-thickness ratio, bolto' 

-
The truss segments were cantilevered from a massive rig which was bo1ted 

ta the laboratory reaction floor Loads were applied ve rtically at the free 

end of the truss, as shown schematically in Fig 2 land illustrated in 

Fig. 2.2 For six trusses, this was the only load, and these there fore 

represent the end panel of a simply supported truss One truss, No 3, had an 

additional load consisting of uniform tension in the tension chord, applied by 

means of a second rig placed at the loaded end of the specimen 

Instrumentation consisted of deflection and strain gauges. Overall truas 

o deflections anc; lateral displacements within the length of c01!pression web 

5 
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members were recorded, and strains were measured at a number of cross sections 

of the members connected to the joint of interest Sufficient strains ",ere 

recorded at each of these cross sections to enable the stress resultants ta be 

determined Resultant forces (axial force and two moments) in the inelastic 

.,. range were calculated on the assumpt ions of an e las tic-perfectly - plast ic 

mat"erial. Full details of the test specimens, instrumentation and loading are 

given e1sewhere (Bauer 1981, Bauer et al 1983, Glebe 1980, Redwood and 

Harris 1981). 

2 .2 TEST OBSERVATIONS 
• 

In the elastic range of loading the member forces and truss def1ectlons 

were compared with results of elastic analyses of the truss. Three analytlcal 
'\ 

models were used the first treated the truss as a space truss (pinned 

joints), the second treated it as a space frame (rigid joints) with no-

eccentricities in the joints, and the third modelled lt as a space frame with 

short fictitious members introduced to simulate joint eccentricltles 
.~ 

Predicted defleetions and member axial forces were similar for a11 models, and 

agreed weIl with measures values. On the other hand, moments obtalned from 

the latter two models differed significantly, and both underestimated the 

measured moments 

The observed modes of failure and maximum t'es t 10ads are summarized in 

Table 2.2 It can be seen that signifieant joint deformation oecurred in four 
r. 

cases (Tes ts l, 3, 4 and 6) and. that web member buckl Ing wa~ associa te'à---w.j, .. Eh 

the attalnment of the maximum load on the truss in three of these four cases 

'1 In the fourth (Test'4). bending of the jweb members took place progresslvely 

d';-lring the test. 

The joint reglon of this truss. No 4, ls shown in Fig. 2.3. and in 
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Fig 2 .4 the deformed chord cross sec tion at the sarne joint is shown at the 

mid 1ength of the compression web member connection to the chord wall .. 
Rotation of the chord walls, resu1ting in bending of the compres~ion web 

members outward from the truss centre1ine, can be clearly seen This rotation 

arises both from the fact that one "side" wall su~porting the deforming chard 

wall is stiffer than the other because of the second web member welds, and 

from geometrical considerations which lead to off-centre placement of the web 

members in order to minimize the offset between web member and chord axes 

In the remaining three tests, small deformations only were observed at 

the joints (1 to 2 mm out-of-plane deflections of chord walls) Of these, in 

one case (Test 7) the truss resistance eKceeded the safe load capacity of the 

rig, and the failure mode could not therefore be determined In the other two 

cases (Test 2 and 5) web member buckl1ng occurred, although in Test 5 this 

took .-plac,e after full yield of the cross sections of the tension web members 
\ 

The choice of truss parameters, summarized in Table 2 l, allows a number 

of comparisons between truss pairs in which only one major pararneter varied 
,< 
,~ 

Minor differences in the values of the parameters existed because of section 

dimensions and material properties being different from their nominal values, 

and because gap dimensions varied as a result of fabrication procedures. 

However, these differences are known and their lnfluenée was minor, unless 

noted otherwise in the following. 

The effect of a width ratio change from 0 4 to 0 6 was to increase the r 

l 
maximum strength in all three comparative cases The maximum loads wlth ~ 

- 0.6 compared with 0.4 were in the ratios 2 29 to l (Tests 3 and 1), >1.53 

to 1 (Tests 7 and 5) and 1.13 to l (Te-sts 4 and 6). The lower value of this 

ratio for the latter pair. which were 60° trusses is probably due to the 

fact that the web member buckling resistances ln Truss 4 were only S% greater 

i' 
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than those in Truss 6, and web member buckling toge ther wi th joint deformation 

occurred in both cases The axial loading on the chord of Truss 3, ~hich 

un1ike that on Truss 1 consisted of a high tensile load in addition to the 

tension resulting from the appl1ed shearing load, dld not produce Any serious 

weakening effect on the joint, when compared with the other two truss pairs. 

The'effect of change of angle between web planes is partially obscured by 

buckling of web members Because 0 f the different geometries wi th dlfferent 

a values, the comparison between strengths of the trusses is made on the 
• 

basis of tlfe maximum normal load on the chord wall. 

trusses respectively. these ul~1mate normal loads were in ~ne ratios 1 61 to 1 

(Tests 6 and 1) and,0.80 to 1 (Tests 4 and 3). These 'luite different results 

are related to the different web member buckling rest.stances which were in the 

ratios 2 to 1 (Tests 6 and 1) and 0.87 to 1 (Tests 4 and 3). lt appears 

therefore that the web member buckl1ng and its interaction with joint 

de format ion , which i5 amp1ified by the off-centre attachment in the 60° 

trusses, Is more domirwnt than difference:o in joint strength resu1ting from 

the change in angle between web pl a!!!!S. 

Significantly greater strengths were exhibited i~ the trusses wlth thick 

chord walls than i'fi those with thin walls. A decrease in bolto from 26.6 to 16 

resulted in ultimate strengths increasing in the ratios l to 2.29 (Tests land 

5) Ancy 1 to >1 53 (Tests 3 and 7). Similarly the reduction of gap dimensions 

fr~g/bo - 0.28 to zero (Tests 1 and 2 respectively) corresponded' to ultimate 

strengths increasing in the ratio l to 1. 24. 

Stronge-r joints were in most cases also stiffer. Joint deflections, 

measured in the direction and dong the axis of the compression web members. 

are shown in Fig. 2.5. 

In s~, it can be seen that a number of the test observatiot\$ of the 

triangular truss joint behaviour show the sarne features as those exhibited by 
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o planar truss joints'. Thus the trends resulting from variations of fJ. bolto. 

gjb 0 are s imilar The magnitude of these effects will be compared ip 

Chapter 4. Web member buckling occurred in many of the ~ests. and in Most 

cases was associated with significant joint deformations 

o 

... 



o 

Fig. 2.1 

Fig. 2.2 

o -. 

Appl1ed loads 

! 
Tru!s segment test arrangement. 

Truss segment specimen in loading rig. 

React 1 ons a t 
support r1g 
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Fig. 2.3 Tension chord joint deformation. Truss 4 

... 

\ 

Fig. 2.4 Cross-section distortion. Truss 4. 

o 
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Table 2.1 Principal joint parameters. Truss tests 

1 

Truss a 8 {J bD ~ e "-' to bD 
No (deg ) (deg (mm) 

OK-l 
DK-2 

DK-3 
OK-4 
DK-5 
DK-6 
OK-7 

Notes. 

, 

4? 

90 45 o 4 25 6 o 28 -7 o 50 
90 44 0.4 25 4 -22 o 50 
90 45 o 6 25 6 o 26 5 o 50 
60, 39 0.62 25 2 o 47 18 o 60 
90 45 o 4 15 8 o ]6 -] o 50 
60 38 o 41 26 0 o 45 -] \ 0 62 
90 45 o 6 16·0 o 45 15 o 50 

Values are based on measured dimensions 
_ (b +b ) 
~ - lb 2 sec(45°-a/2) 

o 
AIl chord meœbers,were nominall HSS - 127 0 x 127 0 

'\ 

j 

." o 
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Table 2 2 
Truss tests 

Summary of fallure modes and maximum loads 

.-i 
======================================~==ùaa==7f~ 

FaUure Mode 

~ 
Tese 1 
Significane chord vall deforaaeion on sida 1 

The coapreaaion veb _liber on aide 1 bucltled 

Tese 2-s 
Little joint defor-acion 
Local and averall bucklln& of che relnf~rced 

eo.preslion veb .eaber on .ide 2 
Unconnected walls ra.ained plane 

Test 3 
The chard vall on aide 2 defoœed aipûtlcantly 
Unconnected vaUa denected out of plane at joint 
Local and averell bucklln& of the coapre.sion web 
_liber on side 2 

Telle' 4 

Signifieant chord vall defor.ation on both .ides 

Unconnect.d valla .ever.ly deflected out of plane 
ac joinc 

ItlL2 
Little joint defor.ation 
The c .. pres. ion web _.ber on aide 1 bucltled 
TeDllion ..... b --'>ers yielded 

IllD 
Signlficane chord vall deforaaeion 
80th ca.pr .. sion _b ...bers buckled 

Test 7 
Little joint defor.ation 
Test rl& c&p&Clty r • .chad prior ta sisnif1cant 
dlstrass of cast apect..n 

Shear Force 
on Truss 

(kN) 

l2S 9 

lS5 6 

288 6 

281 ~ 

288 6 

.r 

249 4 

>441 8 

~ 

W 

"" 
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CHAPTER 3 JOINT TESTS 

3.1 INTRODUCTION 

Fo11owing the tests of the seven segments of Double-K triangu1ar trusses 

described in Chapter 2, further tests of 24 Double T joints (hereafter called 

DT joints), modeling in a simplified manner the Double-K joints (hereafter 

called DK joint~), were carried out and are described in this chapter The 

Urst investigation ... was concerned with the behaviour of the joint in the 

tension chord of a DK triangular truas at which four web members are usually 

connected to the chord. In the second investigation, the configuration was 

simp1ified to consider the two compression web members only, and these were 

oriented nonnal to the chord~ The instabi1ity of the compression web members 

was a1so considered. 

3.l.1 Objectives 

The fol10~ng were the specifie objectives of the second investigation: 

(i) To de termine • in as simple a manner as possible, the significance of 

the angle between web planes on both the joint strength, and the web 

member buck1ing strength. Angles between web planes varying from 90° 

to 30° were considered. 

(11) To analyse the simplified DT joint mode1s described below. 

(iii) To determine experimental1y, using the same simplified DT joints, the 

significance, if any, of interaction between joint deformation qnd web 

member instability. 

3.1. 2 The DT Joint Model 

A DT joint specimen is shown in the test rig in Fig. 3.l. The advantages 

of Chis experimental approach were the low cost of the test specimens, the 

14 
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simple test arrangement, and the abili ty to choo~e web member lengths 80 as 

either to avoid buckling or tQ study it. By changing the angle between web 

members, some of the main effects of variations of this parameter could be 

determined. These effects included the deformation of the joint under the 

compression web member, and the compression strength of the web member. 

Typical tension chord cross-section deformatlon at the connection, as 

observed in the DK truss tests (Chapter 2), is illustrated in Fig. 3.2 for DK 

Truss no.4. This indicates that the primary deformation was associated with 

the compression web members and also that the chorq wall rotation resulted in 

bending of the compression web members away from the axis of synunetry of the 

truss. These are the main features which were simulated by the simplified DT 

configuration 

l t is clear that such a simple arrangement could not simulate a11 the 

conditions in a DK trus-s joint, and intleed sorne additional factors were 

introduced by the test arrangement. Principal among these were the bending -
stresses in the tension chord introduced by the way in which the loads were 

applied to the chord. The effect of these is discussed i,n Chapter 4, 14.1.5. 

3.1.3 Test Pro gram 

The following primary parameters were investigated: 

(a) The angle be tween web plane s, a. 

(b) The ratio of web member width to chor~ member width, fi 

(c) The chord wall width to thickness ratio, bo/to' 

(d) The slenderness ratio of the web members, L,.Ir. 

The program of tests, involving 24 specimens, is ou~lined in Table 3.1. 

In order to aêhieve the significant joint deformatlon which was the principal 

feature under investigation, lt cao be noted that the tests involved low 

,_. 

,I~ . . , , 

, 

J _ 
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·0 va1uei of p (primarlly a value of 0.4), and Intermedlate values of bolto (lIlOst 
-li 

tests invo1ved bolto - 26.6). The planar T joints referred to ln the Table 

were j oInts ~,whlch corresponded to a p1anar truss wi th a rlngle web member 

meeting the chord in the direction perpendicu1ar to lts axis. These tests' 

were included for control reasons, ln order to relate the behaviour with two , 

chord walls loaded to the p1anar truss situation ln which on1y one wall 15 

1oaded. 

- -The test series comprised three categories: 

(i) Joint Strength - Tests 1 to 12, 21 and 22: 

In these, compression web member fallure was avoided by emp10ying a low 

slendemess ratio. 

tests 1,4,5,6,10 ; 7,8,12 21,22 and 3,11 Investlgated the 

effect of the angle a. 

tests 4,7,22 ; 1,21 5,8 and 10, 12 Inves tigated the e ffect of 

the width ratio P - bv'bo' 

te'sts 1,2,3,9 and 10,11 inves tigated the effect of the chord wall 

slenderness bolto' 

Note that tests 10, 11 and 12 were of planar T joints. 

(ii) Compression Web Member Strength - Tests 13 to 20: 
\ 

The compression web member failure and its Interaction vith the joint 

deformation vere investigated in these tests. Tests 13 to 20 involved 

low ratios of web member strength to joint strength, estimated at ''the . 
tilDe of design as 1.05 'for tests 15 to 20 and 1.20 for tests 13 and 14. 

These tests involved s1mi1ar joints to those of tests l, 3, 4, 5, 7 and 

10 but comprised web members with higher slendernesses L,/r . 

• 
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(iii) Comparison_with DK Truss Tests· Tests 15, 17, 23 and 24: 

These four test specimens were designed wlth chord and compression web 

members correspondlng to those employed in four of the truss segment 
\ 

tests performed ea~lier. The fOl,1r chos~h were thos~ which exhibited 
~ 

the most significant joint deformation. 

Tests 7, 8, 12 and 19 investigated the rather extreme case of fJ - 0.2. 

It should bé noted that fJ values in triangular trusses will in general be 

less than those in planar trusses. No tests weré done for fJ values greater 

than 0.6. 

3.1,4 Details of Specimens 

Typical joint sections are shown in Fig. 3 3 Whenever possible, centre 
--... 

lines ot web members intersected on the tension chord axis, a1though, in sorne 

cases (as fJ became large and the angle be~een web planes became small) this 

was not possib~e if the web members were not to intersect, and were to be 

attached to adjacent faces of chord. In practice, for a l~ss thart 45°, it 
• l' 

can be expected that the designer would attach both members to the ~ame face , 

?! the chord. This however was not the type of joint being considered in this 
l , 

investigation. 

3.2 TEST SPECIMENS 

3.2.1 Specimens 

Nominal values of the dimensions, member sizes, and joint parameters for 

a11 specimens are given in Table 3.2. Measurei values, glvén in Table 3.3 

were usèd in all calculations of member resistances and loads, etc. given 

herein. 

.• ~ 

~ 

<, , 
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3 2 2 Materia1 Properties and Fabrication 

A1l members were square HSS sections provided by Stelco Incorporated 

Anticipated ~terial specifications were grade 350, type W (weldable steel), t 

.. 
Class H (hot formed to final shape, or cold fonned to final shape and stress 

relièved) according to CSA Standards-- Ç40 20-M and G40 21-M Nominal 

mechanical properties for this mate rial include a minimum yield strength of.,. 

350 MPa,' tensile strength in the range 450-620 MPa and minimum elongation ln ' 

50 mm of 22% One section size supp11ed conformed to Grade 300-\.1 

Coupons were tested from each web and chord member, and were selected 

from tube wa11s other than the one containing the weld searn Average results 

for these tests are given in Table 3 4 for each member 

The specimens were arc weided manually using Iow hydrogen electrodes of 

the E-480l8 series (ultimate tensile strength - 480 MPa) Details ~) the 

fillet welds of the joints followed STELCO (1981), a~~ are shown in Fig 3 4 

The weld sizes are given in Table 3.3 

3 3 EXPERIMENTAL METHOD 

3 3.1 Test Arrangement 

A specimen in its test position is shown in Figs 3 land 3 5 The 

specimen rested in special base supports on the ends of its web members, and 

was loaded by vertical loaels app1 ied to the chord member. The loads were / 

app1ied through two loading caps ont, the chord and stiffeners were placed' 

ins ide the chord direc tIy under the caps to prevent distortion of the chord 

cross section at the loading points The spacing between the loadlng caps was 

detennined according to the following equation 

) 

spacing - 2b o + b l 
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wh1ch is the same equatio~ as the one used by Kato (1979) for planar T joints 
'1 

based on the fact that th~atio of bending stresses to crippling stresses in 

the chord is the same whether or nQt the chord is inclinpd at 45 0 to the 

vertical ," 

3 3 2 Base Supports 

Details of the base supports ar~ given in Figs 3 1 and 3 6 The ends of 

the web'fmembers were bolted to a short extension terminated in a ball which 

sa tin a soc ke t The ball was oiled to reduced friction and could rotate in 

any direction ins1de the socket The effectlve end of the web member was 

therefore the center of the ball and the end condition closely approximated a 

free ly ro cating hinge 

The socket sat Dn LwO rnutual~y perpendicular rockers concentric with the 

ball and was attached ta a four arm frame by four Hnk bars orr each of which 

LwO strain gauges were fixed As transverse shears developed at the end of 

the web members, the ball pushed sideways on the socket which was restrained 

~ 

elasticallY,by the Hnk bars. The socket rolled on the rockers, which offered 

negHgible rolling resistance, 

therefore only by the link bars 

and the transverse shears were res isted 
\, 

The st!ains in the links were measured in an 

attempt to obtain the transverse shear magnitudes . '" 
Below the frame, different abutments could be placed to accomodate the 

various angles and sizes of all specimens All elements of the base supports 

were designed to resist, at ultimate, an axial load of 250 kN in the '""eb 

members and a transverse shear load of 30 kN at the end of the web members 

3 3.3 Ins trumentation 

Instrumentation comprised' LVDT' s (Linearly Variable Differential 

Transformers), electric wire res istance strain gauges and mechanical (dial) 

de '"1.ec tion gauges. 
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LVDT and strain gauge readings were collected thr0ugh a Digital MING .... 

computer. During the tests, end shears and joint deformations were calculated 

at each load step by the computer and the joint deformations plotted on the 

screen terminal. 

Details of the measurements taken and the quantities derived are given 

below 

3 3 3 1 Joint Deformations 

Joint deformations were measured parallel to the axes of the web members 

relative to plates supported at the top corner of the chord and hanging normal 

to the web members, as shown in Fig 3.7 

Parallel to the web member axis, two LVDT's were used to measure both the 

axial cieformation and the rotation in a plane normal to the chord axis. For 

the specimens with long web I!lembers, a third LVDT was used to measure the 

rotation due to bending of the web member about its other axis By correcting 

for these rotations, the jGint deformations along the web member centreline 

were calculated, as shown in Fig. 3.8. 

3 3.3.2 Web Member End Shears 

Each base support had four link bars lying in one plane perpendicular to 

the web member and radiating in four perpendicular directions The strain in 

each link bar was measured by two electric wire resistance strain gauges and 

the force in the link bar calculated The link bars were prestressed and the 

differences between the loaels in each pair of opposite link bars gave 

components of the web member end shears. 

The àttempt to measure end shears in the web members, and hence bending 

moments, proved a failure. Due to P-Il effects the moments calculated from 

o the end shears were meaningless (e.g. several times larger than the plastic 
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~oment), and are not considered furt~r 

3 3 3 3 Other Def1ection Measurements 

Three dial gauges (nos 2, 3 and 4) were used to measure the chord 

bending de format ions , and one dial gauge (no 1) was used to measure, the 

overall specimen deflection, as shown in Fig 3 1 For slender web members, 

two dia1 gauges were positioned on each web rnember as shown on Fig 3 9 to 

rneasure thè mid-length def1ection in two perpendicular directions 

3 3 4 Loading 

Downward loads were app1ied on the chord of the specimens by a 2,000 kN 

hydraulic universal testing machine Loads were recorded using the hydraulic 

load cell integral with the machine 

3 4 TEST RESULTS 

3 4 l Failure Modes 

Threè failure modes have been identified and are shown in Fig 

These are. 

) 10 
~ 

Mode 1 punching in failure of the chord connected walls with small 

outward out-of-plane deflection of the chord unconnected walls, 

Mode 2 . punching in failure of the chord connected walls and crippling 

failure of the chord unconnected walls, and 

Mode 3 . overall buckling failure of the web members 

The mode of failure of each individual specimen is given in Table 3 5 

3.4.2 Measured Loads 

If the total load acting on the test specimen i5 P, the axial load in 

each web member, N, ~s ) 

... 
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P 
N - 2 cos (a/2) [3 1 J 

where a is the' angle between web members. The component of this load acting 

in a direction normal to the chord wall, Y, is 

Y - N cos(45° - 0.5a) [3.2 J 

The maximum load carrying capacity of tubular joints is the widely used 

measure of resistance which is treated as corresp'onding to the ultimate limit 

state of strength In some types of joint between rectangular HSS members 

however, notably T, X and Y joints between members of different widths, the 

maximum load carrying capacity is attained only when very large deformations 

have occurred. Punching de format ions in excess of 30% of the chord wall width 

are frequently reached before the ultimate strength is developed For such 

joints a practical deformat:vn limit will usually govern the design, rather 

than the ultimate load carrying capacity. The joints considered in this test 

program exhibit similar characteristics, and a problem therefore exists in 

defining an appropria te load or deformation to represent the necessary limits 

of behaviour. 

was 

(11 

In all the tests where joint failure occurred (modes 1 and 2), loading 

stoP~~d after the joint had developed some arbitrarily large deformati~n 

to 15~of the chord width) while the load was either constant or still 

- slightly increasing Testing of one specimen (No. 9) beyond a point at which 

the joint had undergone large deformations showed that the joint then started 

to stiffen because of membrane action taking place between stiffeners under 

the loading points. The incr6ased load then triggered a very ductile overall 

bending failure of the chard. This bending failure was induced by the test 

arrangement and could not be considered representative of triangùlar truss 

joint behaviour. Consequently, other tests were stopped after the joint had 
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undergone lar-ge deformations, but before this phenomenon occurred. iThe 

maximum loads sustained in those tests terminated in this wa1l is therefpre 

arbitrary, and alternative measures of joint strength are needed. 

The following loads were derived from the test results, and are given in 

Table 3.5, in terms of Y, the normal load on the chord wall arising from the 

one member attached to it: 

(a) The maximum load sustained in the tes t, Y mu For most tes ts 
\, 

this value is not considered further, for reasons outlined above. 

However for those cases where web member instability occurred (mode 

3), this maximum cqrresponded directly to the primary failure mode 

and is a real measure of resistance in these cases 

(b) A failure load Yu ls taken as the load corresponding to a chord 

wall deflection of 0 06 b o. This limi t was chosen because most 

joints achieved a constant or slowly increasing resistance at this 

deflection, and any increase in joint stiffness due, at least in 

/ 
part, to the test arrangement, had not yet commenced On1y modes 1 

and 2 permitted this deflection to be reached. 

(c) A yie1d load Yy was chosen to correspond to the region of the 

'" load-def1ection curve where def1ections started to increase rap1dly 

This load is defined by the offset shown in F1g 3.11 

(d) A load Y. corresponding to a chord wall deflection of 0 01 bo 1s 

also given in Table 3 5 This deflection has been proposed as a 

suitab1e limit under service loads (Mouty 1977). 

3 4.3 Joint Deformations 

The joint deformations along the axis of the web members are shown in 

Fig 3.12 for the tests'~hat failed in mode 1 or 2 (tests 1 to 12, 21 to 24). 

.... ' 

.' . 
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o Results of the tests described above (DT joints), as well as those 

described 1n Chapter 2 (OK eruss segments), are discussed in the next chapter 
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COMPRESSION TENSION 
WEB MEMBER WEB MEMBER 

O~~ 
SECTION A-A 

8 
"1 

4 - 5 mm _ .!lTENSI 
, '\Jo-lORD 

90° 
.~--~--~---------#~--- --

MEMBER 

-------~I --~------------~ 
SECTION B-8 

Fi~. 3.2 Joint deformation in Truss 4. Truss tests. 

(3= ~llo (JI. 

b,/bo T- 900 60° 45° 30° 

0.2 t!1' ~ , 
26.6 12 ( Tes t No.) 1,19 8 t 

65.1 test 91 

&' ~ 
5S.8 test 21 
46.5 1 

~~ 
0.4 

--'.L -~ 
0.43 17.2 1 9 , . 26.1 j 11. 

0.42 1.9 2 bo 
5,18 16 !S. 6 10,20 4,11 1,13,15 

20.0 11 3 14.16 

3 

~ ~ 
l " 

0.6 bo : 117.8 in fus~l 

._~. 
152.4 in test 2 1 

.' 32.9 127.0 in aiL other test 

• 
5 

26.6 22,24 21,23 

Fig. 3.3 . Nominal test parametdrs. Joint tests. 
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DETAIL (a) DETAIL (b) 

Fig 3.4 Fillet weld details. Joint tests 

Fig. 3.5 Specimen in test position. Joint tests. 

27 

DETAIL (c) 
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Fig. 3.6 Base support details Joint tests. 

SIllE 1 

FRONT VEW 

a _ F1W( ATTACHED TO ntE TOP OF TIl[ 

CHOIIO 19IIOI ,., SUPI'OITJN8 fllE 'lA TE 
b _ JIlATt 1WIC1II8 ..,.,. Tl) TM( wn 

c _ F1W( AT1ACHED TO ntE 10 I€JtI€R 

.. SUPPlJn'INII ntE lm', 
d _ lYOT', 

SDE 1 SIDE 2 

Fig. 3.7 LVDT arrangement for measuring the joint 
deformations. Joint tests. 
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FINAL Tl-E AXIS Cf' Tl-E WEB tvEtJeER / 
POSITION 

Fig. 3.8 Definition for the joint deformation Along the axis 
of ~~~ web member. 

DIAL GAUGE J 
5 1 7 

~ T; WEB PLANE A " / \ 

SIDE 1 

BENDING OF THE OUT OF THE 
WEB MEMBERS WEB PLANE 

BENDING OF THE 
WEB MEMBERS 

SIDE 1 

FRONT VIEW SIDE VIEW 

Fig. 3.9 D1a1 gauge arrangement for measuring the mid-length 
transverse def1ections of the web members. Joint tests. 
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MODE 1 

(a) 

Fig. 3.10, Failure modes. 

ExaJçle.o (joint test specimens): 

MODE 2 MODE 3 

( b) ( c) 

(a> Mode 1: te.t no.2 (b) Mode 2: test no.-22 (c) Mode 3: test no.19 . 
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Fig~ 3 11 Typica1 joint deformation . 
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4 Cl Cl 
Chord Woll Defleci'ion on Axis 

3SCl 
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3 Cl Cl 
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Fig. 3.12 Joint deformations. Joint tests . 
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.21 

.21 

.2 

.2 
.Z 

.113 

.112 
.11 
.11 
.11 

.57 

.58 

.6 

.6 

.6 

lot.s, 

a bol !:bord 
to Keab.r 

• She 

" 

.2 37.2 
31.9 
26.6 127.0 xl27.0 x~.78 
20.0 
16.0 

... 31.2 117.8 :1117.8 :111.18 
31.9 152.11 :l152.~:l1I.18 
26.6 127.0 :1127.0 :111.78 
20.0 121.0 :1121.0 :16.35 
16.0 

.6 37.2 
31.9 
26.6 127.0 :1121.0 :111.18 
20.0 
16.0 

-- -

Table 3 l 

Coapression 
Web Keaber 

Sin -

Z5.~ x25.11 x3.18 
Il 

16.2 x16.2 xll.18 
63.5 x63.5 x3.18(3) 
50.8 x50.8 :12.79 
50.8 :150.6 :111.76 

16.2 :176.2 xll.78 

tr(Z) 

Program of tests (joint tests) 

TEST no. 

T-Joinl (1) cr 900 cr , 600 

Iv/r Lw/r Lw/r 

20 tr(Z) ZO tr(Z) ZO 

Cr/Hu Cr/Hu Cr/Nu 

1.05 1.20 1. 05 1. 70' 1.05 1. 20 

12 19 7 

9 
2 

20 10 Jl,T2 17 ~ Tfi 15 13 1 
11(4 (90) (90) 16 lq 3 

T5( 100) 

" 
T](6(» 211 22 111 (55) 23 21 

T7(65) 

(1) T-Jolnt refers to a single web aeaber perpendloular to and oent.red on the ohord wall, 1.e. a planar 1 jolnt. 

cr ~5° 

Iv/r 

tr(Z) 

Cr/Hu 

1.05 1. 20 

lB 

(2) Tb!s coluan !ndloates the test nuaber of the truss test serlos and glyes also the oompression web meœber slenderne~~ ratlo. 
(3) Size requeatedl 63.5 x6].5 x3.81, alze supplledl 63.5 x 63.5 x 3.18. 
(II) Web aeaber alze supplledl 50.8 x 50.8 x 2.19. 

cr 

20 tr(Z) 

6 

5 

o 

300 

Iv/r 

Cr/Hu 

1.05 1.20 

1 

20 

fi 1 

1 

1 

1 

W 
N 
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Table 3 2 Nominal S1zes and dimensions Joint: t:e~t:s 

T a b , bO ta 
bo La b , t , b , Lw • Lw r, S 

e ba ta t l rI 
s 
t deg IDIII I11III DIID IDIII mm mm mm IlIlD 

1 60 .11 121.0 Il.18 26.6. 800 50.8, 2.19 18.2 511 19.~ 26.3 3 
2 6G .112 152.11 Il.18 31.9 950 ' 63.5 3.18 20.0 6111 21&.11 25.2 1& 
3 60 -: Il ~ 127.0 6.35 20.0 800 50.8 4.78 10.6 1191 18.11 2f..1 5 
4 90 .11 121.0 Il.18 26.6 ~OO 50.8 2.19 18.2 5111 19.11 26.5 3 " 1 

5 ~5 .11 127.0 Il.78 26.6 800 50.8 2.79 18.2 515 19.~ 26.5 3 
6 30 .11 121.0 4.18 26.6 800 50.8 2.19 18.2 511 19.4 26.3 3 
1 90 .2 121.0 Il.18 26.6 800 25.11 3.18 8.0 3911 8.8 1111.8 Il 
8 115 .2 121.0 4.18 26.6 800 25.11 3.18 .. 8.0 3911 8.8 1111.8 Il 

9 ,60 .113 177.8 ~.78 37.2 1100 76.2 Il.78 15.9 702 28.8 2~ .1& 5 
la T- ... 121.0 11.18 26.6 800 50.8 2.79 18.2 51~ 19.4 26.5 3 
11 T- .11 121.0 6. J~ 20.0 BOO 50.B 2.79 18.2 1194 19.11 25.5 5 
12 T- .2 121.0 4.18 26.6 800 25.11 3.18 8.0 3911 6.6 11 1'.6 Il 

13 60 .11 127.0 Il.78 26.6 800 50.8 2.79 18.2 2396 tg .11 123.5 3 
111 60 .11 127.0 6.35 20.0 800 50.8 Il.78 10.6 2136 18.11 116.1 ':) 

15 60 .11 127.0 ".78 26.6 800 50.8 2.79 18.2 2616 19.11 1311.8 3 
16 60 .11 121.0 6.35 20.0 800 50.8 /4078 10.4i 2316 18.11 125.9 ') 

11 90 .11 127.0 4.78 26.6 800 50.8 2.79 18.2 2669 19.11 131.6 3 
18 115 .11 127.0 4.18 26.6 800 50.8 2.79 18.2 2535 1".11 130.7 3 
19 90 .2 127.0 Il.78 26.6 800 25.11 3.18 8.0 1049 8.8 /19.2 Il 

20 T- .11 127.0 Il.78 26.6 800 50.8 2.79 18.2 2669 19.4 137.6 3 

21 60 .6 127.0 Il.18 26.6 800 16.2 Il.1B 15.9 102 28.8 211.11 5 
22 90 .6 127 .0 Il.16 26.6 800 76.2 Il.18 15.9 699 28.8 211.3 '.) 

23 60 .6 127.0 Il.18 26.6 800 76.2 Il.78 15.9 2il91 28.8 93.6 ') 

211 90 .6 127.0 •• 78 26.6 800 16.2 Il.18 15.9 2699 28.8 93.7 5 

Note3~ 

• S: Fl11et weld s1ze. ...., ...., 

• 
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Table 3 3 Heasured sizes and dimensions Joint tests 

T 0 0 8 CHORD WEB KEHBER - SIDE 1 WEB HEHBER - SIDE 2 
• b, b, Lw • bo t.o 

bO La b , t" Lw Lw r, b , l, b , 
Lw Lw r, Lw s· 

t, bo ta t , r, l, 
-'"! 

r, 
• + + + + 

des dei - - - -
2?\ 

- - - - - - - - -
, 60 60.11 .110 127.3 Il.19 26.6 800 50.9 19.0 511 512 19.5 26.2 50.9 2.10 ,18.9 511 512 19.5 26.2 3 
2 60 58.1 ... 2 152.1 ".81 31.6 950 63.8 3.2" 19.7 61" 613 211.5 25.1 63.8 3.22 19.8 61" 613 2".5 25.1 .. 
3 60 60.1 .110 126.1 6.16 20.6 800 51.3 5.111 10.0 1191 1490 18.5 26.5 51.\ 5.09 \0.0 1191 1190 lB._ 26.1 5 
Il 90 90.5 .110 127.11 Il.73 26.9 800 50.1 2.65 19.1 5111 512 19.11 26.5 50.8 2.67 19.0 5111 512 19.11 26.5 3 

5 115 "2.1 ... 0 121.11 Il.111 26.9 800 50.5 2.10 18.7 515 515 19.3 26.7 50.6 2.71 18.7 515 515 19.3 26.7 3 
6 30 29.7 .110 127." Il.13 26.9 800 50.6 2.69. 18.8 511 512 19.3 26.5 50.11 2.71 18.6 511 512 19.3 26.5 3 
7 90 90. .20 121.11 Il.711 26.9 800 26.0 3.56 1.3 3911 392 B.9 ~1I.3 26.0 3.511 1.3 3911 392 8.9 1111.3 Il 
8 115 .a. Il .20 121.1 Il.18 26.1 800 26.0 3.511 7.3 3911 3911 8.9 1111.3 26.0 3.59 Il .

2 3911 3911 8.9 1111.3 Il 

9 60 58.0 .113 178-.6 Il.62 38.7 1100 16.5 Il.96 15.11 10'2 615 28.8 211.11 76.11 Il.98 15.3 702 675 28.7 211 5 5 
10 T- T- ... 0 '27." Il.16 26.8 800 50.9 <!.69 18.9 5111 5111 19.5 26.11 3 
11 T- T- ."0 121.0 6.23 20.11 800 50.9 2.70 lB.9 '19'1 11911 19.5 25.3 5 
12 T- T- • 20 127.6 ".16 26.8 800 25.9 3.53 1.3 3911 3911 8.9 1I1t.3 .. 
13 60 56.2 .110 121.3 ".76 26.7 800 50.8 2.60 19.5 2396 2396 19.5 122.9 50.9 2.60 19.6 2396 2396 19.5 122.9 3 
111 60 58.5 ."0 126.9 6.23 20.11 800 51.2 5.31 9.6 2136 2136 18.11 116.1 51.3 5.36 9.6 2136 2136 18.11 116.1 5 
15 60 51.1 .110 121.5 ".65 21.4 800 50.9 2.61 19.1 2616 2611 19.5 1311.2 50.1 2.61 19.0 2616 2611 19.11 13".8 3 
16 60 58.3 .110 126.8 6.19 20,5 800 50.1 5.11 9.9 2316 2315 lB.3 126.6 50.8 5.09 10.0 2316 2315 lB.3 126.6 5 

17 90 89.3 .110 127.5 Il.12 21.0 800 50.9 2.58 19.1 2669 2669 19.5 136.9 50.6 2.59 19.5 2669 2669 19.11 131.6 3 
18 .. ; 112.2 .110 127.7 Il.70 27.2 800 50.8 2.61 19.0 2535 2536 19.11 130.7 50·9 2.68 19.0 2535 2536 19.5 130.0 3 
19 90 90. .20 121.6 Il.16 26.8 800 26.0 3.511 1.3 1049 1050 8.9 111.9 26.0 3.55 1.3 10119 1050 8.9 111.9 Il 
20 T- T- .110 127.6 Il.1- 26.9 800 50.8 2.67 19.0 2669 2669 19.4 131.6 3 • 
21 60 57.8 .60 127.5 Il.611 27.5 800 76.3 Il.96 15." 702 702 28.1 211.5 76.3 Il.93 15.5 102 102 28.7 2".5 5 
22 90 90. .60 127.6 Il.75 26.9 800 76." ".70 16.3 699 699 28.8 2".3 76.3 Il.71 16.2 699 699 28.8 2\.3 5 
23 60 58.8 .60 121.6 Il.61 21.3 800 16.0 Il.12 16.1 2691 2695 28.1 911.0 76.6 Il.95 15.5 2697 2695 28.8 93.6 5 
211 90 89.11 .60 121.5 Il.16 26.8 800 76.7 5.01 15.1 2699 2696 28.8 93.7 76.7 Il.93 15.6 2699 2696 2B.9 93.11 5 

,.. 
J 

lIot.esl ~ 

• SI r111et. weld a1ze 
+ Moalnal values. Sinoe .easured yalues are olose ta noalnal yalues, use noelnal yalues ln calculatlons. 
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liecoer 
o."lana t1on 

CIIord 
C.II.H.-31 
C.II.H.-52 

Cbord 
C.II.H.-31 
C.II.H.-S2 

Cbord 
C.II.H.-Sl 
C.II.H.-s2 

Cbord 
C.II.H.-Sl 
C.V.K.-s2 

Cbord 
C.V.H.-Sl 
C.II.H.-.$Z 

Cbord 
C.V.K.-31 
C.V.H.-s2 

Cbon2 
C.II.H.-SI 
C.V.K.-s2 

Cbord 
C.II.K.-Sl 
C.II.H.-s2 

Cbord 
C.II.K.-Sl 
C.II.M.-.$Z 

Cbor<I 
C.II.If.-T-

Cbor<I 
C.II.M.-T-

Cbord 
C.II..JC.-T-

Nœinal :Hu 
(suppl1ed) 

121.0 1 127.0 x '.78 
50.8 x 50.8 & Z 79 
50.8 x 50.8 & 2.79 

152.11 x 152.11 x Il.78 
63.5 x 63.5 x 3.18 
61.5 & 63.5 & 1.18 

127.0 x 127.0 x 6.35 
50.8 x 50.8 x Il.78 
50.8 1 50.8 1 '.78 

127.0 x 127.0 x Il.78 
50.8 1 50.8 1 2.79 
50.8 l' 50.8 1 2.79 

127.0 1 127.0 l '.78 
50.81 50.812.79 
50.8 1 50.8 1 2.79 

127.0 1 127.0 l '.7a 
50.8 1 50.8 1 2.79 
50.8 1 50.8 1 2.79 

127.0 1 127.0 1 Il.78 
25.' 1 25.' 1 3.18 
25.' 1 25.' 1 l.18 

127.0 1 127.0 & '.78 
25.' 1 25.' & 3.18 
25.' 1 25.' 1 3.18 

117.8 1 177.8 l '.78 
16.2 1 16.2 l '.78 
76.2 & 76.2 l '.78 

127.0 1 127.0 l '.18 
50.8 1 50.8 1 2.19 

127.0 1 127.0 & 6.35 
50.8 1 50.8 1 2.79 

127.0 x 127.0 l '.78 
25.' & 25.' 1 3.18 

Table 3 .. 4 Average coupon results Joint tests 

Yteld Ul~1 .. t. Elongation Reductlo~ 
Strength Tensl1e of Area 
at O.ZS Strength at 

HPa 

35-
359 
359 

380 
35-
354 

1125 

". "'lI 

35' 
371 
311 

35' 
371 
311 

35' 
371 
371 

35' 
365 
36S 

"'31 
365 
365 

380 
335 
335 

35' 
359 

'25 
359 

'" 365 

KP .. 

'83 
sqz 
542 

lin 
517 
517 

510 
582 
582 

'83 
5'5 
5'5 

1183 
5'5 
5'5 

118] 
5115 
5"'5 

118) 
5"'11 
Sil .. 

5'2 
5" 
5''' 

503 
509 
509 

",83 
5'2 

510 
5'2 

521 
5" 

J ln Frature 
50.8 .... S 

32 
Z4 
Zq 

30 
25 
25 

29 
23 
23 

32 
24 
2' 

32 
211 
2' 

32 
2' 
211 

32 
23 
23 

27 
23 
23 

32 
28 
28 

32 
2' 

~ 
2' 

28 
23 

56 
51 
51 

59 
53 
53 

6] 
60 
60 

56 
50 
50 

56 
50 
50 

56 
50 
50 

56 
52 
52 

57 
52 
52 

56 
56 
56 

56 
51 

63 
51 

55 
52 

T 
e 
s 
t 

13 

I~ 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2' 

l1q~er 

OesllJl4tlon 

Chord 
C.II.H.-Sl 
C.I/.H.-S2 

Cbord 
C.II.H.-51 
C.I/.H.-S2 

Chard 
C.II.H.-SI 
C.I/.H.-s2 

Cbord 
C.Io'.H.--" 
C.I/.M.-52 

Chard 
C.II.K.-Sl 
C.Io'.H.-32 

Chard 
C.II.H.-Sl 
C.I/.H.-S2 

Chard 
C.II.H.-SI 
C.V.H.-S2 

Chard 
C.II.H.-T-

Cbord 
C.I/.H.-31 
C.Ii.H.-52 

Cbord 
C.I/.H.-SI 
C.II.K.-S2 

Chard 
C.II.K.--'1 
C.II.".-32 

Cbord 
C • .,.K.-!I 
C.I/.".-52 

NOIIlnal Slze 
(supplled) 

127.0 x 127.0 l '.78 
50.8 & 50.8. 2.79 
508. 50.8 & 2.19 

127 0 x 127.0 x 6.35 
50.8 x 50.8111.18 
50.8 & 50.8. '.18 

127.0 x 127.0 x '.78 
50.8 x 50.812.19 
50.8 x 50.8 1 2.79 

127.0 1 127.0 1 6.35 
50.8 1 5O.~ 1 0\.78 
50.8 1 50.8 x '.78 

121.0 1 127.0 l '.78 
50.81 50.812.19 
50.8 1 50.8 1 2.79 

127.0 & 127.0 l '.18 
50.8 & 50.8 x 2.79 
50.8 1 50.8 x 2.79 

127.0 • 12ï.0 • '.78 
250\& Z5.o\I:).18 
25." 25." 3.18 

127.0 • 127.0 & '.18 
50.8 1 50.8 & 2.79 

127.0 x 127.0 l '.78 
76.2 & 76.z & '.78 
76.2 & 76.2 & '.78 

127.0 z 127.0 x 0\.78 
76.2 1 76.2 & '.78 
16.2 1 76.2 l '.78 

121.0 & 127.0 x '.78 
76.2 x 76.2 l '.78 
76.2 & 76.2 l '.78 

127.0 1 127.0 l '.78 
16.2 1 76.2 x '.T8 
76.2. 16.2.' ra 

o 

Yleid UltLaa~e Elongation Reduction 
5trength TensUe of 1re. 
at 0.21 Strengtb at 

KPa 

fi 

354 
349 
349 

-25 
'23 
'23 

387 
369 
369 

1125 ,., 
'U 
'11 
359 
359 

lI05 
370 
370 

'" 365 
365 

'37 
)80 

lIO'j 

361 
361 

0\11 

323 
323 

lIZ' 
361 
361 

1131 
m 
335 

KPa 

'83 
517 
517 

510 
513 
573 

511 
5-2 
5-2 

510 
5a2 
582 

521 
520 
520 

518 
5" 
5'11 

521 
5" 
5" 

5'2 
5" 

51a 
532 
532 

521 
'90 
,go 

532 
532 
532 

5-'2 
509 
509 

S 10 Fracture 
50 8 .. S 

32 
25 
25 

29 
25 
25 

30 
23 
23 

29 
23 
23 

28 
25 
25 

29 
2' 
2' 

28 
23 
23 

27 
28 

29 
27 
27 

28 
za 
28 

27 
27 
27 

n 
28 
za 

\, 

56 
52 
52 

63 
61 
61 

55 
'9 
'9 

63 
60 
60 

55 
52 
52 

55 
'9 
'9 

55 
52 
52 

57 
'9 

55 
56 
56 

55 
57 
57 

57 
56 
56 

51 
56 
56 

w 
V1 

.. 

• 
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Table 3.5 Test and theoretica1 values of chorp wall normal loads 

Ci Joint tests 

" 

T Test Value Failure Y1eld • Yl. (test) 
e Load at Yield Ultimate Maximum Mode Line Yy( theory) 
s 0.01 bO Load Load Load Theory 
t defn. 0.06 bO 

dern. 
y + 

s 
y + 
y 

y + 
u Ymax Yy 

1 49.4 73.0 81.4 85.6 70.3 1.04 
2 58.6 82.0 95.0 114.2 78.8 1.04 
3 84.8 165.0 178.9 182.7 151.6 1.09 
4 42.3 60.0 74.2 91.9 58.4 1.03 f 
5 54.6 76.0 84.3 89.7 70.0 1.09 
6 5' .0 83.0 86. , 87.9 71.8 1. 16 
7 23.0 39.0 50.2 78.6 44.1 0.88 
8 36.6 63.0 68.9 72.9 71.2 0.88 

9 33.5 93.0 98.6 151.6 2 73.3 1.27 
la 37.0 61.5 76.0 120.1 59-3 1.04 
11 72.5 107.0 135.5 204.6 133.0 0.80 
12 14.0 48.0 56.0 93.4 51.5 0.93 

13 45.8 68.3 3 67.9 
14 65.6 136.0 137.4 3 155.4 (0.88 ) 
15 39.2 60.3 3 72.3 
16 53.1 132.8 3 152.4 

17 47.1 67.8 3 67.5 
18 44.6 65.4 3 \ 78.9 
19 39.2 51.0 64.5 3 $"1.6_ (0.99) 
20 34.0 68.5 68.9 3 72.4 ""( 0.95) 

21 87.6 134.0 149.0 156.2 2 122.6 1.'Q9 
22 107.7 138.0 11'9.6 166.7 2 120.6 1. 14 
23 55.8 132.0 147.6 155.2 2 127.6 1.03 
24 105.0 , 51. 0 c 160.7 181.5 2 127.5 1. 18 

All loads given in kN. 
+ The average of values obtained from each side i5 given. 

o 



o 

o 

CHAPTER 4 DISCUSSION OF TEST RESULTS 

Resu1ts discussed in the fo11owing are treated in two- categories In the 

first, those tests in which failure took place in either mode 1 or 2 are 

treated, that is, fai1ure was primari1y associated with joint deformation 
\. 

The second category comprises the tests in which web member over~11 

instabi1i ty was the primary cause of failure (mode 3 indicated in Tab le 3 5) 

Both the truss segment test series and the simp1ified joint test series are 

considered 

4.1 JOINT BEHAVIOUR (DOUBLE-T JOINT TESTS) 

4 1 1 Yie 1d Line Theory 

In a subsequent section the influence of the parameters a, f3 and 

bolto' as outlined in §3 1 3 will be exarnined First1y however, test 

resu1ts are compared with the yie1d line method of ana1ysis (Jubb and 

Redwood 1966, Kato and Ni5hiyama 1979, Mouty 1977, Wardenier 1982) This 

method i5 recommended for the design of T, Y and X joints with the web 

member( s) in one plane, .and for which the web member width is no more th an 80 

to 85% of the chord member width The yie1d 1ine approach has been justified 

both on the basis that it corresponds to a reasonab1e deflection magnitude at 

service load 1eve1 (Mouty 1977, Wardenier 1982), and because it predicts a 
J.-

"yie1d load" which is in reasonab1e agreement with test 10ads at which the 

growth of joint deformations acce1erate (Jubb and Redwood 1966, Kato and 

Nishiyama 1979) The yie1d 1ine method, and its application to the test 

specimens, is swmnarized in Ghapter S, which includes the equation for the 

yie1d load of a T joint, and various modifications to that equatlon to account 

for the inclination of the web members to the chord wall, and for che off-

37 
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centre position of the web member for DT joints. 

Test results, expr,essed as the normal 10ads on the chord walls Yu and 

Yy are compared with the yield line theory results on Fig. 4.1. This 

. , 

comparison inc1udes a11 Mode 1 and 2 fai lures, and thus includes the full: 

range of values of the parameters tested While ther-e is some scatter, it can 

ba seen that there is a considerable measure of agreement The mean value of 

the ratio of test and theoretical yield loads Yy ~s l 043 with coefficien~ 

of variation Il.8% For the ultimate loads (corresponding ta 0 06 b o 

deflec tion) the corresponding figures are 1 184 and 8.2% The distributions 

of these resul ts are shown in Fig. 4. 2 . 

The discussion of joint strength in the following is based primarlly upon 

the yield values of the test loads, i.e , Yyor Ny' However, except where 

otherwise discussed, the effects of the various parameters on the ultimate 

loads, Yu or Nu' fo11ow identical trends. 

4.l.l Comparative Test Results 

t.Jith a limited number of test specimens, and a limited range of section 

sizes ta select from, it was not possible to isola te all of the principal test 

parameters when designing the experiments As an example, variation of the .. 
angle CIl will change the contact width of the web member on the chord face, 50 

that with the sarne size of web member the value of the effective width ratio, 

{J, will change wi th a The yield line fheory predicts that this accompanying 

change in iJ will have a non-negligible ,effect on the yield load, and indeed 

the evidence suggest9 that the {J effect is much greater than any effect of the 

cortesponding variations in CIl. For this reason, and because the yield line 

theory has been shown ta provide a good correlation with the test results, the 

ratio of test load ta the.oretical yield line load is used in the next section 

ta investigate the effects of the principal parameters. 
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,. o One major influence can, however, be investigated by direct comparison 

between test results, namely, the effect of loading on !:Wo adjacent chard <l" 

walls. compared with the loading on one chord wall which occurs in p lanar 

trusses The latter has been the obj ect of much of the j oint tes ting carried 

out over the last two de cades , and is the case ta which the yield line theory 

has been compared in earlier research work 

Such direct comparisons w11i nevertheless require normalization in view 

of the significant variation in yiehl. stresses between specimens and because 

of dimensional variations Because of the correlation already observed 

between tests and yield line theory, the latter was used as a basis for 

normalization of the test results to nominal dimensions and nominal yield of 

350 MPa Measured and adj usted values of the normal yie Id loads on the chord 

wall, Yy ' are given in Table 4.1 for the relevant test specimens These are 

the ones corresponding ta planar T joints and to DT joints with 90° angles 

between web planes 

Only CWo pairs of these specimens can be compared Nos 4 and 10 for 

which the ratio of normalized failure loads is 0 99 and Nos 7 and 12 for 

which the ratio is 0 95. These results, for which fJ was 0 2 and 0 4 and 

bolto - 26.6, suggest that there Is little interactive effect produced by 

identical loading on an adjacent wall of the chard 

4.1 3 Effects of Principal Parameters 

The ratio of test to theoretical yield load values for the rauge of 

-
angles between web planes, Ct, are shown in Fig. 4 3 Tests invo l ving 

nominé\lly identical values of other parameters are linked. This graph 

indicates no discernible trend with Ct, suggesting that the yield line theory 

adequately incorporates its effects. 

Similar load ratios an shawn as they vary Wi~ fJ. ln Fig. 4. 4a. Hen 
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there appears ta be a decrease in test to theoretical Io-ad ratio as f3 

decreases. While low values of f3 are uncommon in planar trusses, they more 

frequently arise in triangular trusses The trend is however less consistent 

for the ultimate Ioads, shown in Fig. 4.4b. 

The yield line theory does not incorporate any influence of the chord 

wall slende-rness ratio bo/to High values of this ratio can lead to web 

crippling in T joint tests, especially when f3 i5 large, but may also allow 

membrane action to develop in K or N truss joints The ratio of test to 

theoretical yie1d load is plotted for the four s1enderness ratios in Fig 4 5 

Considerable scatter exists and no consistent variation of the load ratio wlth 

bolto can be seen. 
\ 

In particular, no indication of 105s of resi5tance 

with increasing bo/to is evident from the limited experimental data. 

4.1.4 Joint Deformations 

A joint deformation of 1% of the chord width bo has been suggested as 

an appropriate deflection limit a-t: service load levei for planar HSS truss 

joints (Mouty 1977). The test loaels at which this deformation was recorded 

are listed in Table 3.5, and are also compared in Fig. 4.6 with the yie1d load 

predicted by the yield line theory. The mean value of the ratio of these 

measured 10ads ta the theoretical yield line value is 0.625, with standard 

. 
deviation 16 3%. Aline corresponding to this mean is shown on Fig. 4 6 

This indicates that the joints considered are rather more flexible than planar 

T joints and have similar flexibility to planar X joints (Mouty 1977. 

Wardenier 1981, 1982). It should be noted that the Interpretation of the 

yield line geometry (1,n connec tian with taking into account the weld s Ize and 

the chord corner curvature when ca1culating the f3 ratio), f0110wing 

Chapter S, leads to a slightly higher theoretical yield strength than the 

interpretation of Mouty (1977). In any case, as for the p1anar joints, the 
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o yield line theory does demonstrate sorne correlation with the specified 

deformation at service load levels, for the triangular joint considered here 

4.1 5 Effect of Longitudinal Chord Stresses 

The longitudinal stresses in the chord due to bending, induced by the 

loading system, were calculated for the joints that faUed in mode 1 or 2 At 

the applied load Py ' causing yield of the joint, compression bending 

stresses in the chord at the web member level varied between 8% and 42% of the 

chord yield stress, with an average of 25.8% 

To account for the effect of the longitudinal stresses on the chord face 

strength, the reduced plastic moment 

(4 11 

must be calculated for every yield line of the failure "''''chanism For the DT 

joints considered herein, this would be done by considering the variation of 

the longitudinal stress components normal to every yield line Based on these 

reduced plastic moments, a s lightly different yield line mechanism would be 

obtained and the chord face strength would be recalculated This sequence of 

calculations would be iterated until convergepce occurred 

For planar K joints, an approximation of the chord loading influence 

assumes the same maximum reduction of the plastic moment for all yield lines 

and no Iterations are done. Hence the reduced chord face 5 trength is 

calculated by multiplying by a chord loading influence function 

(Wardenier 1982), given as f(n) - 1_(n)2. Alternatively, an empirical chord 

loading influence function (Wardenier 1982) Is proposed as f(n) - 1 3 _ 0.4p
1nl 

For the DT joints, the saroe simplifying approaches can be used A 

uniform longitudinal stress distributIon in the chord, equal to the bending 

o stress at the web member level, is consarvatively assumed to have the same 
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c effect as the actual Unear1y varying bending stress distribution Using 

f(n) - 1_(n)2,' the reduction of the chord face joint strength due to the 

longitudinal stresses varies from 1% to 18%, with an average of 8.7%, and the 

mean value of the ratio of test and theoretical yield 10ads Yy becomes 1.143 

with coefficient of variation 15.7%. Using f(n) - 1.3 - 0 4~lnl, the reduction 

varies from 0% to 16%, with an average of 2 5%, and the mean value of the 

ratio of test and theoretical yield loacis becomes 1 072 with coefficient of 

variation 12.4% 

4.1.6 Conclusions 

Specifie conclusions based on the results presented are listed below' 

l The strength of DT joints wi th two web members separated by 90° is 

indistinguishab1e from that of p1anar T joints with one web member 

perpendicular to th~ chord wall. This has been observed by direct comparison 

for width ratios up to 0.4 and values of bolto of 26.6. 

2. The yield line theory, as deve10ped and interpreted in Chapter S, 

corrrl4tes wel1 with the measured yie1d l6ads The mean of tes t load to 

theoretical load for a11 16 specimens fail ing in modes 1 or 2 is l. 043, wi th 

coeffic ient of variation of 11.8% The correlation with the test load 

correspondi~g to a chord wall def1ection of 6% of its width is also good: the 

mean is l. 184 and COV 8.2%) 

3. There is no discernible effect of variations in angle between web planes 

beyond that incorporated in the yie1d line theory. The range examined 

included a11 practical values of this angle. 

4. The chord wall slenderness ratio, bo/to, showed no important 

influence on the correlation between tests and yield Une theory The range 

of bolto considered was 20 to 37.2, however mq,st specimens corresponded to 

() 26.6 
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o 5. The yield line theorJ incorporates the major effects of the width ratio, 

p. However, there is an apparent increase in test yield load compared with 

the theoretical load as p increases This trend is less marked in the case 

of the ultimate test load (corresponding, to 6% b o deflection). 

6. For the 16 DT specimens which failed in modes 1 and 2, çhord wall 

deformations of 0 01 b o occurred on average when loads reached a magnitude 

'of 61% of the theoretical yield line load 

4 2 WEB MEMBER BUCKLING (DOUBLE-T JOINT TESTS) 

In tests 13 to 20 web member instability was the primary failure mode 

Measured joint deformations showed much less ductility in these eight tests 

than in the other sixteen, and the maximum load reached in the test was taken 

as the failure load. Results are sununarized in Table 4 2, in which axial 

loads in the web members are given. 

In only three of these eight tests was the joint deformation sufficient 

to measure the yield load as defined in Fig 3.11. These three yie1d loads, 

after normalization, were between 8S% and 99% of the theoretical yield line 

load, as shown in Table 3.5. 

4.2.1 Comparison with Column Strength Curves 

The web member compressive resistances, Cr' predicted by column 

strength curve No. 1 of the SSRC (Johnston 1980), are given in Table 4.2, and 

are based upon an assumed effective length factor of 1.0 In all of cases 13 
\ 

to 20 the value is less than the measured failure load and for all other tests 

it was considerably greater than the test loads, suggesting that these are the 

only tests where web member instabili~ was a principal factor. The ratio of 

o maximum test load to Cr with K-l. 0 varies from 1. 07 to 1 51. These results 
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may a1so be expressed as correspondi9g to effective length factors varying 

between 0.96 and 0.80. 

The web member support at one end closely approximated a pinned joint 
Q 

and, with the assumption that the SSRC column curve No. 1 is a correct measure 

of column resistance, these values of K less than unity can be interpreted as 

being related to tbe restraint at the joint. For elastic buckling, the 

restraint can be expected to relate ta the relative stiffness of web member ta 

joint. Interpreting the joint stiffness as a function of the transverse 

flexural stiffness of the chord wall [taken as proportional ta blto3j(bo' -bl') l, 

no discernible relationship was evident between the K factors and the relative 

stif!nesses: It is unlikely that elastic conditions existed at the j oint in 

any of these tests in view of the high values of the test loads compared with 

the theoretical yield line loads. 

In the three tests which exhibited some joint deformatioLl prior ta 

buckling (Nos. 14, 19 and 20) the calculated effective length factors 

included the highest as well as the lowest (0.96 and 0.80 for members pinned 

at one end) of all tests. No correlation with plastic joint deformations is 

therefore evident, and interaction between the two modes of failure does not 

therefore appear to be significant\r 

\' 

4.2.2 Effects of Principal Test Parameters 

In order to m&ke comparisons 'between test results related to web member 

instabilitYJ the measured maximum loads were normalized by multipiying the 

test load by the ratio of computed Cr (given by SSRC Curve No .1) based on 

nominal dimensions and Fy - 350 MPa, and the. ~,.alue of Cr calculated for 

actual properties of the web members. For bath valu~s of Cr' the value of K 

given in Table 4.2 was used, with the web member length taken as Lw' as 

defined in Fig. 4.7. Normalized test values. aïe given in Table 4.2 . 
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For sÜDilar web member slenderne$s ratios four test results forresponding 
, 

to various a values are given in Table 4.3. No consistent vari,tion with the 

angle a i5 evident. Virtually identical results,were obtained l:r the planar 

T specimen 'and the DT 45° and 90° specimens., / 

Effects of differctnt bolto values can be evaluated fr:om testk3 and 15 

(bolt o - 26.6) and 14 and 16 (bolto - 20,0). No clear distinction is "8vident ~n 

the values of K or N/G r . Any effects of different /3 values for Tests 

Nos. -19 and 17 are Hidden by the effects of the different slenderness ratios 

4 2.3 Conclusions 

In swmnary, the following conclusions are drawn: 

1.. Effective length factors calculated from the test results, assuming' SSRG 

column strength curve No.l, varied between 0.80 and 0.96 for web members 

pinned at one end. They showed no correlation with either the relative eliStic 

stiffness between web members and joint or wi th the degree of joint 

deformation prior to web member instability. 

2. No significant change of effective length 'as Q varies 

between 45° and 90°,b Results for the planar T configuration are ident!cal 

to those for 90° and~5° DT configurat,ions. lt is concluded that primary '. 

bending due to non-symmetric joint details, which exist when Q ... 90° 

need not be considered, and that web members may be designed as axially loaded 

columns 

3. No variation of the web member bucklin~ strength could be determined 

between resul ts for values of bolto of 20 and 26.6, 

. 
values of 0.2 and 0.4. 

,1> 

f~. _ 

nor for nOQlinal /3 , 
J 

., 
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4 3 TESTS OF OK TRUSS SEGMENTS 

The results of the tests on DT specimens described in the preceeding 

sections are examlned here in relation to the DK truas segment tests reported 

in Chapter 2. The joint load-deformation curves of the DK truss segments were 

used to flnd the four test loads corresponding ta the loads defined in 

Fig 3 11 Values of these, expressed as the component normal to the chard 

wall, are given in Table 4 4 Only four of the seven DK trusses failed in 

modes l or 2, and in three of these web member instability also occurred 

'-

"-'-4' 3 1 CompanGon with Yield Line Theory 

Because of the correlation of the yield line theory with the measured 

loads of the DT specin.~ns, the theory is here applied to the DK truss Joints 

Four simple yield line mechanisms are postulated in Chapter 5, the lowest of 

the four yield loads giving the appropriate solution. More refined mechanlsms 

for these trusses have been considered by Santagata (1982) These were based 

on the observed chord wall deformations and minimization of the yield load was 

not performed In most cases the simple mechanisms considered herein gave 

lower loads than those glven by these more refined mechanisms Further 

refinements of the basic mechanisms for DT joints and the application of these 

refinements to OK joints are described in Chapter 5 

The ratio of experimental yield load to theoretical value varies from 

l 03 ta 1.28 for the four OK trusses These results are shawn in Fig 4 8, 

together wi th test values of the ultimate load Yu' The load corresponding 

~o deflections of 0.01 b o are compared with the yield line theory on Fig. 4.9. 

Close correspondence exists, and i t can be seen that the spread between this 

load and that corresponding to 0.06 b o deflection is much sma1ler than for 

the DT specimens, i.e. the DK joints are stiffer than the DT joints. 

o The ra.tios of test load to theoretical load for the OK tests are a1so 
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o shown on Figs. 4 3 to 4.5. No consistent variation with Q, /3 or bolto 

can be seen other than that predicted by the yield Une theory, and the DK 

l;.., 
truss results faU within, or sl1ghtly above, the range of values obtained 

from the DT tests 

4 3 2 Correlation beeween DT Joint Specimens and OK Truss Segments 

The DT j oi nt tes t specimens were intended to represent the main features 

of the compress ion web members in a DK or ON truss gap joint 1 t is shown in 

Chapter 5 how, for a certain length of the joint gap, the yield line theory 

predicts the same resistance for a planar T joint as for a planar K or )1 

Joint The OK test trusses had gap lengths which were not significantly 

different from these t)1eoretical values While this suggests that there may 

qe some agreement between the yield loads of the two types of joint, other 

differences between them must be accounted for if a comparison is to be valid 

Chief among these is the magnitude of '1 (-h/bo) which in the truss specimens 

must be acj.justed to '1 cosec8 Other differences arise because of relatively 

small differences between the values of f3 and ~ 

The expected differences due to these three parameters are eliminated in 

the way indicated in Table 4 5, where the ratio of OK truss yield load to 

adjusted DT specimen yield load is given in'column (la) For OK truss 4, the 

differences between the f3, ~ and '1 values of OK and DT specimens were 

sufficiently large that different mechanisms apply to the two cases (cols (5) 

and (7» This may explain the low value of the ratio (0 801) For the other 

cases the ratio of OK to DT specimen loads vary from 0.95 to 1 13 

o 
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4.3.3 Application of Planar Truss Joint Strength Equations 

CIOECT Recommandations 

The ultimate strength of K and N type planar truss joints can be 

predicted by the following (Wardenier 1982) / 

sinD l - 7 7 FyO to2 (b o) a 5 f3 f(n) Yul - Nul ta [4 2J 

b l + b 2 + hl + h 2 where f3 is now defined as and Nul is the axial force in the 4b o 

compression web member at joint failure 

ln applying this equation to the DK truss joints, f3 is taken as 

[4 3J 

in order to account for the contact width of the web members l t can be seen 

in Table 4.6 that values based on this equat10n overestimate the DK truss 

segment test results. 

Sheffield Equations 

The lower bound empirical equation proposed for planar trusses by 

Eastwood and Wood (1970) has been used to compare with these triangular truss 

test results (RedwQod and Bauer 1983), and gives a safe estimate of the 

maximum test loads. These values also are given in Table 4 6 

Conment 

The CIDECT planar truss joint strength equation 5 ignificantly 

overestimates the ultimate test load of OK Trusses 1 and 4 It gives a good 

prediction of this load for OK Trusses 3 and 6 The Sheffield equation gives 

a safe estimate, with the strength underestimate varying from 0 to 61%. The 

yield line analysis (Chapter S, Eqs. 5.2.24 to 5.2.33) gives a safe estimate 

o of yield or "ultimate" loads, as defined in §3.4.2, and its variability is 
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much less than either the CIDECT or Sheffield predictions 

4.3.4 We~ Member Buckling 

Compression web member buckling was observed in five of the seven truss 

tests, although in several cases i t could not be described as a primary cause -'} 

of failure For example, in Truss 5, buckling took place as the truss 

deformed following yield of the tens ion members, and in Truss 1 web member 

buckling took place when chord wall deformations at the Joint were 

significant 

Treating the compression web member as an axially loaded strut, the 

compressive resistance has been calculated according to Specification CAN3-

S16.l-M84, Clause 13 3.2 Since the degree of end fixity is uncertain, values 

of the compressive resistance have been calculated for ewo effective length 

factors, 0.7 and 0.9, and these are given ,J.n Table 4 7 These values are 

based upon ~ - 1 0, and are expressed as the shear load on the truss specimen 

which would produce a compressive load in the web members equal to their 

resistance, the analysis assuming the truss to act as a pin-Jointed structure 

It should be noted that secondary moments in the web members arising frOl~ 

eccentricity have been ignored in evaluating their resistance 

It can be seen that in two cases where web member buckling occurred and 

IoThere chord deformations at the joints were significant (Tests 1 and 6), the 

ultimate load corresponded to web member buckling with an effective length 

fac tor of approximately K::::: 0.9. In the other two cases where joint 

deformations were large, one, Truss 4, did not experience web member buckling, 

and the Qther, Truss 3, had stocky compression members so that the resistance 

IoTas only slightly below the squash load for the member and IoTas therefore 

insensitive to variations in. K. 

In truss S, in which little chord deformation occurred, web member 
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buckl1ng occurred with K == 0 7. In truss 2 reinforcement was added to the 

compression web members during the test as buckling appeared to be imminent, 

and one of these members buckled with an estimated K value of 0 75. 

From these results it is apparent that the loss of stiffness as the joint 

deforms can have a significant effect on the strength of the web compression 

member lt should also be noted that in the test trusses, the far ends of the 

web members were connected to a joint which was quite rigid due to attachment 

of the end members with overlap No yield was observed at these joints 

4 3 5 Conclusions 

Specifie conclusions are summarized be10w 

1. By accou~ing for differences in the main parameters ('7, E, and {3) 

be tween a OK and the corresponding OT specimen (i. e., same chord and web 

member) the DT specimens give a close prediction of the DK yie1d loads in 

three cases out of four. This suggests that the gap size is such that 

interaction between the adjacent members has 1ittle influence 

2. The yield line theory applied to OK trusses safely predicted the measured 

yield loads. The ratios of test to yield line load lie within, or slightly 

above, the range of values obtained from the DT specimens. 

3. Joint 

for planar 

strength predictions forming the basis of current design methods 

t~~s are inferior to the yield line method\given herein, when 

applied to the DK truss test results. The latter gives less variabi1ity_than 

the crotcT or Sheffield equations. The CIOECT equation for ultimate strength 

~ seriously overestimates the yield or ultimate loads of two of the DK trusses, 

whereas the Sheffield equation gives a generally safe prediction 

4. Web member buckling is more critical in the OK truss tests than in the DT 

joint tests. Effective length factors of K == 0.9 were observed in truss tests 

where joint deformations were significant, whereas values of K :::1 0.7 were 

" 
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observed in tests where joint deformations were small This suggests that the 

loss of stiffness as the joint deforms lowers the resistance of the 

compression web members in triangular trusses 

Before considering design reconunendations (Chapter 6), the theoretical 

yield line mechanisms for DT joints and triangular truss DK joints are 

investigated in the next chapter 
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o Table 4 l Yield loads for 90° DT and planar T specimens Joint tests 

T CL Normal Chord Loads Yy (kN) 
e 
s deg. Measured Yield Line Theory "'l'est load 
t in Test Actual Nominal Nonnalized 

Properti'es Properties (3)·(5)/(4) 

(1) (2) (3) ( 4) (5) ( 6) 

4 90 60.0 58.4 59.3 60.9 
7 90 39.0 44.1 44.1 39.0 

10 T- 61.5 59-3 59.3 61.5 
11 T- 107.0 133.0 ~ 113.8 91.6 
12 T- 48.0 51.5 44.1 41.1 
22 90 138.0 120.6 104.9 120.0 
24 90 151 0 127.5 124.4 147.3 

Table 4 2 Summary of results for Mode )-failures Joint tests 

T CL Measured C • Nor Effective Normalized Normalized r 
e (nominal) Web Member Cr Length Web Member Yield Value 
5 (deg. ) Load Factor + Test Load from Test 
t at Fal1ure 

Ny (kN) K Ncr (kN) Ny (kH) 

13 60 71.4 62.1 1. 15 0.92 75.6 
14 60 142.8 133.2 1.07 0.96 12~. 5 115.3 
15 60 62.7 54.5 1.15 0.92 64.1 
16 60 138.0 109.9 1.f6 0.88 127.6 "" 

1 

17~ 90 67.8 50.8 1.33 0.85 72.0 
18 45 71.5 57.4 1.25 0.88 72.9 
19 90 64.5 42.7 1.51 0.80 t' 55.6 43.6 ..... 
20 T- 68.9 52.6 1.31 0.86 71.0 56.1 

• Cr given by SSRC Column CUMe No.1, using measured properties, 
and the length Lw' w1th K ~ 1.0 (see Fig. 4.7). 

+ K b based upoo length Lw'. 

0 

- , . 
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Table 4.3 Web member instability. Variation with Q. Joint tests. 

T Cl ~'/r Normallzed Effeotive 
e deg. Web Hember Length 
s Fallure Load Faotor 
t 

Nor (kN) K 

20 T- 134 71.0 0.86 
17 90 131 72.0 0.85 
15 60 134 64.1 0.92 
18 45 128 72.9 0.88 

Table 4.4 Test and theoretical values of chord wall normal loads 
Truss tests 

Double-K Test Value Fa1lure Yield Y~(test) 

Truss Load at Yield Ultlmate Maximum Hode Line Yy(theory ) 
Segment 0.01 bO Load Load Load Theory 
Test dern. 0.06 bO 

defn. 
y + 
s 

y + 
y 

y + 
U 

Ymax Yy 
.1 

OK-l 75-3 84.9 91.6 93.1 1,3 77.0 1. 10 
OK-2 107.7 110.0 3 (g=O) 
OK-3 155.6 172.9 202.9 216.0 2,3 141.2 1.22 
OK-4 121.0 139.6 155.6 172.0 2 135.9 1.03 

OIC-5 204.1 204.1 3 255.7 
OK-6 79.2 107.4 122.1 139.1 1 ,3 84.0 1.28 
OK-7 312.4 975.8 

AlI loads given in kN. 
+ The average or values obtained from each side 18 glven. 

S6 
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Table 4 5 Normalization of DT joint test results Comparison with DK truss 
segment tests. 

Double-K Test Corresp. 
Double-T 
Joint 

Test 
Y/mp 

• Iy( theory) • • Col.(5) Iy(theory ) Col. (7) 
baaed on 
Eqn. : 

Normalized 
Double-T Truss Y/mp 

Segment 
Test 

(1) 

DK-l 
DK-3 
DK-4 
DK-6 

Doub!e-K Specimen 
Truss 
Segment ; 

(2) 

38.39 
71.04 
61. 16 
52.32 

(3) 

4 
22 
21 

Double-T 
Joint 
Specimen 

(4) 

30.30 
59.53 
61.47 
35.94 

(kN) 

(5) 

58.4 
120.6 
122.6 
70.3 

based on (kN) 
Eqn. : 

(6) 

(5.2.16) 
(5.2.16) 
(5.2.16) 
(5.2.20) 

(1) 

78.15 
148.02 
152.32 
90.42 

(8) 

(5.2.16) 
(5.2.16) 
(5.2.20) 
(5.2.20) 

Joint 
Specimen 
I/mp 

(9) 

40.54 
73.04 
76.35 
46.22. 

~~ 

• Yy{theory ) based on lower value from Eq. (5.2.16) or (5.2.20) using measured properties 
of double-T speoimens • 

•• Yy(theory ) based on lower value from Eq. (5.2.16) or (5.2.20) using measured properties 
of oorrespondlng double-K truss specimens. 

+ Col.(9) obtained from (4)x(7)/(5). 

"'­

" 

~ 

o 

(2)/(9) 

(10) 

0.947 
1.055 
0.801 
1.132 

-
VI .... 

.. 
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Table 4.6 Compar1son of OK truss test results with various predictor 
equatio~. 

, . 

Double-K 
Truss 
Segment 
Test 

DK-1 
DK-3 
OK-4 
DK-6 

Test Values 
Yy Yu 

84.9 
172.9 
139.6 
107.4 

91.6 
202.9 
155.6 
122.1 

AlI loads given in kN. 

Table 4.7 Maximum loads from tests 

Truss V teae V ohord fao. 
+ Vaap 

+ 

No. 

OK-1* 125.9 104.1 296 , 
DK-2 155.6 (g-O) 334 

OK-3* 288.6 188.7 263 

DK-4* 281:5 222.4 255 

OK-5 288.6 361.6 509 

OK-6* 249.4 150.6 262 

OK· 7 441.8 1380.0 437 

Notes: 

Predlotor Equations 
Yield CIOECT Sheffield 
Line Eq. (4.2) (Eastwood 
Theory and Wood 

1910) 

77.0 
141.2 
135.9 
84.0 

c 

139.5 
210.2 
215.4 
132.7 

95.2 
155.8 
155.1 
86.4 

and design equations Truss tests 

Vbuclclina 
+ 

K-o.7 K-O.9 

153 129 

160 143 
"-

289 273 

328 313 

281 222 

307 260 

811 ,724 

+ V claord face is ca1eulated using Eqs. [6.1) ta [6.9]: 
V.ap 15 ealculated using Eq. [6. tO). "- . 

Vbu~l;ina is ca1culated using Clause ,13.3.2 of CAN3-S16.l-M84. 
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~ is talœn as l.l1lity Binee measured member properties were used 
in caleulations. 

* 

, 

Signifieant chord wall deformation occurred in these tests. 
AlI loads giV( n in kN . 

.. . 
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CHAPrER 5 YIELD UNE THEORY AND APPLICATIONS 

The first section of this chapter gives a brief introduction to the yield 

line theory. The second section presents yield line equations that can be 

used for predicting the yield resistance of the simplified DT j9intG as well . 
as the triangular truss DK joints The bas ic mechanisms on which the 

equations are based incorporate the off-centering, of the web members t,ypical 

of triangular truss joints. OK joints with different sized entl off-centered 

tension and compression web members are treated, and hence the equations 

present~d herein are more general than those pr~sented by Bauer and 

Redwood (1985) which assumed sarne sized and sarne of~-centered web members. 
, , , 

Refinements to the basic mechanisms for DT joints are consldered in t~e 

rest of the chapter (§5.3 to 5.5). The refinements inc lude varying the 

posi tion of the end yield lines on the chorQ face, anal~ng mechanisms .wi th 

fans and finally taking into account the effect of normal stresses ~n the 
~ 

chord corners. The application of çhese refinements to triangular truss OK 

joints is ~lso discussed. ", 

5. 1 YIELD LINE THEORY 

The yield 1ine method is a simple and efficient method to calculate the 

plastic collapse load of fIat, relatively t~in, plates .of rigid-perfectly 

plastic mattn::ial when tt"'ansversely loa~ed in be'nding The method was , 

deve10ped 1arg01Y• by Johanoen (1943) and 011CO' then, lt has bo.n app,led 

succes$fully to both concrete'and steel plates (Jones and Wood 1967, Park And 
~ 

GambIe 1980, Jubb and Redwood 1966) 
... ~ 

The yield line theory is briefly reviewed below . Ho~ver, a bas lc 

understanding of the yield line thBory ols assumed in ~he- fo llowing dis~cuss1on • 
,'" 

59 
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and the reader 19, referred to standard texts on the subject (see for example 

Johansen 1943 and Jones and Wood 1967) 

The yield line method is based on the kinematic theorem of the plastic 

theory of structures and gives an upper bound solution for the collapse load 

of a plate. 

In the yield line method, a plastic collapse I:Iechanism of the plate is 

assumed consisting of undeformed plate segments' connec ted by plastic hinge 

Unes, called yield Unes. The mechanism must be kinernatically admissible 

over the whole pla te and at the boundaries The bending moment distributiotl 

is not considered and, in general, the equilibrium conditions are not 

verified 

There are two solution approaches in the yield line theory the virtua1 

work method and the so-called équilibrium method Both methods 1ead to 

identical upper bound solutions, and it has been demonstrated that both 

methods represent in fact the sarne solution, but with a different approach 

(Jones and Wood 1967) The virtual work method is simpler in principle and is 

used for the calculations presented herein The virtua1 work method is 

outlined below. 

In this method, 'a plastic collapse mechanism is assumed for a given plate 

and loadlng, and the -co1lapse load P ls found by equatlng the work done by th~ 

external laad on the p1aèe, E, ta the internaI work dissipated by the yield 

1ines, D, during a sma11 motion of the assumed collapse mechanism, vlz, 

E - D [5.1.lJ 

i.e. 

P6 - L mp.l Jl J 
DO of y1eld lin •• 

[5.1. 2] 

1 ... 

o P ls the applied load, acting through a virtual displacement 6. 
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minimum load which would cause plastic collapse is termed the collapse or 

yield load Pmin . mp ,/ s are the plastic moment resistances per unit 

length, () j' s are the rotations, and 1/ s are the lengths of every yield line in 

the assumed mechanism 

Since the yield line method leads to an upper bound solution, different 

mechanisms as weIl as different dimensions for each mechanism must be tried in 

order to find the 10we3 t predic ted load P min For simple problems, the 

optimum solution can be found directly by differentiation. FOJ complex 

problems, a trial and error technique is faster and ·usually satisfactory 

(Jones and Wood 1967, Park and GambIe 1980) 

5 2 BASIC MECHANISMS 

5 2 l DT Joints 

For a DT J oint in which the web members are centered CIL' the chord face, 

the failure mechanism, shown in Fig 5 l, is the sarne as for a planar T joint 

For the yield line model and loading illustrated, the yield line method gives 

the perpendicular load on the chord wall at yielding failure of the wall as 

y _ 4 - 1 4 b a 
(h 1 + 2d) li + -d­

mp 

where d is found y minimizing Y, i.e. by solving ~ - 0 leading to 

Substituting d from Eq. (5.2.2) into Eq ra. 2.1) gives 

(5 2 1 J 

(5,2.2) 

[5.2.3 J 

in which mp - 0.25 to2 Fya' the plastic "ornent per unit width of the chord wall. 

, , 
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b o is the chord width, 

a -

and 6 1 and hl are the outside contact 

on the chord face. 

\ 
\ 
t 

\ 

dlmen~10ns 
1 
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(5 2.4] 

of the web members 

. 
On a triangular truss tension chord, the contact dimensions of the web 

members are 

and - hl 
h --­l sin 8 (5 2 5] 

and on a compression chord, the web members contact dimensions are 

b 1 -

b l and hl -
hl (5.2 6] 

(~.J sin 8 cos 

where b and h are the web member s izes. a 1s the angle between the web 

members and 8 is the angle between the web members and the chord axes 

(8 - 90° in DT joints). 

To account for the weld size and the curvature at the corners of the 

chord, the nominal width ratio is adjusted as follows (see, for example, Kato 

and Nishiyama 1979), as shown in Fig. 5.2, 

b' - b + 2S 

h' - fi + 2S 

in which S - weld leg size and to - wall thickness of chord. 

(5.2.7] 

[5.2.8] 

[5.2.9] 

Us ing an alternate notation based on uni t chard width, as shown in 

Fig. 5.3, and defining 

L' _ a 
.. 6:' o 

[ 5.2.10 l d 
6 - b ' o 

. " 
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Eq [S 2 3] can be written as 

bo-fi 1-ÏJ 
Since a - -2- or E - -2-' Eq. [5.2.3] can a1so be written as 

Ym1.n 
mp -

8 ( iI_ + _2_ 
1-{3 ~l-ÏJ 
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[5.2 11] 

[5 2 12 J 

Ail the equations in this chapter can be written using this unit chard width 

notation if necessary 

For many DT joints, the web members are not centered on the midd1e of the 

chard face in arder ta minimize eccentricity The essentia1 effects of this 

can be determined by ana1ysing the yie1d line model shown in Fig 5 4, 

hereafter called basic mechanism DT-l Assuming a normal load on the chord 

wall, and n~rotation of the web member relative ta the chord, the yield 10ad 

is given by 

y 2 (11 + 2d) (i + ~) + ~ 
mp -, a 

where d is found by minimizing Y, i e by solving ~-~ 0 leading ta 

Ym1.n 

mp 

YœJ.n 
mp 

Substituting d from Eq. [5.2.14] into Eq. [5.2.13] gives 

Using unit chard width notation, Eq. [5.2.15] can be written as 

8 e ) + r:p 
1 

1 . -l. 
1-/3 

",.. 

[5.2.13J 

[S.2 14] 

[5.2.15] 

[5.2.16 J _ 
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in which e - a/bo' 

As before, the dimensions a, 6 1 , hl and b o can take account 

of the corner curvature and the weld size, and 6 1 accounts for the 

s1ightly wider contact width of the web member in those cases where Q ~ 90°. 

When the web member is significantly off -center, i t becomes more likely 

that a different mechanism (from mechanism DT-l in Fig. 5 4) invotvin& 

rotation of the web member in a plane normal to the chord axis takes place. A 

simple representative mechanism, hereafter called basic mechanism DT-2, is 

shown in Fig 5.5. 

Assuming that no work is done in the rotation (i.e. that the bending 

moment in the web member is zero), the yield load normal to the chord wall is 

given by 

y _ ---::--..:2 __ 
mp 6 + 2 c [ (h + 2d) ( ~ + fi : c ) + 2 d

bo 

2 ('6 + c) 

where d is found by minimizing Y, i.e. by solving ~~ - 0 leading to 

, 

d -

Substituting d from Eq. [5.2.18] into Eq. [5.2.17] gives 

YmJ.n 
mp -

2 
'6 + 2 c 

2 (b + c) 

Al te rnative1y, using unit chord width notati!on, 

!m _ 8 ( L + 2~1-e 1 
mp 2(1-E) - iJ 2 e .Jë 

[5 2 17] 

[5.2.18] 

[5.2.19] 

[5.2.20] 
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o Values of Ylllin for mechanisms DT-l and DT-2 are given in 'tables 51 

and 5.2, respectively. The joint parameter P is varied from 0.2 to 0 8 and 

À is varied between 0.5 and l 0, where À is a measure of the web member off-

centering, defined as 

l - p [5 2 2l] 

Possible values of À range from 0.5 for centered web members up to l. 0 for 

web members completely off-centered, that is, with one side of the web member 

along the corner of the chord. 

For a given DT joint configuration the appropriate value of the 

theoretical yield load, Ymin , for that joint is the lower of the two 

upper bound solutions, Eqs [5.2 l5] and. [5 2.19], for mechanisms DT-1 and OT-

2. These values are locateù above the thick 1ine in Table 5 1 and below it in 

Table 5.2 IFor clarity, these lower values are repeated in Table 5 3 with the 

corresponding governing mechanism lt can be seen that mechanism DT-l governs 

for small values of À and Ï3, while mechanism OT-2 governs for large 

values of these parameters. 
.. 

The importance of selecting the correct mechanism is demonstrated by the 

percentage difference between the higher and the lower predicted 1oads, given 

on the 3rd lines in Table 5.3. For examp1e with p - 0 8 and), - 0.5, 

--mechanism DT-1 goverrls and predicts a load 15% lower than mechanism ~T-2 For 

À - 0.9, mechanism DT-2 predicts a load 58% lower than mechanism DT-l. 

5.2.2 OK Joints 

Yie1d line ana1ysis in its simple. form has been appl1ed to K and N planar 

truss joints by Davies and Roper (1975) for centered and eq~1 sized tension 

and compression web members and Houty (1977) for centered and different sized 

'0 
... 

'.-
!. ,L 
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web members. For trusses with centered and equal sized web members with equal 

inclinations to the chord axis, the yield line mechanism shown in Fig. 5 6 

gives the following yie14 load normal to the chord wall 

[5.2.22] 

where -y - g/bo in which g is the gap dimension, and ~ - h/bo' etc. 

- l t is of relevance to note that compar1son of Eqs. [5.2.12] and [5.2.22] 

show that the normal yield load is identical for T-joint an4. K-joint if the 

gap dimension satisfies the following: 

..., - t - ~1-.8 - ~(cosec8 - 1) ± ~ [~1-.8 - ij (cosectl - 1) 1
2 

- î(l-.8) 
o 

(5.2.23] 

For triangular truss OK joints with web members of sizes and off-centered 

positions on the chord face having possibly different values for the 

compression and tension web members, the four yield line mechanisms OK-l, OK-

2, OK-3 and OK-4, shown in Fig. 5.7, model possible modes of - chord face 

failure. Mechanism OK-1 invo1ves only punching in and pu1ling out of the web 

members whereas mechanism OK-2 invo1ves a1so rotation of the web members 

These mechanisms correspond to mechanisms OT -1 a!ld DT - 2 for the DT j oin ts . 

Mechanisms OK-3 and OK-4 are combinations of those two m6des of deformat1on. 

The predicted joint resistance, Y, based on the y1e1d line mechanisms OK-

l, -2, -3 and -4 is given by 

[5.2.24] 

where K, L, K; and N ~re de1fined in Table 5.4. 

\ , 
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For each mechanism, the values of dl' d 2 and x that minimize the 

load Y are found by differentiating Y with respect to dl' d 2 and x and 

equating to zero' 

dY _ 0 , 
dd 1 

dY dY 
dd

2 
- 0, <IX - 0 

which for a11 mechanisms 1eads to 

[5 2 25] 

[5 2 26] 

and, if the solution for x lies in the range 0 < x < g, then the solution 19 

.X -

or 

x - - r 
q' 

where 

p - 1. (K+L) (M-N) g 

q - 2 N (K+L) 

r -

[5 2 27] 

[5 2 28] 

[5.2 29 J 

Eq. [5.2.27] is used when p pli 0 while Eq. [5 2.28) is used when p - 0, 

1. e. when M - N If the value of x obtained from Eqs (5.2.27) or (5 2.28] is 

negative, greater than g, ,or imaginary, the above solution is not vaUd and 

the solutions x - 0 and x - g must be considered a'S follows. 

When x - 0 , mechanisms OK - l and OK -4 and mechanisms OK - 2 and OK -3 become 

identical wi th no displacement of the compress ion web member, as shown in 

Fig. 5.8a, and Eq. [5.2.24] simp~ies to 

rv 
Y 2 { (h- + b o + b o 
mp - N L 2+d2+g) a; g (5.2.30) 

" 
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for which Y i8 minimum at 

[5 2.31] 

When x - g, mechanisms OK-I and DK- 3 and mechanisms OK- 2 and OK-4 become 

identical with no disp1acement of the tension web member, as shown in 

Fig~' 5. Sb, and Eq. [5 2.24] simplifies to 

b b (11 +d + ) + --..Q + .....Q 
1 1 g dl g 

for which Y is minimum at 

[5.2 32) 

[5.2.33) 

Note that the appl1ed force c ompone nt , normal to the chord face, of the 

compression web member is Y 1 - Y, and that of the tension web member is 

By using the ratio ofl app1ied force co~onents A - Y'{/Y 1 , 

the applied loads can be expressed in terms of only one unknown, as is 

commonly done in plastic structural analysis (Nea1 1977) For tension chord 

joints, h Is usua11y equal to 1. When the above equations are app lied to 

compression chord joints, the value of ft. 1s usually plAl because of purl1n 

loads. 

The above equations yield vaUd solutions even when one of the web 

members has the same width as the chord. When {J 1 - land {J 2 < l, x - 0 and 

Eq. [5.2.30] applies. When ~2 - 1 and {Jl < l, x - g and Eq. [5.2.32] applies. 

If both {Jl - land ÏJ
2 

- l, then no solution can be obtained from the above 

equations. However for s~ch a full width joint, side wall crlppling or the 

condi tions in tqe gap an certainly the governing failure modes (see 

Chapter 6) . 

For Any DK j oint\ configur~tion the correc t Ymin for that joint ls the 
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o lowest of the min~ loads for mecllanisms OK-l, -2, -3 and -4, the minimum 

load being, for each mechanism, the lowest of the three possible solutions, 

namely 0 < x < g, x - 0, and x - g. Such values of Ylll1n and the corresponding 

governing mechanism (either OK-l, -2, -3 or -4) are given in Table 5.5 for the 

joint parameters ~ (-g/bo) varying between 0.1 and 0.4, Pl between 0 2 and 0.8, 

Ài between 0.5 and 0.9, and for a ratio of the contact dimensions 11/b 1 of 

\ 
the web members on the chard face eq~l ta 1. Mechanism OK-l, involving no 

rotation of the web members, governs for small values of À l' Pl and 
/ 

~, while mechanisms OK- 2, - 3 and -4 govern for large values of these 

parameters. 

In Table 5.5, a value of h 1;bi - 1 was chosen for simplicity This value , 
corresponds ta the case of square web members (hl - bi) connected to the chord 

at an angle Q - 90° and 8 1 - 90·, and it corresponds al sa ta the geometry of a 

simple DT joint wi th hi - b i' a-90° and for which always 81 - 90· However, 

it should be noted that Eq. [5.2 24) can be used ta calculate the strength of 

a joint with different hi and hl values, for example a OK joint with Q - 60°, 

81 - 45°, hl - 1 5b i (rectangular web members). Hence hl - 1 41hi' hl - 1 04b 1 

- - b i - -
and hl - 2. 05b i' or if hi - 1.5 then hl - O. 9b i' 

5. 3 MECHANISMS WITH INCLINED END YIELD LINES 

A variation of the basic mechanisms DT-l and OT-2 for OT joints 15 

investigated below, where the end yield lines on the chard face are permitted 

to make an angle other than 90° with the chord axis. These mechanisms are 

hereafter called DT-l-E and DT-2-E, in which 'E' stands for End yield 1ine8. 
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5.3.1 Mechanism DT-I-E 

A representative mechanism is shown in Fig 5 9 (the same mechanism is 

shown several times for different cases, as explained later). Similarly to 

basic mechanism DT-l, the web member is assumed not to rotate in relation to 

the chord. Additionsl yield lines now appear on each side of the web member 

as reqUi~d for compatibility of deformations. r 

The ~hanism is defined by 3 independent parameters, d as in bas ic 

mechanism DT-l, 0 defining the angle that the end yield lines make with the 

chord axis, and f locating the new yield lines. 

The mechanism ls shown in Fig. 5.9 for different cases of positive and 

negative 0, and for f - 0 and f - b o' These different mechanisms 

correspond to the different patterns in which the yield lines are hogging and 

sagging (hogging and sagging lines are identified as H and S in Fig. 5.9). 

The equations obtained for each case are different and hence should be used 

only with the appropriat~ values of 0 and f. This kind of problem where some 

yield Lines switch from sagging to hogging or vice versa, leading to different 

• equations, occurs in several problems and can easily be overlooked. lt is not 

unreasonaole to think that a unique equation could cover all the different 

cases, however such an equation was not found. 

The expressions for the energy dlssipated by the yield lines were derived 

using conventional vector addition rules for yield line calculations (see for 

example Johansen 1943, Wood and Jones 1967, Mills 1970). Furthermore, the 

yield line equations were checked against results from a numerical yleld line 
f' , 

ana1ysis method developed by the author (Bauer 1986, Bauer and Redwood). 

The yield load normal to the chord wall is 
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(i) for positive 0 and f - 0: 

y [h- 2 b 1 1 - _1 + 4 bel - 2 l + (d- otanO) - + 2 (h 1+2d) [5 3 1) 
mp a c (cos20) [d - (b 1+c)tanO] .. 

(li) for positive 0 and 0 < f s b o' 

+ 4 d-ftanO + [ 
tan Î 

f-c [5 3 2 ] 

(lii) for negative 0 and 0 ~ f < b o: 

y 
- 2 [hl + 2 (d- b otanO) 1 1. + 2 (h 1+2d) 1. + 4 f 

mp a c (cos20) [d - c tannJ 

+ 4 
b 1+c-f 

+ 4 
d-ftanO 

tan[Î + tan-l(d_b~anO) 1 o -
[5 j 3] 

(iv) for negative 0 and f - b o: 

+ 4 

tan [ Î + 0 - tan-l(d_b~anO) 1 
[5.3.4) 

For each of Eqs. [5 3.1] to [5.3 4) minimization of Y with respect to d, 

o and f involves searching for a solution of quite lengthy simultaneous non-

linear equations. An exact closed form solution i8 impossibl e to obtain due 

to this complexity. An iterative numerical solution is possib1e~ However, 

the ~impt~st way to fitid the minimum load Ylllin 15 by searching for it 

using Eqs·. [5.3.1] to [5.3.4) over a complete range of the parameters d, 0 

-and f. The minimum 10ads found from such a search are given in Table 5.6. For 
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sma1l values of À the minimum load occurs .a~ """ Or-1-.-e . ~ resu1ts 
~ 

the are 

same as for the basic mechanism DT-l. For higher values of À and as {J 

increases, the minimum loads occur at decreasing (negative) values of'O and 

at f as 0,25. but the minimum 1aads are only marginally lower than for the 
1 

basic mechanism DT-l. At these values of À and jJ, basic mechanism DT-2 
, 

governs with much lower loads (see Table 5.2). 

Hence mechanism D'l/-l-E, with inc1ined end yie1d Unes, is either 
, 

identica1 to basic mechanism DT-l, for low ÏJ and À values, or does not 

govern, for high '\II8.1ues of these parameters. 

5.3.2 Mechanism DT-2-E 

A representative mechanism 15 shQwn in Fig. 5.10. Similarly to basic 

mechanism DT-2,' rotation of the web m~er is assumed in addition to punching 

in. The mech~mism ls defined by two parameters, d and a. 'l'here is no' 

switching from hogging to sagging of the yield lines for any value of d and 

O. The yield load normal to the c~ord wall i5 given by 

Y
p 

_ --,.--=-2-::--_ 
~ 61 + 2 c 

2 ('6 1 + c) 

+ 2 b o 
"\ (cos2(l) [d - Çb 1+c)tanO] 

[5 3.5] 

Minimization of Y with respect to d and· a is obtained by solving 

dY _ 0 
da ' 

dY dO - 0 1 [S. 3. 6] , 

leading to 

0-0 and d- [5.3.7] 

1 . e .• YIIiD occurs.. a a - O. and the ls ldentical to that 

" 
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basic mechanism DT-2. (Substitution of Eq. [5.3 7J into Eq (5.3.5J yields 

Eq. [5.2.19]) . 

. -,In ,conclusion, the inclination of the end yie1d Unes ln DT Joints does 

not reduce the joint yield 10ad for either mechanism DT-1 or DT'-2 (when erther 

mechl4nism governs). Because of the similarity between DT and OK joints this 

conclusion can be ext;eJïlded to OK joints. Hence the inclination of the end 
., 

yield lines'~ not considered for OK Joints as it would PFoduce onl)' slight 

reduction , or more likely no reduction, in the joint y!e1d 10ad 

5 4 MECHANISMS WITIl FANS 

~ 

Mod4.fication to basic mechanisms DT-1 and DT-2 for DT. joints by 

incorporating fans into the mechanism are examined below Modifications are 

'""" 
possible in.many ways as shown in Fig. 5.11. However only one model Is 

investigated herein for each basic 9lechanism because there is l1ke'ly li ttle 

" 
difference in the joint yield load for these different modifications The 

mechanisms considered are called DT-l-F and DT-2- F, in which 'F' stands for 

Fans. 
Ç> 

~ 

5.4.1 Mechanism DT-1-F 

A typical model of mechanism DT-l modified with faps ,is shown in 

Fig. 5.12. The configuration of the mechanism is defined by one paramèter, d, 

with t~riction 

d ~ a J 
\ 

chat 

for the mechanism to be possible. The joint yield load is 

(5.4.1J 

, -' 

( 

\"! 

' "-
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o 
[5 4 2] 

Minimization of Y with respect to d leads to 

[') 4 3) 

which can be solved for d by Iteration By substituting d into Eq [') 4 2], 

Table 5 7 shows the va lues 0 f YmlJm p for a range of ~ 

and .x values, as well as the percentage difference compared with the minimum 

load for bas ic mechanism DT-l For example at ~ - 0 4 and À - 0 5, 

Ymirlmp is 12% lower th an the minimum load given by basic mechanism DT-l and, 

at À - 0 9, Ymirlmp i5 22% higher 

') 4 2 Mechanism OT- 2 - F 

A typical model of mechanism DT- 2 with fans is shown in Fig 5 13 Again 

only one parame ter , d, is sufficient to define the geometry of the mechanism 

Restrictions on the value of d are shawn in Fig 5 14 The yield load of the 

joint is 

y 2 
mp - 6

1 
+ 2 c 

(hl + 2d) 1 + (hl + 2 a tanB) i + 2 ('If-A-B) 1 
b7c" 

[5 4 4) 

2 (6 1 + c) 

where 

[5 4 5] 

Minimization of Y with respect to d in a closed fot1m sQlution 1s 

difficult and was not attempted Inste,o!ld Ymirlmp was obta1ned from a 

o numerical search using Eq. [5.4 4) for a wide range of d values The minimum 

o 
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10ads Ydmp obtained this way are shown in Tab le 5.8 for the usual 

range of ~ and ,\ All the minimum loads in the Table were found at the 

minimum poss ible value of d, as defined in Fig 5. 14. The percentage 

difference from the load predicted by basic mechanism DT-2 is also given in 

Table 5.8. 

The least minimum loads YIII1nt'mp of either mechanisms DT-l, OT-2, 

DT-l-F and DT-2-F are shawn in Table 5 9 For most cases the mechanisms with 

fans govern, the largest reduction from the load predicted by the basic 

mechanisms being 17% for Ï3 - 0.2, 0 4 and À - 0 5. 

The importance of considering fans in DT joints is indicated by the 

variation in the reduction of joint strength with the off-centering ratio ). 

For fJ - 0 4, the reduction in joint strength when À > 0 5 is at most 5% 

higher than when ). - 0 5 (Table 5.9) For ~ - 0.6, the reduction in joint 

strength when À - 0.5 is 3% higher than when À - 0 s. For a ther ~ values 

the maximum reduction in joint strength occurs at values of À - 0 S, i.e the 

reduction is at most equal to that in planar K truss joints 

Since the design equations for p1anar, K joints negiect the lower joint 

strength of mechanisms with fans (Mardenier 1982), and because the joint 

strength in triangular DT joints, based on mechanisms with fans, is n9t 

significantly lower than in p1anar K joints, it is therefore proposed to 

ignore th&- mechanisms with fans in design recommendations !}iven subsequently 

5.5 EFFECT OF NORMAL STRESSES IN CHORD CORNERS 

In DT and OK joints, if the web members aI"e shifted towards the chord 

~ 
upper corner, as shawn in Fig. 2.4, they produce more load on this side of the 

chard. The'effect on the chord face yield load of the normal stresses in the 

chard corner yie1,j Unes is investigated below. The approach ta the problem 
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is similar to that for near full and full width T, Y and X jolnts (Davles et 

'al. 1984, Sz1endak and Brodka 1985). Methods of taklng into account the 

'effect of norma1_ stresses in the plastic ana1ysis of a structure are discussed 

in Appendix C. 

~ 
Solutions are presented below for DT joints ln which bending of the chord 

face ls analysed using yield line mechanisms and the affect of normal stresses 

in the chord corner yield lines is analysed using either the static or 

kinematic approaches. Equilibrium solutions for bending of the chord face are 

not considered Hence Methods 3 and 4 presented in Appendix C are used below 

to investigate the DT joint behaviour 

Consider the DT joints shown ln Fig. 5 15b Sharing of the total normal 

load Y on each side of the chard, i e the values of Pl and P
2

, can be 
~ 

assumed in several ways. The following slmple load distribution is assumed 

p -l 

\ 
1: 

and 

5 5 1 Solution Nl 

p -2 

-...:_t 

(5,5 l J 

This solution is based on Method 3 (see Appendix C). ~ing a kinematic 

approach for the bending moments in the chord face and a static approach for 

the normal forces assuming a uniform normal stress distribution in the chord 

corners. 

Bending of the chord face i5 readily analysed based on the mechanisms 

shown in Figs 5 4 and 5 5 The virtual work equation 15, 

for.m~chanism DT-I-Nl, 

(5 5.2J 

and for mechanism DT-2-Nr, -
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.. 
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(5.5.3)' 

m' p ls the 
j~ 

plastic moment res1stance per unlt length of chord wall j (j-l,2) reduced by 

the normal stress n j whlch 15, ln general, function bf the loc~tion x along 

the chord corner yield line. The reduced plastic moment resistance is 

[ - (njn(pX»)2 1 mp m' p/X) - 1 j-l,2 (5.5 4] 

where np - u y ' the yield stress of the chord wall material 

An equilibrium equation is now written for the normal forces Assuming a 
1" 

uniform distribution of the normal stresses along the chord corners, as shown 

in Fig. 5 ISe, the equations of equilibrium are 

on side 1 • 

n 1(x) - n 1 -
Pl Y 

a 
(h l+2d) ta 

[5.5.5] 

on side 2 

n2(x) - n z -
Pz Y .. 

(h 1+2d) ta 
[5 5.6] 

• Substituting Eqs. (5.5.4], (5.5.5] and (5.5.6] into either Eq [5 5.2] or 

[5 5. 3 J l eads to 

K3 (mYp)Z + Kz (mY
p
) - 2 Kl (h

1
+2d) 4 ba 0 --

(h
1
+2d) - -cr- - [5.5.7] 

or 

[5.5.8] 

where 



0 

-

o 

, " -~ , , 

78 

p -
'K

3 

(h 1+2d) 

q - K2 [5.5.9J 

- 2 KI (h l +2d) 
4 b a 

r - r d .. '\ 

where - KI' K2 and K3 are defined in the Tab le 5.10. 

Finally Y/mp has to ];)e minil}lized with respect to d. Differentlatlng,f 

Eq. r.8] with respect to d and equatlng 

50 + ~ + S3d3 + S4d4 + S~~ + S6d8 - 0 

where 1 

- 2 2 
54 - 2 KI K~ hl - 8 K2 b o 

5~-8KIK4hl 

56 - 8 KI K~ 

~--

to zero giv.es 

where K1 to K5 are defined in Table 5.10 . 
• 

[5.S.10J 

[5.5.11 J 

Eq. [5.5.10] can readily be solved for d by Iteration and substituting 

the value fotmd into Eq. [5.5.8.] gi ves the final solution Y lDizimp' 5uch 'Values 
-~ 

of Ymirlmp are given in Tables 5.11 and 5.12 for mechanisms DT-l-Nl and DT-2-

N2, respectively, taking into àccount the effect of normal stresses ln the 

chord corners, for the usual range of ~ and ~ values, for hl - 6 1 , and for 

values of bolto ranging from 10 to 40. The least of the Ymirlmp val~s for 

either of ·these mechanisms ls given in Table 5 13. together ..,i~h the , 

reduction from the Y~rlmp values for the basic mechanisms without normal stress 

effects taken into account (see Table 5.3). The % reductlon ls larger for 10107 

boita values and large ~ and .\ values, with a maximum reductlon of 
~. -",1' 
l~ for b6lto - 10, P - O. ~ and .\ - 0.6. and reductions 10wer than 5% 

'il!, 

fi 

-, 
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The above solution assumes that the normal stresses' n j ' in the' chord 
. 

walls are less than the yield stress np' As pure squash would occur !irst 

" 
in the chord wall on side 2, the limit of vaUdity of the ab ove solution 18 ---
nz l n::< 

p 

or 

[5.5. I7] 

This Hmi t is satisfied for, all values in Tables 5.11' and 5.12, except for one 

case at bo/to - 10, lJ - 0.8 and >. - 0.9 in Table 5.11. rHowever for 

this case, mechanism DT-2-Nl governs with combined bending and normal stres~és 

in the chord corners. Hence, for the range of parameters covered in 

Table 5.13, pure squash of the chord Bide walls does not limit the val1dity of 

the resul ts gi ~en in the Table. 

5.5.2 Solution N2 

This solution' 15 abo based on Method 3 (see Appendix C), using a \ . 
kinematic approach for the bending moments and a static ,approach for the 

normal forces. 

A solution slightly different from the previous. one is obtained by 

assuming a linearl)': varying normal stress distribution in the chord corner 

yield Hnes, as shjJwn in Fig. 5.16. The virtual work equation for bending of 

the chord face remains as given by Eqs. [5.5.2], [5.5.3] and [5.5.4]. but the 

equatidns of equilibrium are now assumad to.be, on side j (j-l.2), 

for 0 ~ x < d: 
pl x 

nJ(x) - (6
1
+d)t

o 
cr 

pl 
- no - --ra --___ -

j (h 1+d)to 

~- [5.5.13] 

[5.5. 141 
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.. 

. ' ---
, for hl+d < x <:'h 1+2d: . 

, . 
where ,the value fif 

-

no is obtained from 
J 
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(5,5.15) 

[5.5.16) 

Subs!=ituting Eqs. (5.5.13] to [5.5.16] into Eqs. [55.2]. [5.5.3] and [5.5.4) 

1eads to 

K3 
[h l .+ ~). (.1.)-2 + K' 1. _ 
(h 1 + d) 2 mp ~ mp 

2 Kl (hl + 
'4b 

2d) -cr -a [5.5.17] 

or 

y -q ±~ q2 _ 4pr 
,mp - 2p [5.5.18) 

where 

" 
_ (hl + ~) 

} _r KJ 
(hl + d)2 

q - K2 [5.5.19) 

(hl + -2dr -
4b " 

r - - 2 Kl 
• 0 

d .; 

where 1.<1 ' K,z ,and .K3 are 
~ 

&gain defined in Table 5.10. 

,At; 
" 

'\ Differentiation wJth respect to d in Eq. [5.5.18], is difficu1t, so the 

mMmization of Y is done 'Qy numerical differen'tiat1on (see for examp1e CO~, 

and de Boor 1980). 1 . \ 
. 

The values of YnU.lmp from the above solution are only sUght1y smaller 

than those found in Sol~tion Nl. For mechanisms DT-l-N2 and DT-2-N2, and for'/ 

b • 
the values of {j, >. and t 0 used in Tables 5.11 and 5.12, the dlfference 

o 

between the two solutions 18 leSs than 2\ . .. 
.. " 

5.5.3 Solution N3 

This solution is baseç;i on Method 4.1, combining mElchanisms (see 
f 

App-endix C). us1ng a kinematic approach for the bending moments and alBo a 

" 
\ . 
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kinematlc approach for the normal forces. 
4 

.Consider sub-mechanisms 1, 2 and 3, shown 

1 
-l 
1,'\ , 
\, 

in Fig. 5.17. 
" 
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Sub-mechanism 1 

is for the chord face bending deformations, Whelieasl' sub-mechanisms 2 and 3 are 

for the normal deflectlons along the chord .comers. These sub-mechanisms, 
, " 

'when combined, are equivalent to a complete mechanism (DT-l-N3) ta king into 

account the normal force in the chord wa!1s. Ana1ysis of the 3 separate sub-

mechanisms yields 3 virtua1 work eAluations with the 3 unknowns Y/mp ' n
01 

and no " which have to be solved s imultaneously. The soll,ltion for Y/mp 2 -

thus obtained can then be minimized with respect to d in order to obtain the 

final solution, Ylllizimp ' 

The solutions are given below in terms of no' the normal load per unit 

length of 'chord wall, and x p the location along the chord corners of the 

, 
,,.transition from no to np (np 15 now defined as the squash load per unit 

length of chord wall, - to 0y)' 
1 

Alternatively, the solutions could be 
...., 

'g!ven in terms of the paramete~s f and g, as in Solution N4 be low (see 

Fig. 5.2.1), or in terms of ~e parameters 6 1 and 6 2 , the maximum 

downward denec tion aiong the chord The reason for this is that 

these s~ts of parameters are function 

It is assumed that 

[5.5.201 

Also, the normal .stress distributions are assumed to correspond to the 

normal displacement ~ng the chord' corners, as shown in Fig. 5.17. 

lbere are three cases to be considered, as shown in Fig. 5. 18. In 

case l, the yield éondition along both chord corners is due to combineQ.,~ 

bencling and normal stresses. In case 2, yield on side 2 of the chord is due 

to squa;sh (i.e. normal stresses only). Ïn case ,3, yield is due to squash on 

/ 
\ 
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both sides of the chord. 

The virtua1 work equations for sub-mechanisms 1, 2 and 3 (Fig. 5.17) for 

each case of yie1d condition (Fig. 5.18) are as fo1lows: 

Case 1, Combined Bending and Normal Stresses in Both Chord Wa11s 

From sub-mechanism 1 (Fig. 5.17), 

[S. S. 21) 

Wher~tained from sub -mechanism 2, is gi ven by 

m ~1-' 2 (2a 2 + d 3 + d Z + h1d) 
- n Pz .,.. (h- 1 + !:.d

2
) n 01

2 + (h- 1 + 1rl2 ) + 2 0 [5 5 22) a. 3 - 3 - n 01 mp ad -. -' 
p 

and where no ' obtalned frollP sub -mec!tanism 3, is given by 
Z 

.~ 

Case 2, Squash in Chord Wall Side 2 

From sub-mechanism-1, 

~ 

.' 

n 2 

" ;f - ~ + (h 1 + 2d) (i + à) - (il 1 + }t) ~ nO~ + i ~ 
,P P 

where no' obtained from sub-mechanism 2, is given by 
1 

\ 

and lIrilere x p2 ' obtained from sub-mecharlism 3, ls given by 

./ 

./ 

(5.5.24) 

/ 

.' 
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Case 3. 'Squash in Beth Chord Yalls , 

From sub - mechanism 1. 

[5.5.27] 

.. 
wher.e xp1 ' obta1ned from sub-mechan1sm 2,- 15 given by 

[5.5.28] 

and where x p2 ' obtained from sub-mechan1sm 3, is given by 

. 
l \2 4 d (h- 2d) l + m 4 S. + (h- +d2) 0 - 3 np xp2 + mp 3' C xp2 + mp 1+ c l' d 1 np - [5.5.29] 

M!nim!zation of Y/mp wi th respec t to d from Eq s . [5. 5 . 21], [ 5 . 5 . 24 J and 

[5.5.27] can be done numer!cally and a value of YlDitimp can hence be obtained 
) 

for each of cases 1,.2 and 3. The le~ of these three YlDitimp values 18 the 

solution for a particular DT j o1nt, for mechan1sm DT-I-N3. Expressions 

similar to Eqs. [5.5.21J to [5.5.29) can be derived for mechanism DT-2-N3 and 

/: -a !ï1l1;tmp value can be obtained in the same manner as explained above for 

mechanism DT-I-N3. The final solution for a DT joint is then the lowest of 

th.se solutions for mechan!. DT-I-N3 and DT-2-N3. 
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~, 

An expl10it solut1on for d and YIll1r1mp 18 g1ven below for th. simple case 
(1 

of mechanism DT-l"'N3 w!th ). - 0.5 and tl1th comb1ned bendt~ and normal 

stresses 1n both ch~r,d walts (case 1 1n Fig. 5:18). . 
Sub-mechanism 1 (Fig. 5.17a) simplifies to that shown in Figl 5.19, and 

, a ) \ 

th~ virtual work equation_~implifies to 

o , 

Y.1 - ... [2(hi72d)t + ~I + m. [1- (~I'F~l + (m. [i- (i\';l'l 4' [).S.30) 

where np - tQPy: the squash load/ unit length of chord wall, n and no are normal 

loacfs/ ~it length and n - nt. 

Sub-mechanisms 2 and 3 YFig. 5.17) simp11fy to sub-mechanism 2 shown 1n 
'. 

Fig. 5. 20. The. virtual work' équation 1s' 

o 

b n - - Jd 
Y - 4 d mp + no 2 hl + 4 on z dx ().S.3l) 

where z (-~) _19 the displacement Along tbe chord corners assumed in this sub-

mecfianism. 

Solving Eq. [5.S.3l] for no and substltuting 1nto Eq. [5.5.30] yields 

4 

:x. _ ~ 8 2a2 + 
mp 3t 2 

o 

32ad /4b o --+-
3t 2 d o 

Letting fd (ïI;J ..; 0 give,s 

~ere 

50 - - 81 b0
2 

t,o· hl~ (~2 + to~ 

51 - - 216 b 0
2 to· hl (a2 + to2) d 

--

[5.5.321 

[5.5.33] 

.-

/' 
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[5.5.34' 

5. - 1152 hl (8; + t~~)2 ~ 576 a2 h1
2 (~a2 + t02) . ~92 a bo t/ (2a2 + 3to

2) 

55 - 768 hl (2a2 + 3to
2) - 15~6 a 2 hl] (a2 + to2)' 

511 _,:, 1128 (2a2 + 3to 2) • 256 a2 1 (2J2 + 3to 2) 

Finally to find Yd'fl1.g. d ls calculated by i teration from Eq. [5.5.33) 

and substituted into Eq. [5.5.321. Equation [5.5.32] is equivalent to the 

function f(Os), referred to by Szlen~-aftd Brodka (1985). 

.. 
5.5.4 folution N4 

This solution is based on Method 4.2. entire mechànism (see Appendix C), 

, using a- kinematiç approach for ~oth bendlng moments and nOI:1DSl forces. 

Mechanisms DT-1-N4 and DT·2-N4, shawn ln Fig. 5.21, include the chord 

face bending defo~ations as well as. 1 :e. . combined with, the axial 

1 deformations due to the normal stresses in the chord cornè-r yield Unes. For 

~se 'entlre l mechanisms a sitigle virtua1 work equation can be written for 
N 

Y/mp in terms of f and g (or &1 and S 2) . Diff~rentiation of that' equation with 

respect to f and g providea two other equat10ns, so that the value of Y/mp ' f 
- ..... 

artd g can be f ound. 

The virtual work equation includes terms for th~, energy dissipated by 

each y1e1d 11ne in the patterns shown in Fig. 5.21. These terms are read1ly 

obtained except those for etre yield Hnes along the chard corners, ~-are 

dèrlved belo1L-

As i~ Solution N3 above, three cases of 'yleld condition in the chord, .-, 
1 

corners m,Ust he consid.ered simllar to those shown in Fig. ·~.18 (case 1: 
1 
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eombined bending and normal stressftS in both walls, ~ase 2: squash in chord 

wall 2, and case 3: squash in b!'th chord walls). n These cases depend on the 
.':) 

yield conditian assumed at section AA Along hl and at section BB Along do' 

as shown in Fig. 5.22, in each chord wall. 
t t 

When 0 ~ f:s -r (or O.~ g:S y), 
sections AA and aa....-ere subjected to combined bending and normal stresses. 

t to 
When t :S f (or 2" :s g), section AA and part of section BB are subj ected to 

normal stresses onl:y, the end part of section BB remaining subjected to 

combined stresses. 

The energy dissipated in the chord corner yield lines is calculated below 

for these different yield conditions. 

Combined bending and normal s~res'ses (O:s f :s ?> 
aefer to Fig. 5.22. At section AA, 

f 
û - Sl - --:7! a+1:' 8 

_ 1 
a+f ... 

Renee, the energy di~sipated, D, Along the length hl 18 

t.t seetion BB, 

8 - 1 
~ a+f 

m' p _ m [ 1 _ ( 28 ) 2 ] _ m [1 
p to P.. • 

n- S..!...m -sLzlD 
t 2 P dt ~ P 
O' 0 ~ 

) 

\ 

\ 

4f
2 

z2 ]--

~ o 

(5.5.35) 

[5.5.36] 
.. 

(5.5.371 

(5.5.3~ 

[5.5.39J 

[5.5.40] 

(5.5.41] 
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o 

Hence, the energy dissipated along the length d is 

o - Jd(m' /1 + nA) dz - m _1_ d ( 1 + ~ f2 
o P" p a+f .) ~ 

t 
Squash stresses (T :S f) 

o 

Refer to Fig 5 23 At section AA, 

m' p - 0 • 

At section BB. 

e -
to 

d - e o 8 8 - 1 
0 1"" . a . a+f 

d - z f za f d to 
ëJ a+f . d - . Zo - r T o "Cf a+f 

Hence. the energy dissipated i5 

D - fa (m''; + M) dz + t n 6. dz 
o Zo 
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[5 5 42J 

[5 5 43] 

[5 5 44] 

[5 5 45] 

[5 5 46] 

The virtual work equatiotlS' for mechanisms DT-l-N4 and DT- 2 -N4 can now be 

written and solved for Y/mp Then letting 
~ 

Ir (~) - fs (~p) - ta (~p) - 0 . 

the values of f. g and d are obtained for which Y/mp is a minimum 

[5 5 47] 

Thase solutions are given below for the three yielding conditions in the 

chord walls, shown in Fig S.18, for mechanisms DT-I-N4 and DT-2-N4 The 

following constants are used to shorten the expressions for Ymir!mp ' f. g and 

d. 



o 
c 

o 

~ 
Mechanism DT-l-N4 

Case l, Combined Bending and Normal Stresses in Bath Chard Walls 

Ymin l m;-

where 

f -

g -

d -' 

2 -
ta (h 1+2d) 

a 2 + --=--_...:::...",-_ 
- 2 

2 (h 1+1d) 
- a 

- c 

Case 2, squash in chord wall s ide 2 

Ymin l nç-

where 

f -

2 -
a 2 + ta (h 1+2d) 

- 2 2(h 1+3d) 
- a 
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(5 5 481 

[5 5 49 J 

[5 5 50 J 

[5 5 c 51 J 

[5 5 52 J 

(5 5 53 J 

(5 5 541 

(S 5 SS 1 
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o 

d -

Case 3, squash in both chord walls. 

Ylll1n 

mp -

where 

g -

1 + ~ 1 + ~ [4C(h l+d) - t O(h l+2d) 1 

~ [4C(h l+d) - toCh 1+2d) ) 
dt o 

d -
2b oCa+f) (c+g) 

(c+g)Ls + (a+f)Ls 

Mechanism DT-2-N4 

Case 1, Combined Bending and Normal Stresses in Both Chord Walls 

where 

f -

g -

where 

d -
2b oC a+f) Cb l+c+g) 

Cb 1+c+g)Lz + (a+f)L 4 

/ 

b 1+2c 
-2-
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[5 5 56] 

[5 5 57] 

[5 5 58] 

[5 5 59) 

[5 5 60] 

[5 5 61] 

[5 5 62] 

[5 5 63] 

[5 5 64) 

[5 5.65] 



o 

o 

Case 2, Squash in Chord Wall Side 2. 

where 

f -

where 

d -

K-[ 
2b o(a+f) Ch l+c+g) 

(b l+c+g) Lz + (a+f) Ls 

Case 3, Squâsh in Both Chord Walls 

Ym1n 
mp -

where 

l + 
3(h 1+2c) [ - to 

l +, 2dt/ 2('0 1+2c)(h l+d) - to(h 1+2d) b l 2" K 

g - ----~----.----------------------------~-------

~ [2(b l+2C)(h l+d) - t O(h 1+2d) - 'O J ~o K] 
dt o 

where K - [ 

2b o(a+f) (b l+c+g) 

('0 l+c+g) LI! + (a+f) Le 
d -
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[5 5 66] 

[5 5 67] , 

[5 5 681 

[5 5 69] 

[5 5 70] 

[5 5 11] 

-

[5 5 72 J 

[5 5 73] 

[5 5 74 J 

[5 5 75] 
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Eqs. [5.5.48] to [5.5.75] provide the complete set of solutions for a DT 

joint with off-centered web members. Both mechanisms DT-1-N4 and DT-2-N4 are . 
includec1. Combined bending and normal stresses are assumed in the chord 

walls, and the cases of squashing of one or both chord walls are analysed. 

The correct resistance for the DT joint is the lowest value of Y/mp 

calculated using Eqs. (55.49]. (5553], (5557], (55.61], (5566] and 

(5.5.71] and is given in Table 5.14 for the usual range of bo/to. /J and À 

values, wi t~;, - /J. 

Pure squash of the chord wall on s ide 2 or of both chord walls is 

indicated in Taçle 5.14 and would occur at large values of /J. Solution Nl 

does not predict such pure squash stresses at these values of /J. In any 

case, when pure squash in the chord walls is predicted in Solution N4 the 

values of Y~nlm~ are not signifi~antly lower than the values assuming combined 

bending and normal stresses. 

The reduction in joint strength due to the normal stresses in the chord 

corners is at Most 14.6% for bolto - 10. /J---;, - 0.8 and À - 0 6, and 

otherwise ~ow «10%) for bolto ~ 20 . ... 
(Solution N4) are close to those in Table 5 13 (Solution Nl) 

5.5.5 Conclusions 

Because of the different assumptions used, Solutions Nl to N4 yield 

slightly different results. However the differences are small. and this La 
expected since all the results are solutions of the same problem but using a 

different approach. 

For the 16 DT specimens that failed in modes 1 or 2 (see Chapter 3), the 

effect of normal stresses in the chord corners is not large. Using 

Solution NI, the reductlon in joint strength due to normal stresses ls less 

than 2' for all tests. The Mean ratio of cest yleld loads to predicted loads 

\ 
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is 1.05 with a coefficient of variation of 11.6%, on1y 0.2% better than when 

the effect of normal stresses in the chord corners is not taken into account 

(see Chapter 4) 

lt should be noted that the reduction in joint strength does not increase 

with increasing off-centering ratio À. Hence, in trianguJar truss joints, 

the effect of normal stresses in the chord corners is maximum when the web 

members are centered, that is, when the joint geometry is comparable to that 

"-. of planar truas joints. In planar truas joints, high normal stresses in the 
\ 

chord corners are of concern and included in design rules only for near full 

• width ({3 > 0.85) -or full width joints ({3 1 0) (Wardenier 1982) Because 

triangular truss joints usually have lower p ratios th~n planar truss joints, 

it i5 unlike1y that normal stresses in the chord corners would be of concern 

in triangular truss joints. Therefore, it is proposed to neglect in design 

recommendations the mechanisms including normal stress effects for joints with 
• 

values of {3 S 0.85. For the unusual cases of larger {3 values, and 

especially if the bolto rati'o is low, then one of the above solutions, NI 

to N4, can be used to predict the joint strength reduced by the normal 

stresses perpendicular to the chord face 

, 
\ 
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Alternate notation. 
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Fig. 5.2 Modific'ation for corner 
~ 

curvature and welds . 
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Fig. 5.4 Basic mechanism DT-l. 
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Fig. 5.5 Basic mechanism DT-2 
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Fig. 5.6 Yield Une model for planar truss joint. 
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A DK-2 DK-3 

- bo (a) 

Fig. 5.7 Mechanisms OK-l, DK-2, DK-3, DK-4. 
(a) Plan view of chord face. (b) ~oction AA. 

1: compression web member 
2: tension web member \ 
Y: component of web member force normal to chord face 

OK-l, OK-' 
(a) 

OK-2, OK-3 c:; OK-l, OK-3 

x:g 

(b) 

,Fig. 5.8 
(a) x-O. 

Kecharlsms·DK-l, DK-2, OK-J, DK-4. Limit eases. 
(b) x - g. 
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1 Fig. 5.'9 Mechanism DT-I-E. (a) 0 positive. (b) 0 negative. 

H: Hogging yield line, S: Sagging yield line 
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- Fig. 5.10 Mechanism DT-2-E. 
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Fig. 5.11 Possible mechanisms with fans. DT joints. 
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Fig. 5.12 Mechanism DT-l-F. 
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Fig. 5.13 Mechanism DT-2-F. 

if a 2: b 1+c then 

if "a < b 1+c-, then 

d 2: J aZ - (b 1+e);2 

d 2: 0 

Fig. 5.14 Kechanism DT -2 - F. LiJid. c cases. 
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Fig. 5.1~ Mechanisms DT-l-N1 and DT-2-Nl. 
(a) Mechanisms. (8) Normal stress distributions, 
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Fig. 5. 16 Kechan1sl11S DT -1-N'! and DT - 2 -N2 . 
~l stress distribution. 
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n01 81=0 ta 82=0 n02 

NORMAL DISPL.'s DISPL.'s NORMAL 
STRESS~ STRESSES .. 

SIDE 1 SIDE 2 
(a) 

(b) 

.J 

(c) 

Fig. 5.17 Mechanism DT-1-N3. 
(a) Sub-mechanism 1. (b) Sub-mechanism 2. (c) Sub-mechanism 3 . 
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Fig. 5.18 Yield conditions along chord corners. 
NoDl&l seresses. 
(a) Case 1: CoIIbined bending and normal- stresses on both 
sides. 
(b) Case 2: Pure squash on side 2. 
(c) Case 3: Pure squash on both sides. 
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Fig 5.22 Combined stressl along chord corners 
DT-I-N4 and DT-2-N4 
(a) Deflections along the c,ord corners 
(b) Section BB. (c) Secti,n AA. 
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Table 5.1 Yawlmp ' Mechanism DT-l 

{3 

o 2 o 4 o 6 o 8 

\ 
o 5 19 89 2S 99 37 30 67 78 
0.6 20.34 26 64 38.32 69 85 
o 7 21 90 28 89 41 89 7713 

,\ 
50 37 o 8 25 49 34 15 94 72 

0.9 35 37 49.24 75 50 148 52 

l.0 

Mechanism DT-l governs above the solid line 

"'-

Table 5 2 Ymlr1mp ' Mechanism DT-2 

-, 
{3 

0.2 0.4 o 6 o 8 

0.5 21.60 29.77 44.00 80 00 

0.6 21 81 29 29 41 82 72 91 
o 7 22.96 29.75 40 75 67 95 

À o 8 25.48 31. 23 40.56 64 39 

o 9 ~80 34 10 41 18 61 82 
1 0 4 .00 39.33 42 66 60 00 

Mechanism DT-2 governs be10w the solid line 

<: 

o 

. 
Table 5 3 YlD.1,/m p Lowest of mechanism DT-l and DT-2. 

02 (~04 0.6 o 8 
~~ 

19 89 25 99 37 30 67 78 
o 5 DT-l DT-l DT-l DT-l 

-8% -13% -15% -15% 

~ 20 34 26 64 38 32 69 85 
; o 6 DT-l DT-l DT-l DT-l 

" -7% -9% -8% -4% 

21 90 28 89 40 75 67 95 
o 7 DT-l DT-l DT-2 DT-2 . 

-5% -3% -3% -12% 
À 

25 48 31 23 40 56 64 39 . 
o 8 DT-2 DT-2 DT-2 DT-2 

0% -9% -19% -32% 

30 80 34 10 41 18 61 82 
o 9 DT-2 DT-2 DT-2 DT-2 

-13% - 31% -45% -58% 

45 00 39 33 42 66 60 00 
l 0 DT-2 DT-2 DT-2 DT-2 

The 2nd line indicates governing mechanism 
The 3rd 1ine gives the reduction from higher 
to lower predicted load ..... 

o 
w ,/ 

~-;;7 

l'~ 

~: 

,1 
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o Table 5 4 Constants used with mechanisms OK-l, OK-2, OK-3 and DK-4 

K L M "N 
Mechanism 

OK-l 1.+ 1 1..+ l l /\ al Ci a 2 c z 

OK-2 1 + 1 1 + l b l+2c l /\ 
b 2+ 2c 2. 

al 
...--- a 2 

or-- . 
2(b z+C 2) b l+C 1 b 2+c Z 2 (b l+C 1) 

OK-3 1.+ 1 1 + 1 l /\ 
b2+2c z 

al Ci a z 6 z+c 2 2(b z+c z) 

OK-4 1 + 1 1 + 1 b1+2c 1 /\ 
al 6 l+ C 1 a; c; 2(6 l+c 1) 

o 
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Table 5.5 Y"lr1mp . Lowest of mechanisms OK-l, OK-2, OK-3 and OK-4 

(a) g/bo - 0 l. (h) g/bo - 0 2 (c) g/bo - 0 3 (d) g/bo - 0 4. , 
'. 

32 ~2 
8

, 
1 

0.2 0._ 3 2 ~2 6 1

1 

0.2 o., 

1, 0.5 0.7 0.9 0.5 0.7 0.9 ~ 1 0.5 0.7 0.9 0.5 0.7 0.9 

0.2 0.5 31.'11 1 31.87 31.911 31.911 1 31.911 1 31.911 \1.2 0.5 21.911 1 22.50 22.911 22.911 22.911 22.911 1 
0.1 31_87 32.711 33.33 33.33 33.33 33.33 0.7 22.50 23.33 211.52 211.1111 211.52 2'.52 1 
0.9 31-9" .33.33 'l.85 36.99 39.20 '3.2' 1 0.9 22.911 2'.52 1 33.2' 28.32 1 30.l1li 1 35.13 " O., 0.5 31.911 1 33.33 36.99 1 36.33 36.95 36.! 0.11 0.5 22.911 1 2'.U 28.32 1 26.99 21.11' 211.33 1 
0.1 31.9' 33.33 39.20 1 36.95 311.111 39. 0.7 22.9' 211.52 30." 1 2"f .11' 29.21 30.19 1 
0.9 31.9' 33.33 '3.2' 1 36.99 1 39.21 1 53.8 0.9 22.911 2'.52 35.13 3 2e.33 1 30.79 39.01 2 

0.6 0.5 31.911 1 33.33 '3. " 36.99 39.21 116 .65 1 0.6 0.5 22.911 1 211.52 1 311.76 1 28.~ 1 30.79 1 37.'9 , 
0.7 31.9' 33.33 '3.2' 36.99 39.21 50.1111 0.7 22.911 211.52 35.59 2 28. 3 30.79 39.55 Il 
0.9 31.9' 33.33 1 '3.211 1 36.99 1 39.21 1 55.73 0.9 22.911 211.52 35.59 2 28.33 )0.79 ~.,' 2 

0.8 0.5 31.90' 33.33 1 '3.2' 1 36.99 1 39·21 1 55.73 1 0.8 0.5 22.90' 1 2'.52 35.59 2 28.33 1 30.79 1 'D." 2 
0.7 31.9' 33.33 '3.211 36.99 1 39.2' 1 55.73 0.7 22.9' 1 211.52 35.59 2 28.33 30.79 ~." 2 
0.9 3'·911 33.33 '3.2' 36.99 1 39.21 1 55.73 0.9 22.9'1 1 211.52 35.59 2 28.33 30.79 ~." 2 

82 ).2 
8, 1 

0.6 0.8 62 1. 2 
B, 1 

0.6 0.11 

)., 0.5 0.7 0.9 0.5 0.7 0.9 À 1 0.5 0.7 0.9 0.5 0.7 0.9 

0.2 0.5 31.9' 31.9' 31.911 31.911 31.9' 31.911 0.2 0.5 22.911 22.911 1 22.911 1 22.911 1 22.911 1 22.911 1 
0_1 33.33 33.33 33.33 33.33 33.33 33.33 0.7 211.52 211.52 1 211.52 1 2'.52 1 211.52 1 211.52 1 
0.9 113. " '3.2' '3.2' '3.21! _3.2' '3.211 1 0.9 3'1.76 35.59 2 3S.~1 2 35.59 2 35.59 2 35.59 2 

O., 0.5 36.lI9 36.99 36.99 ]6.99 36.99 36.99 0.11 0.5 28.33 1 28.33 1 2d. ~: 1 28.33 1 28.33 1 28.33 1 
0.7 39.21 39.21 39.21 39.21 39.21 39.21 0.7 • ]0.79 1 ]0.79 1 3.:1.15 1 30.79 1 30.79 1 )0.79 1 
0.9 116.65 50.'. 55.73 1 55.73 1 55.73 55.73 1 0.9 37.'9 3 39.55 3 II·).~~ 2 ~.IIII 2 ~.II11 2 ~.II11 2 

0.6 0.5 115.65 1 116.63 1 116.65 1 116.65 1 116.65 1 116 .65 1 0.6 0.5 36.65 1 38.06 1 38.60 Il 38.65 1 38.65 1 311.65 1 
0_7 116.63 119.28 50.117 J 50.117 1 50.117 1 50.117 1 0.1 38.06 1 110.117 1 112.13 Il 112.85 1 112.85 1 112.85 1 
0.9 116.65 50.'7 63.95 2 ".n 2 ".n 2 ".n 2 0.9 38.60 3 '2.13 3 115.95 2 '7.58 2 '7.58 2 '7.58 2 

0.8 0.5 '6.65 1 50.'7 ".n 2 71.89 1 73.89 1 73.87 Il 0.8 0.5 38.65 1 '2.85 117.58 2 63.89 1 65.38 Il 63.55 , 
0.7 116.65 50.117 ".77 2 73.89 1 79.99 1 80.62 Il 0.1 38.65 112.85 111.58 2 65.38 3 68.20 2 65.~ 2 
0.9 '6.65 50.'7 ".n 2 73.87 3 80.62 3 81.86 2 0.9 38.65 '2.85 1 117.58 2 63.55 3 65.~ 2 63.66 2 

(a) ( b) P, 

.... 
0 
ln 

./ , 
~/ 

\ 
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Table 5 5 

03 2 

0.2 

o ... 

0.6 

0.8 

'iz 

0.2 

o •• 

0.6 

0.8 

A 2 

0.5 
0.7 
0.9 

0.5 
0.7 
0.9 

0.5 
0.7 
0.9 

0.5 
0.7 
0.9 

AZ 

O., 
0.1 
0.9 

0.5 
0.1 
0.9 

0.5 
0.7 
0.9 

0.5 
0.7 
0.9 

Notes: 

6
1

\ 
A, 

6 1

1 1., 

0.5 

19.11 
19.73 
20.61 

20.55 
20.61 
20.61 

20.61 
,20.61 
2O~61 

20.61 
20.61 
20.61 

0.5 

20.61 
22.38 1 
31..... 3 

26.33 1 
28.90 1 
33.95 3 

0.2 

0.7 

19.73 1 
20.59 1 
22.37 3 

21.9_ 
22.29 
22.38 

22·38 
22.38 
22.]8 

22.}8 
22.38 
22.38 1 

0.6 

0.7 

20.61 
22.38 1 
31.911 3 

26.33 1 
29.05 -
35.113 3 

]11.32 1 ]5.92 1 
35.92 1 38.33 , 
36.23 3~ 39.06 3 

31.32 1 
31.32 1 
37.32 1 

-'.90 
-'.90 1 
111.89 3 

0.9 

20.61 1 

22.37 -
29.63 2 

25.88 .. 
27 .75 Il 
31.22 2 

3
1
.__ -

31.911 -
31.9- 1! 

31.9- 2 
31.9- 2 
31.911 2 

0.9 

20.61 
22.38 1 
31.911 2 

26.33 
29.05 1 
35.81 2 

]6.23 • 
39.06 • 
110._9 Z 

-2.911 2 
112.911 2 
112.911 2 

(c) 

0.5 

20.55 1 
21. 911 1 
25.88 3 

211.33 
25.29 1 
26.29 3 

26.33 
26.33 
26.33 1 

26.33 
26.33 
26.33 1 

0.5 

20.61 
22.38 
31.911 2 

26.33 1 
29.05 1 
35.97 2 

37.32 
Il'.90 
112.911 2 

62.56 1 
62.73 3 
60.09 3 

0.4 

0.7 

20.61 
22.29 1 
27.75 3 

25.29 1 
26.67 1 
28.63 3 

1 

26 .. 90 t 
29.05 j 
29.05 

29.05 
29.05 
29.05 1 

d.8 

0.7 

20.61 
22.38 1 
31.911 2 

26.33 
29.05 1 
35.97 2 

]7.32 
.'.90 , 
112.911 2 

62.73 Il 
63.52 2 
60.511 2 

0.9 

20.61 
22.38 1 
31 22 2 

26.29 Il 
28.63 4 
33.83 2 

33.95 Il 
35.43 Il 
35.81 2 

35.97 I! 
35.97 2 
35.97 2 

0.9 

2C.61 
22.18 1 
~. )11 2 

Ln 
il.J5 1 
;:.97 2 

37.32 1 
111.89 Il 
112.911 2 

60.09 Il 
60.511 2 
58.118 2 

1: Hechanism OK-l, 2. Mechanism DK-2, 
Square contact dimensions' b 1 - hl and 
"p - 1.0. 

3 Mechanism OK·3, 
b2 - h2 

!Ii 

4 

\, 

0.2 

o.q 

0.6 

0.8 

~2 

0.2 

0.11 

0.6 

0.8 

Cont'd 

\2 

0.5 
0.1 
0.9 

0.5 
0.1 
0.9 

0.5 
0.7 
0.9 

0.5 
0.7 
0.9 

À2 

0.5 
0.7 
0.9 

0.5 
0.1 
0.9 

0.5 
0.1 
0.9 

0.5 
0.7 
0.9 

SIl 
À 1 

B, 1 
A, 

0.5 

17.g· 
18.62 1 
19.92 3 

'9.66 
19.90 
19.94 

19.9-
19.911 
19.94 1 

19.9-
19.9-
19.911 1 

0.5 

19.9" 
21.10 1 
30 ) 3 

25.;" 
2L~1 1 
3.2. ~3 3 

33.65 1 
35.03 3 
35 20 3 

37.65 1 
37.65 1 
37 .63 3 

Mechanism OK·4 

0.2 

0.7 

18 62 
19.52 1 
21.64 3 

21.01 
21.53 , 
21.88 3 

21.90 
21.90 
21.90 1 

21.90 
21.90 
21.90 

0.6 

0.7 

19.9' 
21.90 
)0.67 2 

25.98 Il 
28.61 Il 
33.71 2 

35.0] • 
37.115 2 
37.75 3 

110.85 2 
110.85 2 
110.85 2 

0.9 

19.92 
21.611 Il 
27 .81 2 

2_ .8_ _ 

26.58 Il 1 

29.37 2 

)0.10 Il 
30.67 2 
30 .71 2 

30.90 2 
30.90 2 
)0.90 2 

0.9 

19.911 
21.90 1 
30.71 2 

25.98 Il 
28.69 Il 
33.8S 2 

35.26 Il 
37.15 Il 
38.17 2 

111." 2 
_,.'" 2 
_'.1111 2 

(d) 

.. 

0.5 

'9.66 
21.01 1 
211.811 3 

23.33 , 
211.37 1 
25.53 3 

25.911 1 

25.98 3 
25.98 3 

25.9'1 
25.9'1 
25.9'1 1 

0.5 

19.911 
21.90 1 
)0.90 2 

2';.99 
28.97 1 
]li.'" 2 

37.65 
lIO.85 2 
III.'" 2 

62.&9 1 
62.12 3 
59.07 3 

o 

0.4 

0.1 

19.90 
21.53 1 
26.58 3 

211.31 , 
2'5',79 1 
27 .67 3 

28.111 1 
28.67 3 
28.69 3 

28.91 
28.97 
28.97 1 

0.8 

0.1 

19.9- 1 
21.90 1 
)0.90 2 

2';.99 
28.97 1 
3lI."1I 2 

31.65 1 
lIO.85 2 
_,.'" 2 

62.12 _ 

61.96 2 
58.8' 2 

0.9 

19.9- , 
21.88 Il 
29.31 2 

25.53 Il 
27.67 Il 
31.59 2 

32·113 Il 
33.71 2 
33.85 2 

3'." 2 
311." 2 
3lI." 2 

0.9 

19.911 1 
21.90 1 
31).90 2 

2';.99 
28.97 1 
3'.'" 2 

37 .63 , 
lIO.85 2 
111.'11 2 

59·07 .. 
58.8" 2 
56.511 2 

~ 
o 
a-

7 

.' 
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0 Table 5.6 Ymi./mp Meehanism DT-1-E. 

{J 

0.2 o 4 o 6 o 8 

0 5 * * * * 
o 6 * * * * 

'\or o 7 * * * * 
À 

0.8 * * 50 14 94.41 
o 5% o 3% 

o 9 35 27 47.73 <72 73 <145 11 
o 3% 3.2% >3 8% >2' 3% 

o fi 

* P 1D1.!mp same as for bas ie meehanism DT - 1 

), 

• 

) 

.. 
j 

~ 

~1~:?~ 
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Table 5 7 ., Table 5 8 
Ymirlmp Mechanism OT-l-F Ymirlmp ' Mechanism DT-2-F 

o 5 

o 6 

o 7 

o 8 

o 9 

1 a 

Table 5 9 

{J {J 

a 2 a 4 o 6 o 8 o 2 o 4 o 6 a 8 

16 55 22 95 34 76 65 98 a 5 18 41 28 42 48 46 lOS n 
17\ -12\ -H - 3\ ·15. - 5t +1o, +36' 

17 42 23 67 35 77 68 02 o 6 17 65 26 22 43 23 9) 58 

-14t -lH -7\ -3\ 19' -lat +3' +28' 

20 30 26 65 39 34 75 21 107 18 99 25 36 39 '16 83 14 

7\ -8t ·6\ 2\ -17t -15t -2' +22\ 

27 16 34 45 49 04 92 63 o 8 22 55 25 77 38 04 75 54 
+7t +1\ - 3\ -2\ -Ut -17t ·6\ +17\ 

49 17 60 28 82 51 149 17 o 9 JO 09 28 38 37 20 69 87 

+J9t +22\ +9\ +0 4t 2' -17t -10\ +13\ 

l a 50 57 34 02 J7 35 65 57 
+12. -14' - 12\1 +9\ 

Lowest of mechanisms OT·l, OT-2, DT-I-F and DT-2-F 

À 

o 2 

16 55 
o 5 DT-I-F 

-17% 

~ 17 42 
o 6 DT-I-F 

-14\ 

18 99 

o 4 o 6 

22 95 34 76 
DT-I-F DT-I-F 

-12\ -7\ 

23 67 35 77 
DT-1-F DT-I-F 

-lU -7\ 

25 36 39 34 

o 8 

.-
65 98 

OT-l·F 

- 3% 

68 02 

DT-l·F 

- 3% 

67 95 
o 7 DT-2-F DT-2-F .DT-1-F OT-2 

o 8 

-13\ -12% -3% 

22 55 
OT-2 -F 

-lU 

30 09 

25 77 
DT-2-F 

-17% 

28.38 

38 04 
OT-2-F 

-6% 

37.20 
o 9 DT-2-F DT-2-F DT-2-F 

1.0 

-2\ -17\ -10' 

45 00 
DT-2 

34 02 37.35 
DT-2-F DT-2-F 

-14\ -12' 

64 39 

OT-2 

61 82 
OT-2 

60 00 
OT-2 

The 2nd Une gi vas the govemig mechanblll. 
The 3rd Une givas the reduction of the predicted joint load 
from the lowe. c of bute IHclunts.. DT -1 or DT - 2 . 
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Mechanism 

DT-l 

DT-2 

~ 

" 

..... 

Table 5.10 Constants used with mechanisms DT-1-N and DT-2-N 

Kl K2 K3 K4 K5 

1. + 1. a . c l 1 + 2 0 (p2 p2)t2 
-a C- lb 8 KIK3 + K/ 4 KIK3 + K/ 

! +...l-
b 1+2c p2 p2 )t2 

8 1<IK3 + K/ 4 KIK3 + K/ . 1 + 2 0 
a b +c 2 (b l+C) a- ~ rr 

1 1 

/ 

o 

J 

1-' 
o 
1.0 

,,;,ç.-w;~ 
~ .... 
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Table 5.11 Ylllitimp ' Mechanism DT -1- N1 (a) boita - 10 0 

0 (b) boita - 20 O. (c) boita - 30.0. (d) bolto - 40.0 

.-
f3 

o 2 o 4 0.6 o 8 
1 

o 5 19 61 25 41 J5.67 58 94 
o 6 20.01 25.96 36.46 ... 60.05 
o 7 21 33 27.80 39.08 63 58 

À o 8 24 06 31 62 44 40 70 12 
o 9 29 00 38 77 53 94 79 94 

(0) 1 0 

f3 

o 2 o 4 o 6 o 8 

o 5 19 82 25 84 36 87 65 11 

o 6 20 26 26 46 37 82 66 84 
o 7 21 75 28 60 41 12 72 75 

À 

'" o 8 25.10 33 45 48 61 85 67 
o 9 33 34 45 70 67 29 114 07 

( b) 1 0 

f3 

o 2 o 4 o 6 o 8 

. ' o 5 19 86 ~5 92 37.10 66 54 
o 6 20 30 26 56 38 10 68 45 
o 7 21. 83 28 76 41.54 75 06 

À 
o 8 25 31 33 84 49 56 90 28 
o 9 34.42 47 55 71 41 129 06 

(C) 1 0 

f3 

0.2 o 4 o 6 o 8 

0.5 19.87 25 95 37 19 67 07 
0.6 20 32 , 26 59 38 19 69 05 .-
o 7 21.86 28 81 41 69 75.94 

À 
0.8 25 39 33.97 49 91 92 12 
0.9 34.82 48 26 73.10 136 3.4 

0 (d) 1.0 
.. 

Square contact dimensions: 6 1 - hl 

\ 
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Table 5.12 Ymirlmp ' Mechanism DT-2-N1. (a) bolto - 10.0. 

0 
(b) be/ta - 20.0. (c) bolt o.- 30.0. (d) be/to - 40.0. 

/3 
. 

o 2 0.4 0.6 0.8 

o 5 21. 29 29.10 42.01 69.12 
0.6 21. 51 28 72 40.34 65.29 
o 7 22.54 29 16 39.51 62 26 

À 
30 48 0.8 24.73 39,40 59.91 

o 9 28 95 32.95 39 96 58.13 

(a) 1 0 37.44 37 20 41 25 56 82 

'" /3 

o 2 0.4 0.6 o 8 
-' 

o 5 21. 52 29 60 43 47 76 70 
o 6 21. 73 29 15 41 43 70.70 

\, o 7 22.85 29 60 40 43 66.35 
À o 8 25 29 31.04 40,26 63.15 

o 9 30.30 33.8V 40 86 60 82 1 

(b) 1 0 42.65 38.76 42.29 59.14 

/3 

o 2 0.4 o 6 0.8 

0.5 21 56 29.70 43 76 78 47 
o 6 21. 78 29.23 41 64 71.90 
0.7 22 91 29.68 40 60 67.22 

À 
0.8 25 39 31.14 40 42 63 83 
o 9 30.58 33.96 4l.04 61 37 

(C) 1 0 43.90 39.07 42.49 59 61 

/3 

0.2 o 4 o 6 0.8 

0.5 21. 58 
y 

29.73 43.87 79.13 
0.6 21. 79 29.26 41.72 72.33 
0.7 22.93 

À 
29.71 40.67 67.54 

0.8 25.43 31.18 40.48 6.4.07 ., o , 30.67 34.02 41.10 61.56 

(d) 1.0 44.37 39.18 42.57 59.78 

. .-

~ 

Square contact dimensio~: hl - hl 
" 

l , 

~ ~ 
~. 
Ii.~ I"~_~:'."" 

. "" 



0.2 0.4 0.6 0.8 

o 5 19.86 o 16 25.92 0.25 37 10 0.52 66.54 1. 82 
0.6 20.30 0.19 26.56 0.29 38.10 0.58 68 .. 45 2.00 
0.7 21.83 o 30 28.76 0.44 40.60 0.35 67 22 1.07 

À 
0.8 25.31 0.66 31.14 0.28 40.42 0.33 63.83 0.87 , 
o 9 30.58 0.73 33.96 0.39 41.04 0.34 61. 37 0.73 

(C) l 0 43.90 2.44 39.07 0.65 42.49 0.39 59 61 0.64 

f3 

0.2 0.4 0.6 0.8 

o 5 19.87 0.09 25.95 0.14 37.19 0.29 67.07 1.04 
0.6 20.32 0.10 26.59 0.17 38.19 0.33 69.05 1.14 
0.7 21.86 0.17 28.81 0.25 40.67 0.20 67.54 .. 0.61 

À 
0.8 25 39 0.36 31 18 0.16 40.48 0.19 64.07 0.49 

-

0 0.9 30.67 0.41 34.02 0.22 41.10 0.19 61. 56 0.41 

(d) 1.0 44.37 1.40 39.18 0.37 42.57 0.22 59.78 0.36 

The 2Dd numbers give the , reduction from the Ylli~mp values in Table 5.3. 

Square contact dimensions: 61 - hl· 
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(a) 

( b) 

" 

(c) 

(i 

(d) 

• 
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Lowest of mechanisms DT-1·N4 and DT-2-N4. 
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. Table 5.14 YID1Jmp ' 

(a> bolto - 10.0. (b) bolto - 20.0. (c) bolto - 30.0. 

fJ 

0.2 0.4 0.6 

0.5 19.71 0.92 25.56* 1. 65 35.31** 5.34 

O.é 20.12 1.10 26.09* 2.04 36.06** 5.89 

0.7 21.50 1. 82 27.89* 3.45 38.61** 5.24 
.\ 

24.43* 4.12 30.32* 2.92 39.04** 3.73 0.8 
0.9 28.78* 6.56 32.67* 4.19 39.58** 3.87 

fJ 

0.2 0.4 0.6 

0.5 19.84 0.23 25.89 0.37 36.33** 2.59 

0.6 20.28 0.28 26.52 0.45 37.20** 2.91 . 

0.7 21. 79 0.48 28.64 0.85 40.20** 1. 35 
À 

0.8 25.20 1.10 31.01 0.71 40.13* 1.06 

0.9 30.22 1. 90 33.73* l.09 40.69* 1.19 

fJ 

0.2 0.4 0.6 

0.5 19.87 ,,0.10 25.95 0.17 36.67** 1.69 
0.6 20.31 0.13 26.58 0.20 37.57* 1 94 
0.7 21.85 0.22 28.79 0.34 40.57* 0.44 

). 
0.8 25.36 0.49 31.13 0.32 40.38* 0.44 
0.9 30.53 0.87 33.93 0.48 40.97* 0.50 

0.2 0.4 0.6 

0.5 19.88 0.06 25.97 0.09 36.83** ,1.25 
0.6 20.33 0.07 26.61 0.11 37.76* 1.46 
0.7 21.87 0.12 28.83 0.19 40.67 0.19 

). 
0.8 25.41 0.27 31.17 0.18 40.48 0.19 
0.9 30.65 0.50 34.00 0.27 41.09 0.22 

!he 2Dd ~ers giva the , reduction frolll the YmiJmp values 

SqUare contact dimensions: 61 - hl' 
* : Pure squash on sida 2. 
** : Pure squaah on both sides. 

.. 

(d) o;lto - 40.0. 

0.8 

' 58.50** 13.68 
59.64**, 14.62 
61.51** 9.47 

- 58.95** 8.45 
57.06** 7.70 

0.8 

61.70** 8.97 
63.21** 9.50 
64 47** 5.12 

61. 52** 4 45 
59 39** 3.93 

0 8 

62.71** 7.48 
64.33** 7.89 
65.40** 3.75 

62.33** 3.19 
60.12** 2.75 

0.8 

63.20** 6.75 
64.88** 7.11 
65.86** 3.08 

62.73** 2.57 
60.48** 2.17 

) 

( 1 

in Table 5.3. 

... 
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CHAPTER 6 DESIGN CONSIDERATIONS 

1 

,1 , , 

The test programs have given some indication of the strength of the 

tens ion chord joints, and have also shown that web compression member strength 

is an important consideration, and interaetio_Il- between joint deformations and 

'ip. 
buckling of these members Is possible. In the fo110wing these features of 

triangu1ar truss behaviour are discussed in greater detail, and in addition, 

other factors which must be considered in design are treated, inc1uding the 

joints to the compression chords and appropriate methods of ana1ysis. 

HSS planar truss behaviour has been the object of two decades of research 
/ 

effort in Many different countries 1 with much of this attention \,being devoted 
... 

to the behaviour 9f j oints (Ward~nier 1982) and i t is on1y recent1y that 

agreement among researchers in these s~vera1 countries has been sufficiently 

close for ~finitive design reconunendations to be prepared (CIT'lI:'f"T). In 

comparison wi th this effort, the 7 truss tes ts and 24 j oint te s ts out l1ned in 

Chapters 2 and 3 provide a very meagre base on whieh to establ1sh a design 
'-' 

~procedure for triangu1ar trusses. lt is clear, however, chat in addition to . 
these test results, some of the work on planar trusses has relevance to 

triangular trusses. In the following discussion therefore, triangular truss 

. 
behaviour will be related, when possible, to planar truss belraviour. For 

convenience, those features of the geomet~ Qf a triangular truss whicR ~are 

referenced are summarized in Appendix A. 

6.1 TENSION CHORD GAP JOINT BEHAVIOUR - CHORD WALL BENDING 

In the general case, an axial force N in a web member has a comp9nent, Y. 

normal to the wall of the chord and two components in the plane of the wall, 

one being a longitudinal force, X, and the other a transverse farce Z, as 

114 
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shown ln Fig. 6 l \.Then the angle bet:ween we.b pl3.nes, 0, is 90°, the Z 

. 
force becomes zero, and the loading on the attached walls of the chord is then 

.~ 

similar to the loading on the wall of a planar truss chord 

Thus, for -0 - 90°, if failure is associated primarily \Jith ,. 
deformations of the attached wall, then there is reason to expect the planar 

and trlangular truss joints ta behave in similar ways ,_ as shawn schematically 

in Fig 6 2a If the mode of failure involves the side walls as w-ell. a!!' the 

attached wall, as shawn in Fig 6 2b, the triang~lar truss joint might be 
/-

slightly stiffer. since one of the side walls is al sa attached to web rnernbe~s, 
1 

and these will inhibit the relevant side wall displacement 

\.Then the web planes are separated by an angle less than ~Oo, WhiCh will 

be a frequent case, the transverse in-plane forces, Z, will eXist and w111 

tend to flatten the tube cross-section under the compression web members in a 

shearing type of displacement shown in Fig 6 2c The stiffness of adjacent 

parts of the chard will resist this tendency to deform the cross-sectlon shape 

and, in particular, the zone to which the tension web members are attached 

will be effective in dolng this 

., The comblned action of the loads Y and Z on the chord wall lill result in 

\1 

the idealized plastic deformations of the chord cross section shown in 

Fig 6. 2d. The three top-most plastic hinges shown in this diagram may not 

all exist. and in the real section, the increased strength of the material- in 

the corner will force the hinges away from the corners The se Ideal ized 

models may be compared with observed cross-section deformatlons shawn in 
1:> 

Figs. 2.3 and 2.4 

Fig. 6.2b and d show that when side wall deformation in 90° trusse~ 

takes place, the compress ion web members may tend to bend ou t of the web 

plane, away from the axis of symmetry of the truss For trusses wi th 
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Q < 90°, this effect will be more significant because the web members will 

seldom be placed centrally on the chord wall, since to do so would create a 

"' large offset be tween the intersection of the web member axes and the chord 

axis This is illustrated by the configuration of Truss No 4 in Fig 2 3 

In swnmary, joints in 90° trusses have sorne basic similarities to plane 
'"' 

truss joints and, in particular, the modes of failure in which bending of the 

connected chord wall predominates are similar For Cl < 90° the transverse 

shear on the chard wall will tend to flatten the cross section, which does not 

occur in planar trusses, and c .. oss section deforrnations a1so differ 

Des ign equa tions for the tension chord j oints of a triangular truss are 

proposed based on the baS1C yie1d 1ine mechanisms presented in Chapter 5 

(Eqs [5 2 24 J ta [5 2 33 J), and are as follows 

The Joint resistance Yr 1S the 10west value of the 

minimum resistpnce for mechanisms OK-l, DK-2, OK-3 and OK-4, 
/ 

the m1nimum res is tance be ing, for each mechanism, the lowest 

of the fo1lowing three possible resistan'ces 

if 0 < x < g 

2 mp 

( M + N ~ ) x 

+ 
b o b o ~ 

b o -+ 
d z 

X + X-dl 
[6 1 J 

ifx < 0, x > g or x is imaginary 

2 mp 
[ L 

b b o 
y r - ~ (h

2
+d 2+g) + -.2 + --w- d 2 

g (at x - 0) [6.2] 

or 

2 mp 
[ K 

b b o 
y r - ~ (h l+dl+g) + -.2 + 
~ dl g (at x - g) [6.3) 

where 



o 

;. ... 
~f" 

if p ... 0 

x -
_q ±~ q2 _ 4pr 

2 p 

if P O. 

x - - !: q , 

where 

p - l (K+L) (M-N) g 

q - 2 N (K+L) 

(h- d) KN (h- d ) T li + bON r - 1+ l - 2+ 2+g U'l dl 

, 

b O _ b o d
2 

M g (M-N) - g LN 

where K, L, M, and N are defined in Table 5 4 

If ~ - 1.0 (and ~ < 1 0), Yr is found from Eq [6 2] 
l 1 2 
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[6 4] 

[6 5] 

[6 6] 

(6 7] 

If ~ - 1 0 (and 
2 

~l < 1.0), Yr is found from Eq (63] If /3- - {3- - 1 0 none o'f the above 
12' 

solutions are valid 

Note that 6 1 and hi are the attached width of the web members, i e 

, (6 8] 

(6 9] 

where b i and hl are the web member sizes. g is the gap dimens ion a t the 

joint, as shown in Fig 5 7 The dimension ai and Ci are also defined ln 

the Figure. 

The web member weld size and the chord corner curvature can be taken into 

account by replacing 6 i , hi and b o by hi" hi' and b o'. respectively, as 

defined by Eqs [5.2.7] to [5 2.9]. and adjusting the values of 8 1 , Cl and g in 

Eqs. (6 ~ 1] to (6.9] Such an interpretation of the joint geometry leads to 

higher predicted joint strengths 
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Inclusion of a performance factor, ~, in these equations is required for 

conformity with the usual format of limit state design used in Canada 

~ 
(CSA 1984) Us ing the procedure presented by Kennedy and Gad Aly (1980), 

liinicucci and Zafrani (1986) calculated a value of the ~ fac tor equal to 

o 8591:::; a 86 for triangu1ar truss tension chord joints, based on test 

results of the 16 DT joints that experienced chord face failure 

The use of Eqs [6.1] to [6 9] outside the range of parameters examl.ned 

in the tests should be treated with caution The principal parameters ~re 

l imited in the truss;tent tests and in the DT joint tests to those shown I.n 

Table 6 l 

6 2 TENSION CHORD GAP JOINT BEHAVIOUR . CONDITIONS IN THE GAP 

The ratio of average web member width to chord width, f3, has a 

significant influence on the joint strength In order to increase the 

resistance of the joint when governed by failure of the connected chord wall, 

choice of rectangular section members (b > h) will frequently be made in order 

to increase f3 without increasing web member mass. Furthe rmore, for 

triangular trusses with Q < 90° the width of web member attached to the 

chord will exceed the nominal member width, thus leading to a higher effective 
) - ~ 

For high values of f3, the chord wall deformations May become less 

critical than the conditions in the gap between tension and compression web 

members, where the chord section is loaded by high tension and shear forces as 

weIl as bending moments. For planar trusses, the whole chord cross section is 

~ 

considered in resisting the'se gap forces (Wardenier 1982), and with the same 

assumption, Bauer (1982) gives equations for the strength of a square chord 

oriented such that shear forces act across one diagonal, and bending is about 

the other diagonal, as shown in Fig~ 6 3b. Two solutions are given 
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(Bauer 1982), one based on the attainment of full yield of the cross sectio~ 

and the other based upon assumed strain hardening of the matêrial The latter 

model gives ulttmate loads from 22~ to 40~ greater than the yield model in a 

number of trial cases, but its form is considerably more complex than the 

yield model. This yield model is therefore proposed in modified form suitable 

for design, as follows' 

( T f) 2 (V) 2 
T + / < 1.4 

r r 
[6 10J 

where the right hand side has been increased from lOto 1 4 to account for 

strain hardening This results in an increase in resistance of about 20-25%, 

depending on the geometry In this equation, 

.A.. Fy 
V r - t/J ~L ...[j - t/J 0 408 A F y [6 11J 

and Mf' Tf and V f are the factored bending moment, tensile force and 

shearing force acting in the gap. The moment Mc is a functi9n of the 

eccentricity in the joint, e, and al50 the position of the web member on the 

chard wall, defined by,p, as shown in Fig. 6 3a and b. General expressions 

for thi~moment and the other force components are given in Appendix B 

For ~lanar HSS trusses, it is recommended (Stelco 1981) that 

eccentricities should lie within the range -0.5 bo:S e:S 0.33 b o The 

corresponding range for the tension chord in a triangular truss is 

-0.71 b o :S e :S 0.47 bOl and lt ls recolllqlended that this range be adhered tO, 

even though the gap conditions are more fully treated herein for triangular 

crusses. / 
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6.3 COMPRESSION CHORD JOINTS - GENERAL 

No test results re1ated to the behaviour of compression chord Joints in 

HSS triangular trusses are available, and therefore sorne caution must be 

exercised in their design. Overlap joints with direct transfer of sorne or a11 

of the vertical and transverse loads direct1y between web members may be 

preferred, particularly if heavy concentrations of load are app1ied at the 

joints through purlins On the other hand, in lightly loaded trusses, gap 
1. 

joints to the compression chord are seen to be feasible when treated as 

discussed below This approach is by means of analysis based on conservative 

assumptions or on \extrapola\ion of other available test resu1ts 

A gap joint is shown in Fig 6 4 In the region of this joint, three 

design checks must be made which consider (i) connection of bracing members in 

the top plane of the truss, (il) connec tion of bracing members to the 

compression chord, and (ili) conditions in the gap 

( i) Bracing Members in Top Plane These bracing members are 

connected to a chord wall which is normal to /the plane in which they lie, and 

the joint can therefore be treated as in a planar truss, or as in a triangular 

truss tension chord joint with Q - 90° With N or K arrangement of bracing 
~ 

members, Eqs. [6.1) to [6.9] can again be used by letting a-90° If only 

a tie member is used, with no diagonals, the resistance of the resulting T 

joint, expressed as the force in the tie, 15 given as 

[6 12) 

which is based on Eq [5.2.l2J. F is the chord yield stress, ho the 
y -

chord height, and hl the de width (in the horizontal direction). 

Eq. [6.12) is 1imited to cases where fJ - by'ho < 085. For greater values of 

SI 
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/3, appropriate design equations are given elsewhere (Wardenier 1981, 1982) 

(11) Connection of Web Members to Compression Chord. The web members 

transmit loads to the bottom wall of the compression chord with components Y 

normal to the wall, Z transverse to it, and X in the longitudinal direction as 

shown in Fig. 6.4. It i5 proposed that the normal force Y be treated using 

triangular truss tension chord joint equations, Eqs. [6.1) to (6.9~( with b1 

" 

being now defined as 

[5.2 6] (repeated) 

This is based on the performance of OK trusses nos. 4 and 6 and DT joints 

nos l, 2, 3, 5, 6, 8 and 21 in the tension chord joint tests, where the 
'If. 

latera1 inclination of the web members did not appear to significantly affect 

the joint strength It; shou1d however be recognised that the inclination to 

the compression chord will often exceed that existing in these tests 

Thé increased value of ÏJ resu1ting from the inclination af the web 

members, together with the fact that the two compression chords will 

frequent1y be sma11er sections than the tension chord (i.e., b o will be 

smaller), will in genera1 lead to high predicted strengths of the joints, and 

suggests that the gap conditions, discussed be1ow, may be of greater' concern. 

(i11) Conditions in the Gap. The gap in the compression chord is 

subj ected to a comp1ex state of stress resu1ting from the axial force, biaxial 
• 

bending moments and shearing forces, and torsion. The.:;e loading conditions 

are i11ustrated in Fig. 6.4c. It is comrervative1y assumed that short chord 

gaps exist between the horizontal tie member and the two web members. The tie 

resists the out of balance Z component forces, and a1so deve10ps secondary 

bending moments as it resists twisting of the compression chotds. In the gaps 

loading conditions may be critica1 either at Section AA or Section BB as shown 
, 

in Fig. 6.4a. Which of these is Cl itica1 depends primarily on whether 
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N1cos8 1 is greater or less than N2cos8 2 , although the web members 

positions on the wall of the chord, defined by !/J
1 

and !/Jz shown in 

Fig 6 4b, also have a slight influencA The gap resistance must therefore be 

evaluated at these two sections The loads at Sec tion AA are shown in 

Fig 6. 4c, and expressions for these loads are gi ven in Appendix B Mjments 

are again dependent on eccentricity and on .h and·h and four Y'l Y'z' 

eccentricities must be considered in the general case, as shown in Fig. 6 4b 

The eccentricities e'l' e'z' e"l and e"2 can be found from geometrical 

considerations once the gap dimensions g is known, and the relevant 
\ 

relationships are given in Appendix A The value of g should bé selected lAS 

~he minimum consistent with welding requirements The designer has little 

control over the values of e" 1 which will in general exceed the maximum 

value of 0 33b o recommended for planar trusses Since the resulting moments 

are being considered explicitely the necessarily large eccentricity can be 

accepted The values of e' 1 on the other hand can be expected to lie within 

the limits given for planar trusses 

The co.nditions in ths-ehord gaps can be checked by using an iteraction 

equation representing full yield of the cross section under the comb ined 

action of the loads described above, as shown in Fig 6 4c An exact 

formulation treating a11 of these load components i5 not available, although 

biaxia1 bending, axial load and torque have been treated (Morris and 

Fenves 1969) A simplified treatment is suggested which makes use of 

interaction equations for biaxial bending and axial force given -in the 

Canadian Standard CAN3-Sl6_l-M84 (CSA 1984) 

the gap 10ads should satisfy 

_1_ 

~1_r2 
C's + 0; 85 ( Mrz + 0 5 M,y ) J1 < 1.0 
C; Mn Mry 

-. 

Thus for square chord sections, 

[6 13J 

• 
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The bracketed term is given in S16 l-M84 (CSA 1984), and in it Mtz/Mrz 
, 

should be interchanged with MeylMry if MCY > Mtz. The term preceeding the 

brackets accounts for the presence of shearing stresses due to torsion and the 

shearing forces 

+ 1 
2" 

In this the term T is wri tten as follows: 

+ 1 
2" 

where it is required that 

v!z~o S Vu 

[6 14] 

[6 lS] 

In the case of a rectangu1ar section chord, the term in square brackets 

in Eq [6 13] should be replaced by Eq. [9aj of Clause 13 8.3 of S16 l-M84 

,CSA 1984) 

In the above equa tions, the fac tored res is tances are gi ven by the 

following. 

[6 16] 

V ra - ~ 1.15 ho to F y 

The factored loaels CCI' Mn., etc. are given in Appendix B 

The proposed treatment of the tension and compression chord gaps in 

triangu1ar trusses is considerab1y more detai1ed than the suggested treatment 

of planar truss chord gaps (Ste1co 1981). For the latter. the ex'tensive test 

data justifies the neg1ect of moments in the gap for small eccentricities. 
\ 
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o With limited test results for tension chords of triangular trusses and none 

for compression chords, together with the fact that the geometry does not 

permit easy adjustment of eccentricities, which leads to quite large values in / 

the compression chord, it is considered that the design checks proposed are 
, 

justified until further information becomes available 

6 4 COMPRESSION STRENGTH OF WEB MEMBERS 

A recenC study of the behaviour of compression members in planar trusses 

(de Ville de Goyet et al 1981) indicates that web members in trusses without 

eccentricity at the jOlnts wlll usually have effectlve length factors less 

than 0 8 However, in cases where eccentricity exists it is recommended that 

either K be taken as unit Y and the bars be treated as axially loaded, or K be 

evaluated on the basis of available restraint from other truss members, and at 

the same time the secondary moments be calculated and the axial force-moment 

interaction be taken into account These studies considered both HSS and W-

shaped members. 

For planar trusses with HSS members, recommended effective length factors 

are 0.9 or less (Stelco 1981) At the sarne time joints are designed either by 

conservatively estimating their ultimate strength (Stelco 1981, Eastwood and 

Wood 1970), or by ensuring that the joint deformation remains small under the 

factored loads (Packer .1983, Packer and Haleem 1981) 

For triangular trusses, there is less certainty that j oint de formations 

will be small at the loads predicted by Eqs [6 1] to [6 9] Fur the mo re , 

secondary bendin& moments causing bending out, as well as in, the web plane 

arise particularly when a < 90°. Interaction between web member buckling and 

't 
joint deformations is possible, as observed in the truss segment tests For 

o these reasons, supported by the K values obtained from the truss tes ts, i't 15 
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not apptopr1ate to use effective 1ength factors 1ess than 0.9. lt is of 

obvioUB convenience in design to treat the compression web member as axia11y 

loaded only and, if this is to be done, with the uricertainties associated with 

the secondary moments, together with the possible interaction of buckling with 
, ~ 

joint deformation, the appropriate K values may be greater than those for 

planar HSS trus-ses. lt is sugges ted that the effective length factor of web 

members should be taken as 0.95 for both axes of bending unless i t is 

establ1shed chat the joint resistance at both ends of the member exceeds the 

web member resistance based on this value by at least 25% In this case 

values of K of 0 90 or lower would be appropria te , as long as the joint 

resistance still exceeds the revised web member resistance by 25% The value 

of 0.95 is proposed, in spite of the recommendations of de Ville de Goyet et 

al ~1981), on the basis of the test results and estab1ished practice for 

planar HSS trusses 

For the chords the effective 1ength factors used in p1anar truss design 

are suggested as being appropriate The bottom chord is laterally braced by 

the inc1ined web members, and therefore out of plane buck1ing under reversa1s 

due to wind loads is un1ikely to be critical. 

6.5 OTHER CONSIDERATIONS 

The following additional factors should be considered in the design of a 

triangu1ar truss 

1. Truss ana1ysis - this should be carried out by ~ating the triangular 

truss as a space truss, that is, no moment continui ty at joints need be 

considered (Bauer et al. 1983). 

2. In simply supported trusses, chords will frequent1y have reduced cross· 

section areas near the supports, and, for appearance, this will normally 

/ 

t--r---j 
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be achieved by maintaining the same nominal chord wall widths and 

reducing the wall. thickness. The critical joints will therefore be near 

the ends of the truss where in addition, web members carry their maximum 

loads. 

J Notwithstandlng item 2., the smaller web member forces near the centre of 

the truss will lead to smaller wldth ratios, which could result r 
critical joint behaviour ln this region 

4 In the event that the tension chard Is curtailed just beyond its 

t 
~ outermost joints, and not continued to the supports, the chard should be 

provided wlth an end plate sufficiently stiff to maintsin the cross-

section shape under the action of the nearby joint loads 

5. Secondary moments due ta joint eccentricities should be considered in the 

chords as in the.~se of planar trusses Expressions for these moments 

are given in Appendix B. 

6. The end joints of the compression chords are at the points of bearing 

As far as possible eccentricities should be minimized at this polnt in 

view of the single chord which must resist secondary moments. 

7 The joint strength equations [6.1] to [6 9J are lu-oposed herein without 

restriction on the magnitudes of the joint parameters. For p'lanar 

trusses, limits on eccentricity are specified (Stelco 1981), and recent 

planar joint strength equations are accompanied by specifie limits on 

their applicability, these limits corres,ponding ta those of the tests on 

which they are based (Packer 1983, Wardenier 1981, 1982). lt will not be 

, ' 
always possible to keep triangular truss joint parameters within these 

sarne limi ts, but they do provide guidance and shQuld be satis Ued when 

possible. An exampfe where it will seldom be possible to sat1sfy the 

planar truss limit on eccentriclty 15 in e ft
, over which the designer has 

l!ttle control' once the angle between web planes has been selected. 
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6.6 DESIGN AlOS 

The design procedure proposed in this chapter can be rather long, 

especi~y if aIl the calculations are done by hand. To ~lify the task of 

calculations, design aids have been investigated based on the following two 

approaches: 

1) a graphical approach using simplified plots based on values obtained 

from the design G.{uations. Simplified &raphs predicting tension chord face 

resistance were produced and presented by Skold (1986) Further work is 

required to cover aIL design considerations based on this approach. - . 
1 

2) a computerlzed approach us ing spreadsheets that allow the des ign 
.' 

equations to be checked. Three programs have been used, namely, Lotus' 123, 

Symphony and Hewlett Packard's Executive Spreadsheet, aIl running on IBM PC 

and compatibles. The spreadsheets include calculations of truss and joint 

geometries, checks of the tension and compression chord face resistance and 

gap res istance, checks of eccentricity limits, etc. The l.\.preadsheets also 

conta in tables of HSS section sizes and properties that are used for the 

interactive selection of members. Further details about these spreadsheets 

are given by Minicucci and Zafrani (1986). 

) 
The.~ext chapter presents an example of the design of a triangular truss. 

AlI the calculations in this example are given in detail a~d were donè by hand 

for illustration purposes. lt should be noted that the graphica1 aids or 

better the computer spreadsheets mentioned above can be used advantageously in 

lieu of hand ca1culations for the design of HSS triangular trusses. 
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Fig. 6 1 Components of load on tension chord wall 

) 
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(a) (b) 

Chord deformation with Q - 90° 

(c) (d) 

Chord deformatio~ with Q < 90° 

Fig 6 2 ldealized chord deformattons under web compresslon members 

Assumed pinned at 
next panel points 

;' 

/ 

-L=======~==~==~-'"e 
(a) 

T
f2

_ 

(b) 

Fig 6.3 Forces in tension chord members and gap Intermediate joint 
(a) Forces on tension chord. (b) Forces in the gap 

~9 
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o A~ l ~B 
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Cfl-! : hQ i-c
f2 X2 

(a) 

t- h. 

Section AA 

(b) 

(c) 

Fig 6.4 Compression chord jO'int 
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Table 6.1 Limit values of principal test parameters (a) Truss segment 

o tests (b) DT joint tests. 

15 8 S bolto :S 26 0 20 0 S bolto :S 37 2 
, 

o 4 S /3 :S 0 62 02::s/3:506 

o 52 S ~' :s 0 77 o 286:S,8' :S 0 752 

(a) ( b) 

o 



CHAPTER 7 DESIGN EXAMPLE 

o 
In the following, sorne of the main features of a triangular truss des ign 

are des cr ib ed. The truss considered spans 22 m and is shown in Fig 7 l 

Loading is assumed to be applied by pur lins directly tOu the compress ion chord 

Joints, and is considered to be applied symmetrically about the truss centre-

line, resulting in no torsion of the truss These assumptions s irnplify the 

design and are made for clarity In a real truss, roof decking ma)' be 

supported direckly by the compression chords, and unsymmetric loading or 

Lateral loading would lead to a requirement for shear stiffness in the top 

plane of the triangular t~ss, resulting in consideration of diaphragm action, 

or Vierendeel or diagonal truss action in this plane (Cases of triangular 

trusses subjected to unbalanced loading have been studied by Kawczak 1983) 

The one loadin~ candi tian considered compr ises fac tored gravit y load of 32 

kN/m 

Emphasis is on aspects of design particular ta triangular trusses 

Welding is not considered and for the treatrnent of welding details, reference 

should be madà elsewhere (Stelco 1981), where a wide range of HSS applications 

is described. Other details not considered include support bearing points and 

purlin sUFPort detalls 

The geometry of oné panel is shown ln Fig 7 2a The truss has paralle1 

chords and a Warren arrangement of members with ail web rnembers having the 

sarne inclination, 8, ta the chord axis At the sarne 

time web mernbers lie in a plane which i5 at an angle of 4S o-Q/2 (_15°) ta 

the plane which is normal to the tension chard wall and which contains the 

chard ..lxis, as shawn in Fig 7 2b Therefore if the factored axial load in a 

web mem~er i5 Nu, the component of this force normal to the tension 

o 
132 
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chord wall (the Y1 compone nt given in Fig 6 1), is given by 

(7 1) 

For the example truss, Y Ci - 0.830 N!1 for the tens ion chord. 

For the compression chord, the component of force normal to the chord 

wall (Y 1 as shown in Fig 6 4) is given by 

Yu - Nu sin8 1 cos(a/2) (72) 

for the example truss, thi s becomes Y C1 - 0.744 N Ci The length of the web 

members is 2688 mm in aIl case~ this distance being measured between pOlnts 

of intersection of the me~er axes in the idealized geometry shown in 

Fig 7 2a 

For symmetric loading and the support conditions shown in Fig 7 l, the 

truss is statically determinate, and can be analysed by hand with relative 

ease. Al ternatively a space truss analysis by computer could be used The 

member axial forces are shown in Fig. 7. 3a, and the preliminary selection of 

member sizes is shown in Fig 7 3b. This selection is discussed below The 

material corresponds to CSA Standard G40.21-M81 Grade 350W and is Class H in 

accordance with CSA Standard G40 20-M8l 

In the example, the possibility of using gap joints will first be 

investigated. If unreinforced gap joints are not feasible, alternatives are 

discussed 

7 1 PREUMINARY MEMBER SELECTION 

7.1.1 Tension Chord 

Member 12 -15 

, 
Tc - 968.0 kN 

Due to probable joint eccentricities, there will be a moment in this 

( 
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member, cherefore select member with T r > Tc 

Try HSS - 101 6 x 101 6 x 9 53 T r - 1030 kN 

Mr 34 6 kN m 

r 36 9 rrun 

Max permissible factored moment 

Mc - (1 - ~ c) Mr - (1 - (06380 ) 34 6 - 2 08 kN m 
r 

At15(Eq Bl) 

Mf - 0 5 (968-907 5) e - 30 25 e 

require e ~ 68 8 mm 

This will be satisfied since e is limited to + ...[2bc/3 - 48 mm 

Slenderness ratio, both planes Kr1 _ a 9 g2750) - 67 < 300 3 9 

:. use HSS - 101 6 x 101 6 x 9 53 

lt may possible to reduce the chord section near the supports 
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The next 

lighter section, HSS - 101 6 x 101 6 x 7 95 is adequate to carry the axial 

load and moment providing the following eccentricities are not exceeded 

Member 3 - 6 
6 - 9 

e - 37.5 rrun 

e - 36 7 rrun 

(at joint 3) 

(at joint 6) 

The choice of a lighter section section in this region 15, however, 

influenced significantly by the joint design. The choice of section in this 

region will therefore be discussed later. 

7 1 2 Compression Chord 

The c0iill-'ression c!1':>rd is treated as a beam-cohunn 'with biaxial bending 

moments giver by Eqs B 7 and B 8 (Appendix B) Joint geometry must be 

establishéd before the eccentricities can be determined However, preliminl1ry 

selection of .this chord can be made with the assumption that ,bending accounts 

for 15% of the interacting force components in the central region of the 

truss. 
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Member 10-13 . Ct - 468.8 kN 

Try HSS - 101 6 x 101 6 x 6.35 A - 2320 mmz 
r x - r y - 38 4 DUn 

K l _ 0.9 (2750) _ 64 5 
r 38.4 . 

,Cr - 260 (2320) 10-3
• - 603.2 kN 

~:-gg~J-078 < 085 

.. suitable as trial section 

Further verification will be ~de after joints are considered 
1 
1 
\ 

7 1 3 Web Member Design 

All members have the same length l - 2688 mm 

T ake K - 0 95 KI - 2554 mm 

Compression Web Members 
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The following are the suitable HSS sections with the least mass. WhlCh 

are readily available 

Member Ct Sêction Kl/r Cr 
(kN) (kN) 

~ -4 207.0 76.2 X 76 2 X 4 78 88.7 257 
6-7 147.8 76.2 X 76.2 X 4 78 88.7 257 

-:; 
/ 

9-10 88.7 63.5 X 63.5 X 3.18 104 7 108 ( 

12-13 29.6 ,.8 X 50.8 X 2.79 13l.6 50 

Tension Web Membe 

AU members have the 5ame length 1 - 2688 mm 

Take K - 0.95 Min. rad. of gyration - 0 95 (2688)/300 - 8.5 mm 

Member Tt Section r Tr 
(kN) ( JIIDl) (kN) 

1-3 207.0 50.8 X 50 8 X '3 81 18 9 214 
4-6 147 8 38.1 X 38.1 x 3.81 137 153 

7-9 88.7 38.1 X 38.1 x 2.54 14.3 109* 

10-12 29.6 38.1 X 38 1 x 2.54 14.3 109* 

* These are not the 11ghtest sections, but are se1ected in order 
that the value of P not be too low 

Member sizes obtained in this pre1iminary design are shown in Fig. 7 3b 
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7.2 DESIGN OF JOINTS TO TENSION CHORD 

The design of Joint 3 is considered in datail in the following 

ho - 10l.6 mm 
t o - 9.53mm 
h l - hl - 76 2 mm 
h 2 - h 2 - 50 ê mm 
N 2 - 207.0 kN ~tens 

Factored 
Loads 
(Fig 7 3a) 

7 2 1 Joint Resistance - Chord Wall 

T Cl - 423 5 kN 

T t2 - 0 
V - 308 kN 
Nl - 207 0 kN (comp ) 

Factored normal load on joint Yu - 0.83(2070) - 171 8kN (Eq [71J) 
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Assume g - 20 mm, À 1 - 0 5 and À 2 -.0 769 (see 'Cap Conditions' helow) For 

simplicity and also because it is conservative, the web members weld size and 

the curvature at the corners of the chord are not coosidered 

Using Eqs [6 l J to [6 9 J 

b l - h sec(45°-a/2) - 76 2 - 78 89 mm 
l cos(l50) 

hl - h (8) 76 2 - 88 68 mm 
1 cosee - 510(59 230) 

a 2 - 37 70 mm, 

c 2 - ho - a 2 - b2 - 101 6 - 37 70 - 52 59 - 11 31 mm 

Note that 

À -
a 2 

2 a 2 + c 2 

and 

b. 

1/J -
a 2 + -t 

2 bo 

a 2 37 70 
b b 101 6 - 52 59 - 0 769 

o - 2 

37 70 + (52 59/2) _ 0 63 
101 6 

h2 - h cosec(8) - 50 8 - 59 12 mm 
2 sin(59 23°) 

mp - 0 25 to 2 FYD - 0 25 (9.53 mm) 2 0.350 N/mm 2 - 7 947 kN-m/m 



o 

o 

Mechanism DK-1: 

K - 0 176l34, L - 0.114943, M - 1.0, N - 1 0, 

dl - 24.017 mm, d z " 29.731 mm, 

p - 0, q - 0.582153, r - 5.p2330, 

Eq. [6 6J : x - -10. 053 IIDD x - a mm or 20 mm (-g) 

Eq [ 6 . 2 J' , y r .. ~ 333 9 kN 

Eq [6 3J : y r .. ~ 519 5 kN 

Mechanism DK-2 

K - 0.099110, L - 0 042175, M - a 562888, N - a 588498, 

dl - 32 018 mm, d 2 .. 49 082 mm, 

p - -0.000181, q - 0 166291, r - 4.332301, 

Eq [6 5 J • 

Eq. [6 2 J . 

Eq. [6.3] 

x - -25.353 IIUD, 944.529 mm :. x .. 0 mm or 20 mm (-g) 

y r .. ~ 339 1 kN 

Y r .. ~ 626 8 kN 

Mechanism OK - 3 

K ~ 0.176134, ,L .. 0 042175 , M - 1 0, N .. 0 588498, 

dl - 24 017 mm, d z - 49 082 mm, 

p - 0.004492, q" 0.256948, r - 4.107376, 

Eq. [6 5J. x .. imaginary .. x - 0 mm or 20 mm (-g) 

Eq. (6. 2J : 

Eq. [6.3 J . 

Yr"~ 339.1kN 

Y r .. ~ 519 5 kN 

Mechanism OK-4. 

K .. 0.099110, L .. 0.114943, M - 0.562888, N" 1 0, 

dl - 32.018 mm, d z - 29 731 mm, 

p .. -0.004678, q - 0.428105, r - 6.091046, 

Eq. [6.5J: x .. -12.516 IIUD, 104.026 mm :. x .. 0 mm or 2C mm (_g) 

\ 

137 



o 

o 

Eq. [6.2) 

Eq. [6 3) 

Y,r - 4J 333 9 kN 

Y r - 4J 626.8 kN 
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Hence Y r min - 4J 333 9 kN - ?87 2 kN > 171 8 kN, . OK 

7 2 2 Joint Resistance - Gap Conditions 

The loading in the gap is a function of joint eccentricity, e, and this 

will be evaluated by assuming a gap size sufficiently large to provide space 

for welding If the resulting eccentricity. lies within the recommended 

lim~s, the conditions in the gap will be checked using Eq (6 10) 

Gap at Joint 3 

A gap dimension g - 20 mm is tried To find the corresponding 

eccentricity, values of 1J!1 and 1J!2 must also be known A drawi ng of Cwo 

half sections through the chord is shown in Fig 7 2b It is evident that the 

76 2 mm width of the compression web member leaves only j ust enough space for 

welds at each side, and it must therefore be centered on the ehord wall. 

Hence 1/1 1 - 0 5. The other members being only 50.8 mm wide can be shifted 

upwards, th us reducing the eccentricity. From Fig 7 2b, a value of 

1J!2 - 0 63 is seen to be feasible 

By using Eq. [A.6) given in Appendix A, or by using the graphieal 

construction shown in Fig 7 4, the eccentricity e corresponding to g - 20 mm 

is found to be 350 mm «..[2b o/3 - 47 9 mm) Now the gap condi t ions 

can be checked 

For the chord. HSS- 101 6 x 101.6 x 9 53 A - 3280 mm 2 

Zx - 110 X 10
3 

mm 3 

Resistances. 

Mr : - q, o 943 Zx Fy - 32.67 kN m 

Vr - q, o 408 A Fy - 42l.5 kN 

Tr - q, A Fy - 1033.2 kN 



o 

o 

l 
\ 

1 

Load1ng: 
Eq. [8.4] 
Eq. [8.3] 

Eq. [8.6] 

Eq [6 101: 

, 
( 
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Vf - V - 308 kN 
Tf - 0.5 Tn - 211.8 kN (end joint) 

Mt - Tne + .[21/JtbrPlcos8 - 22.43 kN.m 

2 2 
22.43 + ( 211.8 l + ( 308 l - 1 26 < 1 4 
~ 1033.2 ~ . 

",. 
Critica1 conditions in the gap, according to Eq. [6 10] would occur if 

the eccentricity was 45 6 mm, with a corresponding gap dimension of 

g-36.3nun. 

7.2.3 Other Tension Chord Joints 

\Ji th this chord section having to - 9 53 mm, all other j oints in the 

tension chord can be chosen as gap joints Values of e can be selected within 

recommended 1imits, and the corresponding values of g are ~arge enough for 

welding 

7 ? 4 Lighter Tensio~ehord 
/' 

The tension chord 3-6, and 6-9 c'ould have reduced wall thickness 

(to - 7.95 mm) . The joint design at 6 and 9 cou Id be carried out as ab ove , 

and the resulting maximum values of e and g permit practical gap joint 

configurations . At joint 3 however the maximum gap size shrinks to an 

impractical small value. In this case an overlap joint could be used. 

7 3 DESIGN OF JOINTS TC COMPRESSION CHORD 

Data. 

In the following we consider the design of Joint 4 

Chord 
Compress ion web member 
Tension web member 

HSS - 101.6 x 101.6 x 6 35 
HSS - 76.2 x 76.2 4 78 

HSS - 38.1 x '8 1 x3 81 

Loads 

Tie member 

C tl - -105.9 kN 

Cf2 - -287.4 kN 

N1 - -207.0 kN 
Nz - 147.8 kN 

Tf - 25.4 kN 

8 - 59.23° 

cr - 60 0 

'1~'- 55.49 0 



o 
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7 3 1 Joint Resistance - Chord Wa11s 

Tie Member and its Joint T! - 25 4 kN 

Try HSS 38.1 x 38.1 x 2.54 T r - 109 kN > 25 4 kN OK 

For the joint, ~ - 38.1/101 6 - 0 375 

Eq [6.12]. T - 0.9(2 2)(6.35)2(350)(10-
3

) [ ~ + 2~ 1 - 0 375 
r (1 - 0 375) lVl. 0 

- 87 4 kN > 25 4 kN 
'. use HSS - 38 1 x 38 l x 2 54 

Web Member'Joints (see Fig 6 4a) 

Factored normal loads on joint 

Eq [7 2]. Yu - Ni sin8 cos(0/2) - 154 0 kN 

Y!2 - Nz sin8 cos (0/2) - 110 0 kN 
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Assume g - ~5 mm, >'1 - >'2 - 0 5 (see 'Gap Conditions' below) If 

the web members weld size and the chard corners curvature are not taken into 

account, the predicted joint strength is equa1 to if, 160 1 kN -; 154 kN and 

hence not satisfac tory. Assuming a weld leg size of 5 mm around the 

" 
compression web member and 4 mm around the tension web member, the effect of 

we1d sizes and corner curvature is taken into account as fo11ows 

62' - b z sec(a/2) + 25 2 - 52 0 mm 

b ' -b ' 
a ' - c 2 ' - 0 2 - 18 8 mm 

2 , 2 

h 2 ' - hz cosec(O) + 25 z - 52.3 mm 

g' - g - Si - S2 - 6 mm 



, , 

o 

/' 

o 

Ya 
h - v: - 0.714 

fl 

Since 13/ .i l.i.. x - 0 and Eq.[6.2] is used: 

Mechanisms DK.1_Yld DK-4: 

L-O.106157, N-0.714, 

d 2 -29.1mm. 

y r - ~ 269.9 kN 

Mechanisms DK-2 and DK-3. 

L - 0.067197, N - 0.451958, 

d 2 - 36.5 mm. 

Yr",,~371.1kN 

Hence Yr min - tP 269.9 kN - 232.1 kN > 154.0 kN :. OK. 

7 3.2 Joint Resit.$tance - Gap Conditions \ 
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) 

When 8 1 - 8 2 the critica1 gap conditl.ons will occur near the 

attachment of the compression web member - see Section AA in Fig. 10a. To 

determine the loading in the gap. the gap dimension g will be assumed and the 

resul ting eccentricities e' i and en i will be found from Eqs. [A. 8] to 

[A.lO]. The gap loading is obtained from Eqs. (B.9] to [B.1S] witp i - l, and 
\f 

i ts reds tance will be checked us ing Eqs. [6. 13 ] to [6. lS] . Sec tion M ls 

critical. 

Joint 4 

Choose -as sma11 a gap as practical, for welding; take g - 15 mm 

Assume ~l - 1/>2 - 0.5 

ho - 101. 6 DIJl 

b l - hl - 76.2 mm 

b 2 - ha - 38. 1 mm 

Eq. 0 (A.10] e' 

Chord: HSS - 101. 6 x 101. 6 x 6. 3S 

A - 2320 I11III2 -

!l.y - 81. 4 x 10 3 mm 3 

..,. 

- 0.Scos300 l 15tan59.23° + 76.2 + 38.1 
2cos59.23° 

- ~. 5(101. 6) 
- 22.8 mm 

+ 76.2 + 38.1 tan300 1 
2 



,~ ""1 , .. 

o 

) 

, , 

o 

Eq. [A.9] e"l - e"2 - en. [ 0.5(101.6) + 22.8 J tan30 0 

• 42.5 IIDD 

.1 
) 
1 / 

V 

Note that e" > 0.33b o - 34 mm as will trequent1y be the case. 

On the other hand e' < 0.33 ho - 34 mm 
\ 
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A graphical construction for the joint trith g • 15 llUD 1s shoWJl,,1n Fig 7 5 

Loading 

( Sec tion M) ,Xl - 207 0 cos'59 23° . 
- 105 9 kN 

Y1 - 154~0 kN 

Z1 - 207.0 sin59 23° sin 30° 

- 88.9 kN 
W - 44 kN 

Eqs [B.9] G!s - 105.9 + 105 9 -211.8kN 

V -!y 154.0 kN 

M!t - 0.5(88.9)(101.6)10-3 
- 4 52 kN.m 

M!y - 0 5(287.4-105.9)(42.5)10-3 
- 3 86 kN m 

M!z - 0 5 [ ( lO 5 . 9+ 7 5 . 6 ) 22 . 8 1 + 0 5 ( 10 l. 6 ) ( 105 9) 

• 7.45 kN.m 

Resistances 

Eqs. [6.l6}· c.; - 0.9(2320)(350)10-3 
- 730.8 kN 

Mn - Mt)' - 0.9(81.4)10 3(350)10-3 
- 4.52 kN.m 

V n - V t)' C2 0.9 (l.15) (101. 6)(6.35)( 350)10 -3 - 233, 7 \<lN 

Mrt - 0.9(1 15)(95.25)2(6.35)(350)10-6 
- 20 87 kN m 

Interaction' Equation 

Eq [ 6 . 14} : r - 2~' .58
2
7 + 0 5 l383' 97 + 0 5 Hj ~ 

- 0.736 
, 

Eq. [6;13]' 1 [ 221.8 + 0.85 ( 15''61. + 0 5 3 . 86 ) .]- 0.887 < 1.0 
~ 1 . (0.736) 2 73ë8, 4..... rr:b4 

Eq. [6.15]: Vt.z - 88.9 < 0.5(233.7) - 116.9 kN OK 

The gap resistance in Joint 4 1s therefore ad~quate. 
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7 3 3 Other Compression Chard Joints 

Choice of the 5rune gap dimension of 15 lIlID' 1eads ta satisfactory gap 

strength at a11 other intermediate joints in the compression chords Joint 4, 

considered above, is the most critica1 of aIl these joints 

7 4 VERIFICATION OF COMPRESSION CHaRD 

Member 10-13 

Eq [A 10] 

Eq [A 9] 

At la 

Eq [B 14] 

Eq [B 15 J 

HSS - 101 6 x 101 6 x 6 35 

b 1 -h l -635, b 2 -h 2 -381, 1/J-t/J-05 
1 2 

Assume g - 15 mm 

e'- () 5cos30o [ 15tan59 23° + 101 6 + 1°21 6tan30o 
2cos59 23° 

- 15 8 mm 

e"- 38 5 mm 

Mey - 0 5(60 4)(38 5)10- 3 
- 1 16 kN m 

~fz - 0 5(604)(1.5.8)10- 3 
- 0 48 kN.m 

'4e. 

101 6 
----y-

Taking K - 0 9, W x - wy - 06, the section chosen at the 

preliminary design stage can be checked using the equations of §F3 of 

Appendix F of GAN 3 - S16 1-M84 (CSA 1984), and is found to be sa tisfac tory 

Similar checks would show that the other sections of the compression chord are 

satisfactory 
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! U:. 1-; 
1375: 7 • 1750 '1375 \7 ~ 

22000 ,~ 
elevatlon 

pl an 

Fig 7 1 Design example Truss dimensions and loading 

(a) 

V 1 ew of tens 1 on --!-­
member 

(b) 

View of compresslon 
meniler 

Fig. 7.2 Des~xamp1e. (a) Panel geometry - (b) Tension 

chord cross secti? 

Loads of 44 kN are app lled 
et each pane 1 point on 
each chord (, 

2000 
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__ --------~~--------~----------~----------~3 

3 6 9 
e1evation 

4 7 

'" 

12 ~ l, ~ l, ~ 
1 

shear1 ng plan 
force 308 

220 

(a) 

101.6 )( 101 6 )( 6.35 

101.6 )( 101.6 li 9.53 

(b) 

Fig. 7.3 Design example. Analysis and member sizes 
(a) Membe r forces and shearing force on truss. 
(a11 forces in kN) 
(b) Preliminary member selection. 

12 

10 131 

;1" ~I 
132 

44 
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Fig 7 4 Tension chord joint configuration. 

e 

(a) Cross-section Cb) Projection showing side view 
(c) Projection showing view normal to web plane 

(a) 

e' l ! 

1 

e" 

1 

1 

1 , 

1 

/ 

, 
Fig. 7.5 Compression chord join~ configù~tio~. 
(a) Cross-section. 1 ; " 

(b) Projection showing view normal to web plane. 

\ , 

11("\11 - -..;-
1 \ (b l 

/ 
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CHAPTER 8 CONCLUSIONS 

The experimental research programs described herein were of limited 

scope. Seven DK truss segments and twenty- four DT specimens were tested in an 

attempt to determine joint stiffnesses and strength, and at the sarne time to 

determine if any significant trends were evident due to variation of severai 

major parameters (Q, /3, g, bolto and L,.Ir). 

Clearly, no general design approaches can be deveioped based on1y on such 

limited empirical results, and it is unlikely that the frequency of 

construction ofcriangular trusses can jus tif Y a sufficiently comprehenslve 

test program to do this It has been demonstrated however, that the yieid 

line theory provides an excellent correlation with the test results, and can 

provlde a basls for the development of design rules for joints to the single 

chord of a tr1angular truss. 

Proposed yield l1ne mechanisms on which the theoretical results have been 

based are of very simple form. Refined models have been studied including 

mechanisms with inclined end yield lines, with yield line fans and mechanisms 

that take into account the normal stresses in the chord corners. However, 

better correlation does not occur with such refined models and the upper bound 

results do not improve. Past experience with planar truss joints also 

suggests that result1ng improvements to simple models are relatively minor. 

On the basis of the very limited number ~h,riangular truss test results 

available, previous ~ethods of planar truss joint strength prediction do seem 

to have some re1evance to triangu1ar trusses. However, the yie1d 1ine method 

is superior ta these because of its lower variability This probably arises 

because the yie1d line method incorporates the effect of off-centre attachment 

() 
of web members. This off-centering i.!Vdesirable to reduce eccentricity in the 
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o joint and has the effect of increasing the joint resistance. 

The principal features of triangular trusses which differentiate them 

from planar trusses have been described her&-!t:r. The test results show that 

-
gap joints to the tension chord are feasible and that their resistance may be 

estimated by using equations based on the yield line theory It has also been 

shown that web member buckling may be more critica1 in triangular trusses than 

in planar trusses, and higher effective length factors are proposed if the web 

member strength is close to the joint strength 

Emphasis in the tests was on gap joints to the tension chord, and little 

test information is available related directly to overlap joints or to-joints 

to the compression chord. In an overlap joint a significant proportion of 

load is transferred directly from one web member to the other, and the chord 

is consequently not as heavily loaded as in a corresponding gap joint. For 

this reason, and because of the gooe! r>erformance of the triangular truss 

chords in the gap joint tests, the sarne procedures recommended for overlap 

joints in planar crusses may be used (Stelco 1981 for example) 

The suggested treatment of compression chord gap joints comprises two 

checks, which relate to the ~p conditions and the chard wall deformation 

respectively. The treatment of the former is considered to be conservative 

since it is based on a 10wer bound solution for a perfectly plastic material. 

However Eq [6.1'"3] is based on stress resultants in the gap, and does not 

account for 'the possibility of high 10calized strains One check of localized 

conditions is made of shear stresses in the bottom wall of the compression 

chard through use of Eq. [6 15] The chord wall deformation has been checked 

based again on the yie ld line theory and experimental confirmation of the 

applicability of chese ta triangular truss compression chords is desirable. 

The design procedures described herein result in a rather more complex 

o treatment chan is customlry for planar trusses, and this particularly concerns 

1 
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gap joints and the analysis of conditions in the gap Moments in the gap are 

considered explicitly whereas they are usually ignored in planar trusses on 

the basis of good performance in' tests. Further experimental study of 

triangular truss gap joints may lead to simplification of these procedures 

Biaxial bending in the compression chords due to joint eccentricities is a 

further feature which must be treated and which is not present in planar 

trusses. 

As in planar HSS truss design, the design of members cannot be treated ln 

isolation from the design of joints The design procedure for triangular 

trusses can follow the same sequence as for planar trusses, for example as 

outlined by Stelco (1981) Preliminary member selection shol11d allow for the 

secof\Pary forces which will result if joints have eccentricities; joints to 

the tension chord should be treated before the compression chord, and web 

member sizes selected to suit tension chord joint requirements, compress ion 

chord joints can then be detailed and their resistance determined, and 

finally, with the eccentrici ties known, secondary forces can be used in the 

final check of memher sizes 

;' 

" 
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o APPENDIX A GEOMETRICAL RELATIONSHIPS 

In the following, general equations are given for a ~~ber of geometrical 

and loading re1ationships which are needed in the design of a triangu1ar 

truss The relationships apply ta trusses in which the angle between the 

chard and tension web members may be different from that between chord and 

compression web members, as shown in Fig A l Furthermore, the compression 

and tens ion web membef'S may be a ttached ta the chard walls a t diffe rent 

posi tians relative ta the centreline of the chard walls, as shawn in Figs 6 3 

and 6 4 

A l TRUSS GEOMETRY 

For i 1,2 

1 wi -~Pi2+ s2 [A 1) 

'7
1 

_ tan -1 ( _~!.) 
Pi 

[A 2) 

8 i - tan- 1 ( ~) 
Pi 

[A 3) 

W - 2d tan~ [A 4) 

A 2 TENSION CHORD ECCENTRICITY (see Fig 6 3) 

• 
tan8 1tan8 2 hl 

+ 
h 2 + tan(45°-a/2) ( 

b l b 2 ) e - cos (0:/2) g + 2sinO l 2sinO l 2tan& l + 2tanB
2 tanO +tanO l 2 

,- b o 1/1 1 1/1 2 + 
tanO l 

[A 5] 
.[1cos(aj2) tan& l 

For the regular Warren truss with 0 l - O2 - 8 chis becomes 

o 1 

hl+hl b 1+b 2 e - 0 5tanOcos(aj2) g + 2sTrl8 + 2tanO tan (45-a/2) [A 6] 
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A 3 COMPRESSION CHORD ECCENTRICITY (see Fig 6 4) 

tan8 1tan8 2 e 1 - -.......,....--=-----=,:- COS ( a j 2 ) 
1 tanO l + tanO 2 

( 
b l b 2 

+ tan(a/2) 2tan8
1 

+ 2tan0
2 
) - (~ _~ )b sin(aj2) 

2 1 0 tanO 2 
- 0 5ho [A 7J 

[A 8J 

i-1,2 [A 9J 

For the regular Warren truss, with 8 1 - O2 - 0, Eqs [A 8 J and [A 9 J are 

unchanged, and Eq [A 7J becomes 

- O.5h o [A 10J 

Note that if tPl - ~2' then e' 1 - e' 2 and en 
1 - e"2 



o 

Fig. A l Geometry of one panel 

\ .. 
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o APPENDIX B LOADS IN CHORDS 

Secondary moments are induced in the clear spans of the chords as a 

result of joint eccentricities, and in the chord gap regions as a result of 

both eccentricity and of the attachment of web members to the walls of the 

chords, that is, offset from the chord axes 
J 

In the following, the forces 

which must be resisted in the members and in the gaps are considered In 

deriving these formulae, due account has been taken of signs and therefore 

positive values of forces should be used in the equations given 

BITENSION CHORD 

The secondary moment on the joint due to eccentricity is assumed to be 

resisted by the chords only, and the far ends of the chords are assumed to be 

pinned for the purpose of this calculation The distribution of bending 

moment in the gap and adjacent chord members is shown in Fig B. l, and the-' 

forces applied to the members are shown in Fig. 6 3a 

B.l 1 Secondary Bending Moments in Chord (outside gap) 

At an intermediate joint 

i - 1,2 [B 1] 

At an end joint, if the chord 1s curtailed beyond the tension web member 

connection, 

[B.2] 

153 
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o B 1 2 Gap Forces - Tension Chord 

Axial Force 

Tra - Tn - 2N1cos0 1 - Tr2 + 2N 2cos0 2 [B.) ] 

At an end joint beyond which the chord carried no axial load. this ~ 

becomes 

T ra - OST il 

Shearing Force 

V t: - V the shearing force carried by the truss. where [B 4] 

Maximum Bending Moments 

At an intermediate joint. the maximum of Mn anrl MC2 where 

i - 1,2 [B 5] 

At an end joint if the chord is curtailed beyond the tension web member 

cormection 

[B 6] 

B 2 COMPRESSION CHORD 

The forces acting on a compression chord joint are shown in Fig. 6.4 and 

the bending moment distributions are simi1ar to those for the tension chord 

shown in Fig. B.1. 

o 
, ' 
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o B.2.1 Secondary Bending Moments in Chord (outside gap) 

Vertical Bending (about the z-z axis) 

i - 1.2 [B 7J 

Horizontal Bending (about the y-y axis) 

i - 1,2 (B 8J 

B 2.2 Çap Forces - Compression Chord 
, 

The subscript i - 1 relates to the web compre$s ion member and to the 

forces in the gap near Seçtion AA (Fig. 6 4a). and subscript i - 2 -relates to 

the gap near Section BB. 

Axial FO,rce 

where 

[B 9J 

and 

(B 10J . 

,J 

Shearing Forces 

i - 1.2 

. 
V!al - Zi - Ni sin8 1sin(a/2) -1-1.2, (B.12 J 

Twisting Moments 

[ B.13) 

-0 - " 
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o Maximum Bending Moments in Gap 

lei 2 

Meyi - 1 N1cos8 1en 1 + (71\-0 5)baN1cos81 i - 1,2 
l C1+1 c2 1-1 

[B 14) 

1 cl 
2 

] MCz! - 1 01+ 1 c2 
1 N1cos8 1e' 1 + 0 5 li;! {'os8 1 i - 1,2 
1-1 

[B.15) 

For a regular Warren truss, with 8 1 - 92 ~he gap near the compression web 

member, i.é , Section AA, will be the critical section and only this section 

need be checked. Due to the large angle (a/2) between the web members and the 

normal to the bot tom wall of the compression chord, it will frequently not be 

feasible to attach these me~bérs off centre. In this case, widh ~1 - ~2 - 0.5, 

many of the abOVè equations are simplified, and e' 1- e' 2' e"l - e"2 

., 

" 

... 
'" , 

o 
.,. ' .. , 
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1 

~",:M~f~l ~(E~Q~. B~-~l:) ~==~\:=::;::;;;~:'::iT===-~1 Bend i n9 1 moment 
in tension 

f2 Q.B-l) 1 chord 

- Mf2 (Eq.B-S) 

g,c2 
.1 .. -

Fig. B.1 Bending moments in tension chord 

". 
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APPENDIX C EFFECT OF NORMAL STRESSES 

C 1 EFFECT OF NORMAL STRESSES ON A CROSS SECTION, i e YIELD CONDITION 

Consider a cross section of unit width and of hf::ight to subJected to a 

bending moment M and a normal force N, Fig C la In resisting these loads, 

full yielding over the entire cross section is assumed Depending on the 

relative value of M and N, the cross section may form either an ordinary 

plastic hinge, a complex plastic hinge, or a squashed cross section These 

different yield conditions are examined below 

C 1 1 Ordlnary Plastic Hlnge (e - 0) 

If N-O, pure bending exists and the resistance of che section is 

M - Mp' 0 r 

and [C 11 

where Mp' the full plastic moment resistance of th9l~ section, is 

and Np' the squash load of the section, is 

[C ) 1 

The stress distribution and the displacements at the section are shawn in 

Fig C.lb Such a cross section Is usually called an ordinary plastie hinge. 

Referring to Fig. C. le, note aI 50 that 

e - A - 0 8 

, 
[C 4) 

where e Is the distance from the centroid to the neutral axis, A ts the axial 

- 1 
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displacement at the centroid and 8 is the rotation at the plastic-hinge cross 

section 

t 
C 1.2 Complex Plastic Hinge (0 :S e :S y) 

For combined bending and normal force 

2 

~p + (~) - 1 or [C.S] 

M' p is the plastic-moment resistance of the cross sectipn reduced by the 

effect of ~e normal force N. (Similarly, N'Il (-N) could be defined as the 

squash resistance of the section reduced by the effect of the bending moment 

M) 

Also from Fig C lc 

e - [G 6] 

" 
The strfJSS distribution and the displacements are shown in Fig C lc 

The cross section forms a complex plastic hinge, as termed by Neal (1977) 

to 
C. l 3 SquElshed Cross Section (T :S e) 

For normal force only 

M _ 0 
Mp 

and (C 7] 

and e - t. ë is indeterminate, (C.B] 

t 
that i5, e may take any value in the rang" 1 e 1 ~ y, as shown in Fig C .ld 

t 
The value of e - t corresponds to the limit between a complex hinge and a 

® 

squashed cross section, as shown in Fig. C.le. 

If 8 - 0 (e - CIO), Fig. C.lf, only the normal displacement t. takes 

place and the cross section forms what ~y be called a 'purely,-squashed cross-

, ' 

\ 
\ 
\ 

1 
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sec tion mechanism', i e the cross section deforms axia11y and it does not 

rotate. Tne cross section works as a 'push-button', as opposed to working as 

a 'hinge' for an ordinary p1&stic hinge Such purely-squashed cross-section 

mechanisms are required in the kinematic analysis of structures subjected to 

combined bending and normal forces, as presented in the following section 

The relation b~tween M/Mp and NjNp is the- interaction between M and N 

which share the resistance of the cross section This relation defines the 

yield surface for the plastic-hinge cross section, as shown in Fig C.2 A 

normality condition for the yield surface defines the relation between the 

" ratio [j,j9 and the yield surface (Heyman 1971) This normality condition is 

also de fined by Eqs. (C 4), (C 6] and [C 8) 

The overa11 effect on a structure of the combined bending and normal 

stresses, as opposed to the effect on a cross section presented above, is now 

discussed 

C 2 EFFECT OF NORMAL STRESSES ON A STRUCTURE ~ 

The two fundamental approaches to plasticity prob1ems are the lower bound 

static approach and the upper bound kinematic approach. In the stat ie 

approach, equations of equil ibrium are derived diree tly for the s truc ture 

under s tudy . In the kinematic approach, meehanisms of deformations are 

assumed and the principle of virtual work is used to ob tain equations 

equivalent to equilibrilUD equations These two approaches are commonly used 

to deal with bending effects in a structure, and can be used simi1arly to 

treat the effec t of normal stresses. In the statie approach, equations of 

equilibrium are written directly'for the normal forces. and ln the kinematic 

app roa ch , me ch anis ms invo1ving axial defotl'llations are assumed and equations 

for the normal forces are obtained us Ing the virtual work princ Iple. 
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For structures analysed for both bending and normal force, each of the 

bending moment and normal force effects can be analysed with eicher the statie 

o~ kinematic approaches. Hence four different me thods ean be used, as shown 

in Table C.l. In each method, two independent sets of equations are obtained, 

one set for bending moments and one set for normal forces. These sets of 

equations are then ~olved simultaneously to obtain a solution. 

In Method 1 (see Table C.l). equilibrium equations are wrltten for 

bending moments and normal forces and then solved simultaneously The 

usefulness of the method depends on how readily the equations of equilibrium 

can be obtained. For example, lt may be difficult to use this method with 

plate bending problems in which the equations of equilibriurn generally lead 

to complex differential equations, 

In Method 2, equilibrium equations are written for the effec t of bending 

moments. whereas equations for the normal f"d, .;es are obtained using the 

virtual work principle, based on an axial deformation meehanism Both sets of 

equations are then solved simultaneously 

In Method 3. a mechanism for bending deformat~ons 15 assumed and 

equations for bending moments are obtained using the virtual work principle 

The effect of nomal forces is treated by writing equations of equilibrium for 

the normal forces. The two sets of equations are then sol ved 5imul taneously. 

This method is often used with plane frame problems and the solution i5 

usually carried out by Iteration (Horne, 1979, Heyman 1971). 

Method 4.1 may lead to easler solutions than Method 3 ln certain 

problems, In this method. two mechanisms are assumed, one for the bending 

effects and one for the axial force effects, Two sets of equations are 

obtained using the vittual work principle and then solved simultaneously. 

Kethod 4.2 i8 an alternative to Method 4,1. lt consists of assuming only 

one me cha ni sm which includes bo.h bending and axial defortnations. In this 

.0 __ '_' __ _ 
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f<. 
case, only one s~t of equations is obtained containing NO unknowns, the 

internaI bending moments and the internal normal forces Howeve r, since the 

equations represent a~ upper bound solution of the applied loads, minimization 

can be done with respect to either one of the unknowns, internaI bending 

moment or axial force, giving another set of equations and hence a solution 

can be found 

In Method 4 l, different mechanisms are combined as in the method of 

combining mechanisms for the plastic analysis of frames subjected to bending 

only (Neal 1977), also called the method of combined mechanisms (Horne 1979). 

Hence, Method 4.1 can be referred to as a 'method of combining mechanisms' 

Method 4.2 corresponds to the trial-and-error method of. plastic frame 

ana1ysls (Neai 1977) However, the name 'method of entire mechanism' ls 

suggested herein since the method involves a mechanLsm that includes directly 

aIL deformations 

Methods 1 ta 4 l involve breaking down a complete problem into separate 

sub- problems The normal and bending stress values assumed in the se separate 

sub- problems are not valid if these sub -prob lems are considered as truly 
... 

separate and independent problems However, the stress values are indeed 

valid when cons ide ring their combined effect in the original complete problem 

For example in a sub-problem for the bendint effects, a section carrying 

maximum bending moment (equil1brium approach) or an ordinary plastic hinge 

(kinematic approach) must be assumed to carry only a reduced plastic moment 

M' p instead of the full Mp' if: this section or hinge i5 combined to a 

section carrying maximum normal stress (equilibr1um approach) or to a fully-

squashed cross-section mechanism (kinematic approa5h) in another 5ub-problem 

for normal force effects. Similarly in the secolct sub-problem. the sectipn 

carrying maximUm normal stresses or the fully-squashed cross-section mechanism 

41 

• 
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must be assumed to carry a reduced normal load N instead of the full Np' 

Combining the two sub-problems leads to the correc t interaction relationship 

for combined bending and normal stresses at the cross ~ection considered in 

the original complete problem. 

The four methods j ust described are illustrated below by two examples. 

For the simple problems considered, it will be found that solutions from 

Methods l, 2, 3 and 4 1 are identical and that the solution from Method 4.2 is 

numerically equivalent to the other solutions However in more complex 

problems, such as in plate bending problems, the four methods wi 11 yie Id 

slightly different solutions. Method 1 uses lower bound equations for both 

bending and normal force effects, and the solution will be a lower bound. 

Methods 4.1 and 4.2 use only upper bound equations, and the solutibn will be 

an upper bound. Methods 2 and 3 use both upper and lower bound equations, and 

whether the solution will be too high or too low cânnot be predicted in 

general. 

C . 3 EXAMPLE 1 

\ 

Consider a plastic hinge, representing a simple structure, subjected to 

externally applied moment M and force P f as shown in Fig. C 3a. As usually 

the case in plasticity problems, the apptd loads must be written in terms of 

only one unknown This is achieved by replacing M and P by a single force P 

shifted away by a distance 'a' such that P a-M. 

C. 3.1 M~thod 1 

Refer to Table C.l and to Fig. C.3b. The equations of equilibrium are 

written directly for both be,nding and normal force effects. Equilibrium of 

moments ( E M - 0 ) gives 



o Applied Moment - Internal Moment 

P a - M' p 

D 

Mp and Np are defined in Eqs 

[Co 3) . 
, 

Equilibrium of forces ( L F - 0 ) gives 

Applied Force - Internal Force 

164 

[C 9) 

[C 2) and 

P-N [C10) 

The solution for P is obtained by solving simultaneously Eqs [C 9J and 

[e 10]. Hence, substituting Eq (C 10] into Eq [C.9J gives 

1 ~ [C 11) 

C 3 2 Method 2 

The equation of equilibriurn for bending is obtained in the sarne 'Nay as in 

Method 1 and is 

~ 

The normal force is treated by assurning a mechanism involving axial 

deformations only, as shown in Fig. C 3e The virtual work equation for this 

~ mechanism is 
{ 

Pô-Nt. [C.l3] 

where cS is the displacement at the load P and Ô -t.. hence 

P - N [C.14] 

which i5 identical to Eq. (C 101 in Method 1. Solving simultaneously 

Eqs. [C.12] and [C.141 yields the same so:ution as that of Method l, l.e. 
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-
Eq. (C.ll]. 

C. 3 . 3 Method 3 

A mechanism for bending deformations is assumed as shown in Fig C. 3d 

The virtua1 work equation is 

P8a-M' p O (C .15] 

or, cancelling 8's, 

[C .16) 

The equi1ibriwn equation for normal force is 

P - N [C 17] 

Eqs. [C 16] and lC 17) are identica1 to Eqs [G.9) and [G 10J and 

simu1 taneous solution leads to the same answer as before 

C 3 4 Me thod 4. 1 

Refer to Fig C 3e. For the laending moment, the same mechanism as in 

Method 3 is assumed and leads to Eq. [G.16] 

For the normal force, the same mechanism as in Method 2 is dssumed and 

leads to Eq. [ C . 14] . 

Again, the simultaneous solution of these equations is identical ta the 

previous solutions. 

C.3.5 Method 4.2 

A mechanism combining both ben ding and axial deformations is assumed as 

shown in Fig. C. 3~. The virtual work equation for this mechanism is 

P 6 - M' p 8 + N A [C.1B) 

,.. 
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or 

P (ll+a 0) -Mp [1- (:)2]0 +Nll 
p 

[C.19] 

Dividing by 8 and us ing Eqs. [C . 2 J, [C 3 J and [C 6], Eq. [C. 19] can be 

simplified to 

t 2 
(: } 2 + 1 0 

L_ 16 p 

Mp t 2 
(:) + a 0 

""'8 p 

[C.20] 

Minimization of P with respect to N is done by solving " 

dP _ 0 
dN 

which leads to 

N 8 
Mp - to 2 [~ t 2 

T + a 2 

[C.21) 

[e 22) 

Substituting this value of N into Eq [C 201 gives the solution for P. 

This solution cannot be simplified to an equation sirnilar to Eq [C.ll) 

However, it: can be shown to give answers numerically ldentical to those 

obtained from Eq. [C 11J, i e the solution 15 the sarne as in the other 

rnethods . 

In connection with Eq [Co 21], note that P ls the load applied to the 

structure whereas N is the internal normal force resistance at the plastic-

hinge cross section. (N could also be called N' p) The applied load P is 

rninimized with respect to N in the sarne way that rnlnlmlzatlon 15 done with 

respect to a geometrlc par:~meter in ap. ordinary kinematlc p1astlc ana1Y9is 

when no normal force effect i9 considered. The minimization could ln fact be 

done wit:,h respect to M' p or e since N. M' p and e are al1 directly related . . 
A1so, the interaction equations and' the normality re1ationship at the 

... 
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plastic-hinge cross section, Eqs (C .1) to (C 8), are satisfied for any 

assumed va,lue of N Letting ~ - 0 leads to the particular value of N chat 

minimizes P (upper bound solution). 

C 4 E:XAM?LE 2 

Consider the frame shown in Fig. C, 4a. Wi th span b o, and beam and 

column sizes to' the frame may also represent a simple two-dimensional model 

of an HSS Joint An analysis of the frame for bending effects only using 

either the static or kinematic approach gives the following solution 

[C 23) 

The effect of the normal force in the columns ls now analysed using 
(1 

Methods l to 4.2 

C.4.1 Method l 

Refer to Fig C 4b The equacion of equilibrium for bending is 

PL _ M + M' 
4 p p 

where, as before, M' p - Mp [ l - (:) 2 l, 
p 

The equation of equilibrium for the normal force in the columns is 

'----

P - N 
~ 

[C,24) 

[C 25) 

Substituting Eq. [C.25] into Eq. [C.24], solving for P and simplifying 

leads to 

[C.26) 
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e 4.2 Method 2 

Refer ta Fig. e 4b The equation of equi1ibrium for bending Is again 

(e.27] 

The virtual wOlOk equation for the axial deformation mechanism lB 

t 
P .5 - 2 N Â 

Eqs [e 27] and 

solution is identical 

[e 28] 

[1.281 are identical to Eqs [C 241 and [C 251 and th. 

tt that of Method 1 

Note that in the axial deformation mechanism, purely-squashed cross-

sec tion mechanisms are used in the columns These cross-section mechanisms 

are as~umed to carry only a reduced squash load N 

e 4 3 Method 3 

Refer ta Fig C 4d The virtual work equatlon for the bendlng mechanism 

is 

~-N 

The equation of equilibrium for the normal forces is 

, , . \ 

Again, the solution is the sarne as before 

! e 29]' 

[C.30] 

Note that in the bending deformation mechanism, an ordinary plastic hlnge 

carrying the full plastic moment Mp i's used- at mid-span of the beam, whlle 

ordinary plastic hinges -carrying a reduced moment M' pare used in the 

columns 

, 
..1 
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o C,4.4 Method 4.1 

Refer to Fig C .4e The virtua1 work equation for the mechanism with 

bending deformations i5 

8b ' 2 
P T - UMp + 28Mp [ 1 - (:) l 

p 
[C.3l) 

l' The virtual work equation}for the mechanism with axial de format ions is 

P6-2NA [C.32] 

Again, the solutIon is the same as before 

C.4.5 Method 4 Z 

The meohanism shown in" Fig' C. 4f combines both bending and axial' 

deformations. The v1rtual work equation for this mechanism is 

P ( 
8bo ) T + Â - 28Mp + l8M' p + 2&1 [C 33J 

Minimization of P with respect to N, i.e. letting ~ - 0, leads to 

[C.34) 

Substi tuting Eq. (C.34) into Eq. (C.33]. solving for P and sirnplifying 

leads to 4 

1.._ 8 (bo} 2 bo ~(~:)2+ 6 [C.35) - + 12 . 
Mp 3 ~b 2+6t 2 + 6b o 

to to 
o 0 

This solution cannat be simplified ta Eq. [C.26). However, it gives ident1cal 

numerical results. 

Note chat in the mechanism shawn in Fig. C.4f, complex plastic hinges 
" /" 

carryi-qg a redfced moment K' p and a reduced normal laad N are used in the 
1 
1 

" 

\ 

\ 
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o colunms 

• 
Values of P/Mp• from Eqs. [C.26] or [C.35] are given in' Table C.2'for 

to - 0 and b o - 10, 5 and 2. The percentage reduction from the solution 

for bending onry, Eq. (cC ~3], increases as the span b o decrease!l 

Note that while the ab ove solutions assume failure dye to both bending 

and normal forces, ·.,nother mechanism is possib'le due to pure squashing of the 
.. . 

columns. From equilibrium, or considering a mechanlsm with purely-squashed 

cross sections in the columns, the following equation is Q~tained 

P aquaah - 2 Np [C.36] 

or 

P squlUlh JL . -
Mp to ,... 

[0.37] 

Hence, this failure mechanism sets a limit to Eq [C 26). or Eq [C.35L, and 

governs for values of b o S 0.5 (with to - 1) However, this situation occurs 

, 
for very shor~ spans, i.e. when the 10ad is applied almost directly ab~ve the 

columns. A similar situation may arise in the tension chord joints of HSS 

triangular trusses when the web members are connect~d much off-centerep on the . 
chord faces, and hence one side of the web member is almost directly,over a 

side wall of the chord. / 
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Fig. C.I Effect of normal stresses on a cross section. 
Yield condition. (a) Applied loads and cross section. 
(b) to (f) Stress distribution and displacements: 
(b) Ordinary plastic hinge. (c) Complex plastic hinge. 
(d) Squashed cross section. (e) Limit case between (c~ and (d) 
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(c) Kethod 2. Internal bending moment and normal mechanism. 
(d) Method 3. Bending mechanism and internaI normal force. 
(e) Kethod 4-1. Bendlng mechanism and normal œechanism. 
(f) Kethod 4-2. Kechanism ~ith combined bending and normal deformations 
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Table C.l SOlution methods of piastie analysis for combined bending,and 
normal force effects. 

(1) 

10 
5 
2 

Notes' 

• 

Solution Bending Moments Normal Forces 
Method 

l 

2 
3 

4 l, 4 2 

Statie 

Statie 
Kinematic 

Kihematic 

Statie 

Kinemad.e 

Stade 

Kinematic 

Table C.2 Effect of normal stresses. Example 2. 
1 

P/mp 

Eq [C .~3] Eqs 
bending 

only 

(2) 

O. tl 

1.6 
4 

to - 1, mp-
,JI 

P/mp 

[C.26] or [e 35] 
bending and 

normal forces 

(3) 

0.796· 

1.569 
3.596 

1 

% reduction 
Col.(2)-Col.(3) x 100 

Col. (2) 

(4) 

0.5 
l 9 

10 1 
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