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ABSTRACT

This thesis deals with the behavjour and design of triangular ctrusses

" fabricated from Hollow Structural Sections (HSS), with two Warren-type web

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

. which triangular truss segments and simplified joints were tested in order to

investigate tfig} behaviour of compression web members and tension-chord welded
joints. The mechanics of joint deformations are analysed in relation to the
yield line theory, and simple models are shown to give a good prediction of
the joint stiffnesses and strengths. Complex yleld line models are

investigated, but are at best only slightly superior to the simple models

Recommendations are established coverimg the design of tension and compression

e
chord joints, as well as chord and web members. The design of a 22 m span

triangular truss is outlined.
{
)
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RESUME .

5 L

Cette thése traite du comportement et de la conception de poutres 3

treillis triangulalires fabriquées de proftls creux rectangulatres (PCR), avec

deux plans de barres de tre1llis 3 disposition Warren et une seule membrure
tendue. Des études expérimeritales sont décrites dans lesquelles des segments
de poutres triangulaires et des joints simplifiés ont été mis 3 l'essail afin
d'étudier le comportement des barres de treillis comprimées et des joints
soudés sur la membrure en tension. Les mécanismes de déformation des joints
sont analysés en relation avea la théorie des:llgnes de rupture, et on
démontre que des modéles simples donnent une bonne prédictx%n de la rigidité
;i de la résistance des joints. Des modéles complexes sont étﬁdlés, ma1s sont
peu ou pas supériéurs aux modéles simples. Des recqmmendat{ons pour la
conception sont étab{les couvranf le dimensionnement des joints aux membrures
tendues et comprimées, ainsi que des membrures et des barres de treillis. Le

"

calcul d'une poutre & treillis d‘une‘porté de 22 m est ebauché.
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L PREFACE -

N
o This thesis is cc;n;:erned with the behaviour of triangular trusses
fabricated flom Rectanguldr Hollow Sections (RHS). The trusses considered
have welded gap joints and are submitted to static loading.

The work reportéﬂ herein is part of a research program which included
tests and analytical studies of RHS trianghlar trusses. The research program
is the only one known to the autho;.' which is concermed with such trusses. The
research program was initiated by CIDECT (the Intermational Committee for the
Development and the Study of Tubular Construction), and was carried out at
McG1i1ll University initially under the supervision of Professors P. J. Harris
and\R. G. Redwood, and subsequently by Professor R, G. Redwood.

Numerous sfudies on planar trusses using RHS have been made in the past
two .decad’asland empirically based design recommendations for these trusses

ve. been published. These provided the only information available¥as a basis
for s the design of triangular trusses.) The present research program was

n/dertaken to st&dy the aspects of beha and design particular to

triangular trusses. The applicability of planar td}uss recommendations to the

triangular trusses was also studied.

Results of sgven truss segment tests are summarized herein which were
carried out by M. Glebe and the aﬁthor during their Master of Engineering
degree programs. The tests of twenty-four simplified joints, which are

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

theoretical analyses andet?he\design recommendations proposed in th:l:s thesis

are also based on oti:ginal work done by the aythor. -

In general, the problems associated with the triangular trusses are

-«

more complicated than with planar trusses. For example the geometry,
<Dl
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including joint eccentricities and load components, is 3-dimensional; the
chord face failure involves web members connected at an angle and off-centered

on the chord face; “the gap failure involves stress distributions in chord

'

walls inclined 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 ‘includes analytical methods and

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

relation\with chord face and gap strengths, and for the design of chord and

web members

4

This thesis is p\resented in a traditional format in an attempt to
constitute a coherent document. It should be noted, however, that pa_rr.s of

@® T

the thesis have been adapted from two publications (tREfwood and Bauer 1983,
Bauerqand Redwood 1984) . While \C_}:apter 5 and Appendix C tredt new material,
other chapters arel based, to a greater or lesser extent, on the two
references. The material used from these refesrences has been rearranged and
reviseld where necessary in the 1light of recent results. "It is emphasized that
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 to the research program on

e s+ *ree - - Via W ew e s sw e e . PRI

triangular trusses. These projects are referred to Iin this thesis, and are
described in detail in the undergraduate Technical Papers and Project Reports
of Santagata (1982), Skold (1986), Minicucci and Zafrani (1986), and the

Master of Engineering Project Report of Kawczak (1983).



—r

ACKNOWLEDGEMENTS R - .

Acknowledgement is made to the following for support of this research

a———

program: CIDECT (the International Committee for the Develogment and Study‘of
Tubular Comstruction) under Projects SW/L and 5W/2, The SCeel-Company of |
Canada Inc. (Stelco), The Natural Sciences and Engineering Research Council
of Canada (NSERC) under Grant A-3366, and McGill University. . —_

Special thanks are due to Professor R. G. Redwood for supervising the
author’s research project. The efficient guidance, advice and encouragements
of Professor R. G. Redwood are gratefully acknowledged.

.

The author wishes to thank the following people: Messrs. Przykorski,
Cockayne and Sheppard of the Jamieson Structures Laboratory for their help
during the experiments; Mr. Renaud Cossette, Ing., for his sugge®tions for

the design recommendations; Mr. Martin Glebe, for testing some of the truss. \\

segments. ‘
ﬁ; .
Acknovledgement is also made to: Lord and Co. Ltd, who built the joint
~—
specimens; I.C.T. Tools Ltd, who built the base supports for the joint tests.

s v e ea s ca g6 ¢ are o o= - cee se e e o 5
. . . . . . .« s € 166 - e . gqecaca c e8 @ 4 seU e < &



o TABLE OF CONTENTS

LG

ABSTRACT

RESUME . -

— PREFACE
ACKNOWLEDGEMENTS — ~

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

NOTATION

CHAPTER 1 INTRODUCTION ° '

S

o CHAPTER ? SUMMARY OF TRUSS TESTS
2.1 Specimens and Test Details

2.2 Test Observations .

+CHAPTER 3 JOINT TESTS

3.1 Introduction -
3t1.1 Objectives
3.1.2 The DT Joint Model
3.1.3 Test Program
3. L4 Details of Specimen&@

3.2 Test Specimens
3.2.1 Specimens ~—
3.2.2 Material Properties and Fabrication

b . ~ 3.3 Experimental Method T
Test Arrangement h
Base Supports
Instrumentation
- 3.3.3.1 Joint Deformations
! 3.3.3.2 Web Member End Shears
- d - 3.3.3.3 Other Deflection Measurements
' 3.3.4 Loading -

o e

W wWw
o 7 .

W W w
w N e

Page

iii

vii
viii

xii

xvi{

14

14
14
14
15

T

17
17
18

18 -

18
19
19

+20

21
21



L ~N
- 3.4 Test Results
& o "3.4.1 Failure Modes-
! 3.4.2 Measured Loads

:; , 3.4.3 Joint Defox;‘mations

CHAPTER 4 DISCUSSION OF TEST RESULTS

4.1 Joint Behaviour (Double-T Joint Tests)
4.1.1 Yield Line Theory

Comparative Test Results

EBffects of Principal Parameters

Joint Deformations

N WN =

Conclusions

o
NN O o

Member Buckling (Double-T Joint Tests)

| 3 -T N A

.2 Effects of Principal Test Parameters
.3 Conclusions

]

1
N -0

of DK Truss Segments
Comparison with Yield Line Theory

4

&

(¥ ]
s
wwa

and DK Truss Segments
Application to Planar Truss
- Joint Strength Equations
- CIDECT Recomendations

- Sheffield Equations ’

- Comment

4 Web Member’ Buckling

5 Conclusions %

N
&
w
w

4.3.
’ . 4.3.

CHAPTER 5 YIELD LINE THEORY AND APPLICATIONS
5.1 Yield Line Theory

$.2”'Basic Mechanisms
5.2.1 DT joints
5.2.2 DK Joints ,

5.3  Mechanisms with Inclined End Yield Lines
5.3.1 Mechanism DT-1-E .
5.3.2 Mechanism DT-2-E

s " e 5.4 Mechanisms with Fans ' ~--
) 5.4,1 Mechanism DT-1-F
5.4.2 Mechanism DT-2-F

5.5 Effect of Normal Forces in Chord Corners
) 5.5.1 Solution N1
: 5.5.2 Solution N2

} e » . 5 . 5 - 3 Soluti.on N3

Effect of longitudinal chord stresses

.1 Comparison with Column Strength Curves

Correlation betweegk DT Joint "Specimens

ix

21
21
21
23

37

37
37
38
39
40
41
42

43
43
A
42

46
46>

47
48
48
48
48 -
48
49
50

59
59

61
61
65

69
70
72

73
73
74

h 75
76
79
30



18
i
-y

~»

e

" )
5.5.4 Solutiop N4
5.5.5 Conelusions

_ CHAPTER 6 DESIGN CONSIDERATIONS
6.1 Tension Chord Gap Joint Behaviour -

6.2 Tension Chord -Gap Joint Behaviour -

6.3 Compression Chord Joipt:s - General

6.4, Compression Strength of Web Members

6.5 Other Cons iderati}ms

6.6 Design Alds

4

CHAPTER 7 DESIGN EXAMPLE

7.1 Preliminar;v Member Selecétion
7.1.1 Tension Chord
7.1.2 Compression Chord
7.1.3 Web Member Design

7.2 Design of Joints to Tension Chord

7.2.% Joint Resistance - Chord Wall
7.2.2 Joint Resistance - Gap Conditions

Other Tension Chord Joints

7.2.3
7.2.4 Lighter Tension Chord
4

7.3 Design of Joints to Compression Chord
7.3.1 Joint Resistance - Chord Walls
7.3.2 Joint Resistance - Gap Conditions
+.3.3 Othetr Compression Chord Joints

7.4 Verification of Compression Chord

Y

CHAPTER 8 CONCLUSIONS *

Chord Wall Bending

Conditions in the Gap

85

91
114
114
118
120
124
125
127

132

133
133
134
135

136
136
138
139
139

139
140
141
143

143

147




xi

APPENDIX A GEOMETRICAL RELATIONSHIPS 150

A.l1 Truss Geometry \ 150

A 2 Tension Chord Eccentricity ) 150

A.3 Compression Chord Eccentricity 151

APPENDIX B: LOADS IN CHCRDS 153

B 1 Tension Chord 153

B 1.1 Secondary 8ending Moments in Chord (outside gap) 153

B 1.2 Gap Forces - Tension Chord N 154

Axial Force 154

Shearing Force 154

Maximum Bending Moments — 154

B 2 Compression ‘Chord 154

B.2.1 Secondary Bending Moments in Chord (OUCSlde gap) 155

‘ B.2.2 Gap Forces - Compression Chord 155

Axial Force 155

Shearing Forces 155

Twisting Moments 155

Maximum Bending Moments in Gap 156

APPENDIX C EFFECT OF NORMAL STRESSES 158
C 1 Effect ot Normal Stresses on a Cross Section,

i.e. Yield Condition ' 158

C.1 1 Ordinary Plastic-Hinge (e = 0) 158

C 1.2 Complex Plastic Hinge (0 < e < t, /2) 159

C.1.3 Squashed Cross° Section (e = ty/2) 159

» . £.2 Effect of Normal Stresses on a Structure 160

C 3 Example 1 163

C.3.1 Method 1l 163

C.3.2 Method 2 164

C 3.3 Method 3 - 165

C.3 4 Method 41 165

C.3.5 Method 4.2 165

C 4 Example 2 . i 167

C.4.1 Meth_ogyrl 167

C 4.2 Method 2 ) 168

C.4.3 Method 3 168

‘K_ C.4.4 Method 4.1 169

C.4.5 Method 4.2 s 169

LIST OF REFERENCES , 176



Fig

Fig

Fig

Fig

Fig

Fig.

Fig

Fig
Fig
Fig
Fig
Fig
Fig

Fig
Fig
Fig

F1§
Fig

Fig

10

11

12

LIST OF FIGURES

Truss details and HSS trusses (a) Open section detail
(b) Hollow section detail (c) Plane truss (d) Triangular
truss

Triangular truss tension chord connections

Truss segment test arrangement

Truss segment specimen in 1oading’rig . .
Tension chord joint deforqation Truss 4

Cross-section distortion Truss 4

Tension chord wall deflections on axis Jf web compression
members. Truss tests. :

Test arrangement Joint tests

Joint deformation in Truss 4 Truss tests

Nominal test parameters Joint tests

Fillet weld details Joint tests

Specimen in test position Joint tests

Base support details Joint tests

LVDT arrangement for measuring the joint deformations
Joint tests. »

Definition for the joint deformation along the axis of the
web member

e

Dial gauge arrangement for measuring the mid-length
transverse deflecetons of the web members Joint tests

Failure modes.
Typical joint deformation

Joint deformations Joint tests

xii

Page

10
10
11

11

12

26
26
27
27

28

28

29

29
30
31

i1



l;..,w i
LY

Fig®s

Fig 4
Fig 4

Fig 4

Fig 4

Fig 4
Fig 4
Fig. 5
Fig. 5

Fig 5

Fig. 5

Fig 5.

Fig. 5
Fig. 5
Fig 5

Fig 5

Fig 5.

Fig. S.

Fig. 5

Fig. 5.

Fig. 5.

10
11
12
13
14

15

Test values of the normal loads on the chord walls Y and Yy

vs. yield line theory results Joint tests 1 to 12 and 21
to 24.

Distribution of the ratios of tmst load to théoretical
yield load Joint tests 1 to 12 and 21 to 24

Ratios of test yield load to theoretical yield load vs a

Ratios of test load to theoretical yield load vs 8

Ratios of test yield load to theoretical yield load vs b/t

Test service loads (at a joint deformation of 1% b,) vs
yleld line theory results Joint tests 1 to 12 and 2] to 24

Web member length Joint tests

Test yleld and ultimate loads vs theoretical yield loads
Truss tests

Test service loads (at a joint deformation of 1% b,) vs
theoretical yleld loads. Truss tests

Simpie yield line model.

Modification for corner curvature and welds
Simplified yield line model. Alternate notation.
Basic mechanism DT-1

Basic mechanism DT-2.

Yield line model for planar truss joint
Mechanisms DK-1, DK-2, DK-3, DK-4.

Mechanisms DK-1, DK-2, DK-3, DK-4. Limit cases
Mechanism DT-1-E

Mechanism DT-2-E.

Possible mechanisms '‘with fans DT joints
Mechanism DT-1-F.

Mechanism DT-2-F.

Mechanism DT-2-F. Limit cases.

Mechanisms DT-1-N1 and DT-2-Nl.

]

xiii

52

52
53

53

54
54

54

93
93
93
94
94
94
95
-95
96
96
97
97
97
97

98



Fig. 5.
Fig 5
Fig 5
Fig 5
Fig 5.
Fig 5
Fig 5
Fig 5
Fig 6
Fig 6
Fig 6
Fig. 6
Fig 7
Fig 7
Fig 7
Fig 7
Fig 7
Fig A
Fig. B
Fig C.
Fig C
Fig C.

Fig. C

17

18

19

20

21

22

23

Mechanisms DT-1-N2 and DT-2-N2

Mechanism DT-1-N3

Yield conditions along chord cormers

Sub -mechanism 1 Mechanism DT-1-N3, x = 0 5
Sub-mechanism 2 Mechanism DT-1-N3, A « 0 5

Mechanisms DT-1-N4 and DT-2-N4

Combined stresses along chord corners Mechanisms DT-1-Né&
and DT-2-N4

Pure squash along chord corners Mechanisms DT-1-N4 and
DT-2-N&4.

Components of load on tension chord wall

Idealized chord deformations under web compression members
Forces in tension chord members and gap Intermediate joint

Compression chord joint

Design example Truss dimensions and loading

Design example
Panel geometry and tension chord cross section

Design example Analysis and member sizes
Tension chord joint configuration

Compression chord joint configuration

-~

Geometry of one panel
Bending moments in tension chord

Effect of normal stresses on a cross section
Yield condition .

Yield surface, interaction equation and normality condition
Combined bending and normal forces

Effect of normal stresses on a structure Example 1

Effect of normal stresses on a structure Example 2

xiv

98

99

100

100

100

101

102

102

128

129

129

130

la4

la4
145

146

146

152

157

171

172
173

174



Table

Table

Table
Table
Table
Table

Table

Table
Table
Table

Table
Table
Table

Table

Table
Table
Table

Table

Table

Table

LIST OF TABLES

Principal joint parameters. Truss tests

Summary of failure modes and maximum loads Truss tests

Program of tests (joint tests)

Nomginal sizes and dimensions. Joint tests
Measured sizes and dimensions. Joint tests
Average coupon results. Joint tests.

Test and theoretical values of chord wall normal loads
Joint tests.

Yield loads for 90° DT and planar T specimens. Joint tests
Summary of results for Mode 3 failures. Joint tests
Web member instability. Variation with a. Joint tests.

Test arid theoretical values of chord wall normal loads.
Truss ‘tests.

Normalization of DT joint test results.
Comparison with DK truss segment tests

Comparison of DK truss test results with various predictor
equations.

*
Maximum loads from tests and design equations. Truss tests

Ymh/mp. Mechanism DT-1
Ymu/mp. Mechanism DT-2.
Ymh/mp. Lowest of mechanism DT-1 and DT-2

Constants used with mechanisms DK-1, DK-2, DK-3 and DK-4

Ynu/mp. Lowest of mechanisms DK-1, DK-2, DK-3 and DK-4.
N

Y‘“/mp. Mechanism DT-1-E.

Page

13

13

32
33
34

35

36

55
55

56
56
57

58

58

103
103
103
104
165

107



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

5.7 Yg4y/m, Mechanism DT-1-F.
5.8 Ymn/mr Mechanism DT-2-F.
5.9 Ymm/mp Lowest of mechanisms DT-1, DT-2, DT-1-F and DT-2-F

5.10 Constants used with mechanisms DT-1-N and DT-2-N

5.11 Ymn/mp Mechanism DT-1-N1
5 12 Ymn/my Mechanism DT-2-N1
' {
5 13 Ymm/mp Lowest of mechanisms DT-1-N1 and DT-2-N1

S 14 Ymm/mp Lowest of mechanisms DT-1-N4 and DT-2-N&

6.1 Limit values of principal test parameters

[

C. Solution methods of plastic analysis for combined bending
and normal force effects.
2

Effect of normal stresses. Eiample 2

xvi

108

108

108

109

110

111

112

113

131

175

17%



y u

HSS °

xvii

NOTATION

distance from corner of chord to side of web member

cross-section area of member

constants - yield line mechanisms with fans

width of RHS member

distance from upper cormer of chord to side of web member

~

compression web member
compressive load

web member compressive resistance
coefficient of wvariation

overall depth of triangular truss

or
dimension - yield line mechanisms of chord face

energy dissipated by yield lines

eccentricity of joint to tension chord

or s
dimension - yleld line mechanisms with normal stresses in chord

corners
vertical eccentricity in joint to compression chord
horizontal eccentricity in joint to compression chord
work done by loads {

dimension - yield line mechanisms with normal stresses in chord

corners
or .
dimension - yield line mechanisms with inclined end lines

material yield stress, ultimate stress

gap dimension
or
dimension - yield line mechanisms with noymal stresses in chord

corners _-
depth of RHS member

Hollow Structural Section :



K, to K,

K, L, M\ N

1,11,
(1,1..1,)

out

RHS

S, to S,

xviii

effective length factor of a compression member

constants - yleld line mechanisms with normal stresses in chord .

corners

constant - yield line mecKanisms with normal stresses in chord
corners

constants - yleld line analysjis of DK joints

length of member, chord member, web menber

length of chord member

length measured from center of web member end ball to center of

chord member

length measured from center of web member end ball to face of
chord member

plastic moment per unit width of chord wall
)

plastic moﬁxent per unit width, reduced due to normal stresses

bending moment

twisting moment

normal stress, squash stress (also normal load per unit length

of chord wall)
axial force
projection of web member parallel to chord

constants - yleld line analysis of DK joints

or

constants - yleld line mechanisms with normal stresses {n chor
corners ~

applied load

radius of gyration

outside radius of chord comez"s

Rectangular Hollow Section

web height of triangular truss, measured in web plane

fillet weld leg size

d

constants - yleld line mechanisms with normal stresses in chord

corners



2..2.,2

x! “yr©e

xix

thickness of HSS member

tengion force
tension force in chord on side of compression, tension web
members
'
shearing force
width of triangular truss
external load applied to chord

dimension - yleld line mechanisms of chord face

or
dimension - }ield line mechanisms with normal stresses in chord

corners
component of web member load applied to chord wall
component of web member load in direction normal to chord wall

dimension - yield line mechanisms with normal stresses in chord
corners

component of web member load applied to chord wall
plastic moduli about appropriate axes

A

3
angle between web planes in triangular truss

or
load factor used in limit state design

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

ratio of gap dimension to chord width

ratio of dimension d to chord width - yleld line mechanisms of
chord face

or

virtual displacement

virtual displacement

ratio of web member size to chord width

or
angle betweerl chord and plane containing tWo compression (or
tension) web members S

angle between web member and chord
or ,
virtual rotation of yield line !

By -

3



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

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

I3 distance from chord corner to side of web member, expressed as
fraction of chord wall width

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

T shear stress
T ratio of shear stress to yileld stress in shear
] performance factor
¥ distance of web member centreline from cormer of chord wall,
expressed as fraction of chord wall width
Q dimension (angle) - yield line mechanisms with inclined end
. ‘lines
)
Subscripts )
cr critical buckling load
f factored load
g refers to gap
i member identification:
0 = chord "~
1 = compression web member
2 = tension web member --
3 = tie member . \
o
r resistance of member
s +service load _
y yield load
u ultimate load
max maximum load
1, 2 Side 1, Side 2. Refers to outside and upper corners,

respectively, of tension chord cross-section



xxi
Superscripts
'(prime) _ Joint dimension adjusted for weld size and curvature at corner.;x b
of chord
" (bar) contact dimension of web member on chord face
e

Types of Joints

N

DK double Warren
DN double Prat
DT double Viergndeel
K planar Warren
N planar Pratt -
T -. planar Vierendeel
\
i
- ‘ )



CHAPTER 1 INTRODUCTION

-4

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 compression

4

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

90°. These trusses have considerable visual appeal, particularly when a
Warren arrangement of members is used, and in many cases appearance has been a
significant factor in their selection. Their intre;em: lateral and torsional
stiffness results in minimal later;l bracing, further enhancing their
appearance (Fig. 1.1). '

Some examples of triangular trusses with rectangular HSS chords are-as

L 4
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. Webs are round HSS 60.3 mm
diameter. Over the ice arena spans are 32.3 m and the compression and
tension chords are respectively HSS 152.4 x 101.6 x lIE.l, HSS 152.4 x 152.4
x 11.1 and round HSS of 88.9 mm and 73.0 mm diameter. b

- Sheridan College of Appiied Arts and Technology, Oakville, Ontario.. Exposed
triangular trusses and a vivid colour scheme provide 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. v

-—’M-ilitary Base - St. Jean d’Iberville, Quebec. 33.75 m long triangular
trusses span a gymnasium and comprise compression chords of HSS 152.4 x

101.6 varying from 6.35 mm to 4.78 mm wall thickness, and tension chords HSS

]:52.4 x 152.4 with wall thickness either 6.35 mm ox 9.53 mm. Web members



vary from HSS 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 differ from those of

planar HSS trusses. Of particular importance are the joints tp the tension

chord, where typically four web members meet. The configuration of
4

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

different in a triangular truss.
A research project was undertaken to investigate the behaviour of

—

triangular trusses. The first phase comp_r'ised the testing of a m/x:nber of
segments o;‘.’- triangular trusses, with attention being directed primariiy at the
behaviour of the tension chord joint. While detailed results of these tests
were presented oy Bauer (1981), a summary of the main features is giyen herein
(Cha{:ter 2) for completeness. The second pha‘se :omprised the testing of
simplified t:(riangular truss texﬂxsion chord joints, as well as the developuent
of general recommendatizons for the analysis and design of trianguy.x trusses
made of rectangular HSS, and is the principal subject of this thesis. A
detailed description of the second test series is given herein (Chaptey 3).
Results from both tests series are th;n discussed (Chapter 4), and theoretical
analyses of tension chord joints are presented (Chapter 5). From the two test
series and from the theoretical analyses, information relevant to design is
established (Chapter 6)‘. Using these tentative design recommendations
‘examples of some aspects of the design of a 22 o span triangular truss are

given (Chapter 7).

The type of temsion chord joint considered in this research program

o

comprised a square HSS chord with walls inclined at angles of 45° to

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

walls, as shown in Fig. 1.2a. This configuration is appropriate when the

included angle between web planes is in the range of abmfnt 50° to 90°

For lower values of this angle, and providing the chord wall is sufficiently

-
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wide, all web members can be attached to one wall of the chord as shown in

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

is not considered herein.

Because gap joints cause more severe loading of the chord walls than
overlap joints, and because of the fabrication advantages of the former, the
empliasis in the research programs was on the behaviour of gap joints. Similar

-

emphasis is given to the analysis and design considerations treated herein.

s Tal



Fig. 1.1 Truss details and HSS trusses (a) Open section detail
(b) Hollow section detail. (c) Plane truss. (d) Triangular truss

[ (a), (b) and {d) adapted from Stelco 1981 ]

@ (b)

Fig. 1.2 Triangular truss tension chord comnections.
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CHAPTER 2 SUMMARY OF TRUSS TESTS

-

This chapter presents a brief summary of the truss tests which were
carried out as the first part of the project Test results will be discussed
further and referred to in the following chapters, and are included herein for
completeness A full description and discussion of the tests is given by'

»

Bauer (1981)

2 1 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 shown scheu\xa\x\ically in Fig 2 1 in the inversed position {in which the
specimens were tested This truss panel was designed primarily to i{nvestigate
the joint behaviour and at the same time study the behaviour of the web
members All tension chords were HSS - 127 O x 127 O sections with wall
thickness of either 4 78 mm or 7 95 mm. The principal wvariables, which are
summarized in Table 2.1, were the -width ratio, the angle between web planes,
a, the gap dimension g, and the chord wall width-to-thickness ratio, by/ty.

The truss segments were cantilevered from a massive rig which was bolted
to the laboratory reaction floor loads were applied vertically at the fr'ee
end of the truss, as shown schematically in Fig 2 1 and illustrated in
Fig. 2.2 For six trusses, this was the only load, and these therefore
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 truss

deflections and lateral displacements within the length of coupression web
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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 were

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

determined Resultant forces (axial force and two moments) in the inelastic
~ range were calculated on the assumptions of an elastic-perfectly-plastic
material. Full details of the test specimens, instrumentation and loading are

given elsewhere (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 deflections
were compared with results. of elastic analyses of\ the truss. Three analytical
models were used the first treated the truss as a space trus's (pinned
jolints), the second treated it as a space frame (rigid joints) with no
eccentricities in the joints, and the third modelled it as a space frame with

short fictitious members introduced to simulate joint eccentricities

Predicted deflections and member axial forces were similar for all models, and
agreed well with measures values. On the other hand, moments obtained from

the latter two models differed significantly, and both underestimated the

-

measured moments
The observed modes of failure and maximum test loads are summarized in

Table 2.2 It can be seen that significant joint deformation occurred in four

~

cases (Tests 1, 3, 4 and 6) and that web member buckling was associate icth

the attainment of the maximum load on the truss in three of these four cases
1In the fourth (Test'4), bending of the web members took place progressively
during the test.

@ The joint region of this truss, No 4, is shown in Fig. 2.3, and in

&
-



Fig 2.4 the deformed chord cross section at the same joint is shown at the
mid length of the compression web member connection to the’ chord wall
Rotation of the chord walls, resulting in bending of the compresgion web
members outward from the truss centreline, can be clearly seen This rotation
arises both from the fact that one "side" wall supporting the deforming chord
wall 1is 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 exceeded 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 buckling occurred, although in Test 5 this
took ~place after full yie}d of the cross sections of the tension web members

The choice of truss parameters, summarized in Table 2 1, allows a number
of comparisons between truss pairs in which only one major parameter varied
Minor differences in the values of the parameters existeg 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 influence 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,
maximum strength in all three comparative cases The maximum loads with j
= 0.6 compared with 0.4 were in the ratios 2 29 to 1 (Tests 3 and 1), >1.53

to 1l (Tests 7 and 5) and 1.13 to 1 (Tests 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 in Truss 4 were only 8% greater

- I
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than those in Truss 6, and web member buckling together with joint deformation
occurred in both cases The axial loading on the chord of Truss 3, wlil‘ich
unlike that on Truss 1 consisted of a high tensile load in addition to the
tension resulting from the applied shearing load, did 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 of the different geometries with different

a values, the comparison between strepgths of the trusses {s made on the

basis of the maximum normal load on the ch_ord wall. For 60° and 90°
trusses respectively, these ultimate normal loads were in the ratios 1 6l to 1l
(Tests 6 and 1) and.0.80 to 1 (Tests 4 and 3). These quite different results
are related to the different web member buckling resistances which were in the
ratios 2 to 1 (Tests 6 and 1) and‘ 0.87 to 1 (Tests 4 and 3). It appears _

therefore that the web member buckling and its interaction with joint

X

deformation, which is amplified by the off-centre attachment in the 60°
trusses, is more dominant than differences in joint strength resulting from
the change in angle between web planes,

Significantly greater strengths were exhibited Id the trusses with thick
thord walls than ih those with thin walls. A decrease in by/t, from 26.6 to 16
resulted in ultimate strengths increasing in the ratios 1 to 2.29 (Tests 1 and
5) and/1 to >1 ‘53 (Tests 3 and 7). Similarly the reduction of gap dimensions
frO}/g/bo = 0.28 to zero (Tests 1 and 2 respectively) corresponded’ to ultimate
strengths increasing in the ratio 1 to 1.24.

Stronger joints were in most cases also stiffer. Joint deflectionms,
measured in the direction and along the axis of the compression web members,
are shown in Fig. 2.5.

In summary, it can be seen that a number of the test observations of the

triangular truss joint behaviour show the same features as those exhibited by



planar truss joints. Thus the trends resulting from variations of 8, by/t,,
g/b, are similar The magnitude of these effects will be compared in
Chapter 4. Web member buckling occurred in many of the tests, and in most

cases was assoclated with significant joint deformations



Fig. 2.1

' Fig. 2.2

Reactions at
support rig

|

Applied loads

Trugs segment test arrangement.

Truss segment specimen in loading rig.

10



Fig. 2.3 Tension chord joint deformation. Truss 4

Fig. 2.4 Cross-section distortion. Truss 4.
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Table 2.1 Principal joint parameters. Truss tests
= -
Truss a ] B EB f— e ¥
No (deg ) (deg ) ° * ()
) @
DK-1 90 45 04 25 6 6 28 -7 0 50
DK-2 90 44 0.4 25 4 - -22 0 50
DK-3 90 45 06 25 6 0 26 5 0 50
DK-4 60. 39 0.62 25 2 0 47 18 0 60
DK-5 90 45 04 15 8 0 36 -3 0 50
DK-6 60 38 041 260 045 -3 '0 62
DK-7 90 45 06 16-0 0 45 15 0 50
Notes. Values are based on measured dimensions
. b +b
B - i—ﬁ—z—) sec(45%a/2)
[}

All chord members.were nominall HSS - 127 0 x 127 O

(4

Table 2 2
Truss tests

Summary of failure modes and maximum loads

R

Fallure Mode

va
Maximum

Shear Force
on Truss

(kN)

q

Test 1

Significant chord wall deformation on side 1
The coapression web member on side 1 buckled

Test 2-s

Little joint deformation

Local and overall buckling of the reinforced
compression web member on side 2
Unconnected walls remained plane

Test 3

The chord wall on sfide 2 deformed significantly
Unconnected walls daflected out of plane at joint
Local and overall buckling of the compression web
member on side 2

Test' &

Significant chord wall deformation on both sides
Unconnected walls severely deflected out of plane
at joint !

\
Test 5
Lictle joint deformation
The compression web mesber on side 1 buckled

Tension web members yielded \

Test 6
Significant chord wall deformation

Both compression web mesbers buckled

Tesc 7

Litcle joint deformation

Test rig capacity reached prior to significant
distress of test specimen

125 9

155 6

288 6

281 5

€1



CHAPTER 3 JOINT TESTS

3.1 INTRODUCTION

Following the tests of the seven segments of Double-K triangular 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 joints), were carried out and are described in this chapter The
first investigation was concerned with the behaviour of the joint in the -
tengsion chord of a DK triangular truss at which four web members are usually
connected to the chord. In the second investigation, the configuration was
simplified to consider the two compression web members only, and these were
oriented normai to the chord. The instability of the compression web members

was also considered.

3J.1.1 Objectives
The following were the specific objectives of the second investigation:

(1) To determine, in as simple a manner as possible, the significance of
the angle between web planes on both the joint strength, and the web
member buckling strength. Angles between web planes varying from 90°
to 30° were considered.

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

(111) To determine experimentally, using the same simplified DT joints, the

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

member instability.

3.1.2 The DT Joint Model
A DT joint specimen is shown in the test rig in Fig. 3.1.~ The advantages

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

14
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simple test arrangement, and the ability to choose web member lengths so as
either to avoid buckling or tg 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 deformation 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 assocliated with
the compression web members and also that the chord wall rotation resulted in
bending of the compression web members away from the axis of symmetry of the
truss. These are the main features which were simulated by the simplified DT
configuration

It is clear that such a simple arrangement could not simulate all the
conditions in a DK truss joint, and indeed some additional factors were
introduced by the test arrangement. Principal_a_r.nong these were time 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 in Chapter 4, §4.1.5.

3.1.3 Test Program
The following primary parameters were investigated:
(a) '}'he angle between web planes, a.
(b) The ratio of web member width to chord member width, g
(¢c) The chord wall width to thickness ratio, b,/t,.

(d) The slenderness ratio of the web members, L_/r.

The program of tests, involving 24 specimens, is ouglined in Table 3.1.
In order to achieve the significant joint deformation which was the principal

feature under investigation, it can be noted that the tests involved low
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values of B (pri.madrﬂy a value of 0.4), and intermediate v;lues of by/t, (most
tests involved by/t, = 26.6). The planar T joints referred to in the Table
were joints which corresponded to a planar truss with a single web member
meeting the chord in the direction perpendicular to its axis. These tests
were included for control reasons, in order to relate the })ehaviour with two
chord walls loaded to the planar truss situation in which only one wall is

loaded. .
The test series comprised three categorie—s’:

(1) Joint Strength - Tests 1 to 12, 21 and 22:
In these, compression web member failure was avoided by employing a low
slenderness ratio.
- tests 1,4,5,6,10 ; 7,8,12 ; 21,22 and 3,11 investigated the
effect of the angle a.
- tests 4,7,22 ; 1,21 ; 5,8 and 10,12 investigated the effect of
the width ratio 8 = b,/b,.
- tests 1,2,3,9 and 10,11 investigated the effect of the chord wall
slenderness b, /t,.

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

(11) Compression Web Member Strength - Tests 13 to 20:
The compression web member failure and\ its interaction with the joint
deformation were investigated in these tests. Tests 13 to 20 ir,rvolved
low retios of web member strength to joint strength, estimated at “the
time of design as 1.05 for tests 15 to 20 and 1.20 for tests 13 and 14.
These tests involved similar joints to those of tests 1, 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 with chord and compression web
members corresponding to those employed in four of the truss segme\m:

tests performed eaxlier. The four chosan were those which exhibited

the most siénificant joint deformation.

’

Tests 7, 8, 12 and 19 investigated the rather extreme case of f = 0.2.
It should be noted that B values in triangular trusses will in general be
less than those in planar trusses. No tests weréd done for B values greater

than 0.6.

3.1,4 Details of Specimens
Typical joint sections are shown in Fig. 3 3  Whenever possible, centre
e
lines of web members intersected on the tension chord axis, although in some

cases (as f became large and the angle between web planes became small) this

was not possible if the web members were not to intersect, and were to be

-

attached to adjacent faces of chord. In practice, for a lgss than 45°, it
can be expected that the designer would attach both members to the same face
of 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
all specimens are given in Table 3.2. Measured valués. givén in Table 3.3
were used in all calculations of member resistances and loads, etc. given

herein.
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32 Z.MAterial Properties and Fabrication

All members were square HBS sections provided by Stelco Incorporated

Anticipated material specifications were grade 350, type W (weldable steel), ,

r

Class H (hot formed to final shape, or cold formed to final shape and sFress
relieved) according to CSA Standards- G40 20-M and G?O 21-M Nominal
mechanical properties for this material include a minimum yield strength of.
350 MPa,' tensile strength in the range 450-620 MPa and minimum elongation in *
50 mm of 228 One section size supplied conformed to Grade 300-W

Coupons were tested from each web and chord member, and were selected
from tube walls other than the one containing the weld seam Average results
for these tests are given in Table 3 4 for each member

The specimens were arc welded manually using low hydrogen electrodes of
the E-48018 series (ultimate tensile strength = 480 MPa) Details o% the
fillet welds of the joints followed STELCO (198l), arn. 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 i{s shown in Figs 3 1 and 3 5 The
specimen rested in special base supports on the ends of its web members, and
was loaded by vertical locads applied to the chord member. The loads were
applied through two loading caps on® the chord and stiffeners were plaéed
Inside the chord directly under the caps to prevent distortion of the chord
cross section at the loading points The spacing between the loading caps was

determined according to the following equation R

\ 1
spacing = 2b, + b,
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which is the same equatioq as the one used by Kato (1979) for planar T joints

based on the fact that the ratio of bending stresses to crippling stresses {n

the chord is the same whether or nat the chord is inclined at 45° to the

w

vertical

3 3 2 Base Supports

Details of the base supports arg given in Figs 3 1 and 3 6 The ends of
the web, members were bolted to a short extension terminated in a ball which
sat in a socket The ball was oiled to reduced friction and could rotate in
any direction inside the socket The effective end of the web member was
therefore the center of the ball and the end condition closely approximated a
freely rocating hinge

The socket sat on two mucual¥y perpendicular rockers concentric with the
ball and was attached to a four arm frame by four link bars om each of which_
two 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 link bars. The socket rolled on the rockers, which offered
negligible rolling resistance, and the transverse sbfars were resisted
therefore only by the link bars The styains in the links were measured in an

b

attempt to obtain the transverse shear magnitudes U
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 web
members and a transverse shear load of 30 kN at cge end of the web members
3 3.3 Instrumentation
Instrumentation comprised” LVDT's (Linearly Varlable Differential

Transformers), electric wire resistance strain gauges and mechanical (dial)

de*“lection gauges.
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LVDT and strain gauge readings were collected through a Digital MINC
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

3331 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 deformation and the rotation in a plane normal to the chord axis. For
the specimens with long web members, a third LVDT was used to measure the
rotation due to bending of th? w;b member about its other axis By correcting
for these rotations, the joint 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 1yiﬁg 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 résistance strain gauges and
the force in the link bar calculated The link bars were prestressed and the
differences between the loads in each pair of opposite link bars gave
components of the web member end shears.

The attempt to measure end shears in the web members, and hence bending
moments, proved a failure. Due to P-A effects the moments calculated from

the end shears were meaningless (e.g. several times larger than the plastic
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moment), and are not considered furtdgr ¥

3 3 3 3 Other Deflection Measurements

Three dial gauges (nos 2, 3 and 4) were used to measure the chord
bending deformations, and one dial gauge (no 1) was used to measure .the
overall specimen deflection, as shown in Fig 31 For slender web members,
two dial gauges were positioned on each web member as shown on Fig 3 9 to

hY

measure the mid-length deflection in two perpendicular directions

3 3 4 Loading
Downward loads were applied 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 1 Fallure Modes

Three failure modes have been identified and are shown in Fig 3 h’

«

These are.
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 fallure 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

Ly

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

each web member, N, is . )
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P (3 1]

N =
7 cos(a/7)

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]

B

The maximum load carrying capacity of tubular joints is the widely used
measure of resistance which ié treated as corresponding 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 l;ad carrying capacity is attained only when very large deformations
have occurred. Punching deformations in excess of 30% of the chord wall width
are frequently reached before the ultimate strength is developed For such
joints a practical deformatiun 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 appropriate load or deformation to represent the necessary limits
of behaviour.

In all the tests where joint failure occurred (modes 1 and 2), loading
was stopped after the joint had developed some arbitrarily large deformation
(11 to 154 of the chord width) while the load was either constant or stiil
“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 §tiffeners under
the loading points. The increased load then triggered a very ductile overall
bending failure of the chord. This bending failure was induced by the test

arrangement and could not be considered representative of triangular truss

Joint behaviour. Consequently, other tests were stopped after the joint had
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undergone large deformations, but before this phenomenon occurred. The

!

maximum loads sustained in those tests terminated in this way is therefore

. 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)

(b)

(¢)

(d)

The maximum load sustained in the test, Y pax For most tests
\

this value 1is 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

A failure load Y, is taken as the load corresponding to a chord
wall deflection of 0 06 b,. This limit 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 dgt yet commenced Only modes 1
and 2 permitted this deflection to be reached.

A yield load Y, was chosen to correspond to the regionm of the

5

load-deflection curve where deflections started to increase rapidly
This load is defined by the offset shown in Fig 3.11 o
A load Y, corresponding to a chord wall deflection ;f 0 01 b, is
also given in Table 3 5 This deflection has been proposed as a

suitable 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 that failed in mode 1 or 2 (tests 1 to 12, 21 to 24) .
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Results of the tests described above (DT joints), as well as those

described in Chapter 2 (DK truss segments), are discussed in the next chapter
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4

Fig 3.4 Fillet weld details. Joint tests

Fig. 3.5 Specimen in test position. Joint tests.
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Fig. 3.6 Base support details Joint tests.

Q0 _ FRAME ATTACHED TO THE TOP OF THE
CHORD MENBER AND SUPPORTING THE PLATE

D _ PLATE WAGING RORMAL TO THE WEB
nemer

C — FRANE ATTACHED TO THE MEB MEPBER
MID SUPPORTING THE LVOT's

d _ wors

SIDE 1 SDE 1 SIDE 2
FRONT VEW SE_VEW ,

Fig. 3.7 LVDT arrangement for measuring the joint
deformations. Joint tests. .



JOINT DEFORMATION ALONG

FINAL
POSITION

Fig. 3.8 Definition for the joint deformation along the axis
of *h2 web member.

AN DIAL GAUGE

8 ———
IN THE WEB PLANE
BENDING OF THE
WEB MEMBERS

OUT OF THE
WEB PLANE
BENDING OF THE
WEB MEMBERS

SIDE 1 SIDE 1 , SIDE 2
FRONT VIEW SDE VIEW

Fig. 3.9 Dial gauge arrangement for measuring the mid-length
transverse deflections of the web members. Joint tests.
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Fig. 3.10 . Failure modes.

Exanples. (joint test specimens):
(a) Mode 1: test no.2 (b) Mode 2: test no.22

(c) Mode 3: test no.l9.
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Fig, 3 11 Typical joint deformation.
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Fig. 3.12 Joint deformatioms. Joint tests.
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Table 3 1 Program of tests (joint tests)
[} 8 bol Chord Compression TEST no
to Meambar Web Meaber (

e a Size Size T-Jotat V) a = 90° a = 60° a = &5° a = 30°
x P
a [} ™ > Lv/r Lv/r Lw/r Lw/r Lv/r
[+ r
t ) tr(Z) 20 “_(2) 20 t.r‘(Z) 20 Lr(Z) t.r(z)

x

C /N, C /N, C/N, C /N, C /N,
1.05 1.20 1.05 1.20 1.05 1.20 1.05 1.20 1.05 1,20
.21 .2 37.2
.21 31.9 i
2 26.6 127.0 x127.0 xN.78 25.% x25.N x3.18 12 19 1
.2 20.0 ¢
.2 16.0
.43 N 37.2 177.8 x177.8 xN.78 76.2 x76.2 xA.78 9
.2 31.9 152.0 x152.#x4.78 63.5 x63.5 x3.18(3) 2
N | 26.6 127.0 x127.0 xX.78 50.8 x50.8 x2.79 20 10 N}I,TZ 17 y |16 15 13 1 18
A 20.0 127.0 x127.0 x6.35 50.8 x50.8 x¥.78 1% (g0) (90) 16 18 3
A 16.0 T5(100)
.57 .6 37.2 -
.58 31.9
.6 26.6 127.0 x127.0 xK.78 76.2 x76.2 x4.78 T3(60) 24 22 |TH(55) 23 2%
.6 20.0
.6 16.0 T7(65)
Notes:

(2)
(3)

(¥) Web member size supplied: 50.8 x 50.8 x 2.79.

(1) T-Joint refers to a single web member perpendicular to and centered on the chord wall, i.e. a planar T joint.

This column indlcates the test nusber of the truss test series and gives also the compression web meaber slenderness ratfo.
Size requested: 63.5 x63.5 x3.81, slze supplied: 63.5 x 63.5 x 3.18.

¢t




Table 3 2

Nominal sizes and dimensions

Joint tests

% S: Fillet weld size.

T «a k] bg to i} Lo b, t id Ly y fwoost
3
t deg [ ] mm mm mm mm mm mm min
1 60 .4 127.0 4.78  26.6, 8oo 50.8, 2.79 18.2 51 19.4 26.3 3
2 60 A2 152.4 4.78 31.9 950 © 63.5 3.18  20.0 614 24,4 25.2 Y
3 60 747 127.0 6.35 20.0 800 50.8 4.78 10.6 491 18,4 26.7 5
y 90 VH 127.0 4.78 26.6 800 50.8 2.79 18.2 514 19.4 26.5 3
5 b5 N 127.0 4,78 26.6 800 50.8 2.79 18.2 515 19.4 26.5 3
6 30 .4 127.0 4,78 26.6 800 50.8 2.79 18.2 511 19.4 26.3 3
7 90 .2 127.0 4.78  26.6 800  25.4 3.18 8.0 394 8.8 54,8 4
8 45 .2 127.0 4.78 26.6 800 25.4 3.187 8.0 394 8.8 44 .8 y
9 60 L3 177.8  4.178 37.2 1100 76.2 4.78 15.9 702 28.8 4.4 5
10 T- .4 127.0 H.78 26.6 800 50.8 2.79 18.2 514 19.4 26.5 3
n T~ N 127.0 6.1% 20.0 800 50.8 2.79 18.2 49y 19.4 25.5 5
12 T- .2 127.0 4.78 26.6 800 25.4 3.18 8.0 394 8.8 yy. 8 4
13 60 N 127.0 14,78 26.6 goo s0.8 2.79 18.2 2396 9.4 123.5 3
14 60 .4 127.0 6.35 20.0 800 50.8 4.78 10.6 2136 18.4 116.1% 5
15 60 .4 127.0 4,78  26.6 Bo0O 50.8 2.79 18.2 2616 19.4 134.8 3
16 60 .4 127.0 6.35 20.0 800 50.8 &4.78 10.6 2316 18.4 125.9 5
17 90 .4 127.0 y.78 26.6 800 50.8 2.79 18.2 2669 19.4 137.6 3
18 15 .4 127.0  4.78  26.6 800 50.8 2.79 18.2 2535 9.4 130.7 3
19 90 .2 127.0 &.78  26.6 800 25.4 3.18 8.0 1049 8.8 119.2 4
20 T- N 127.0 4,78 26.6 800 50.8 2.79 18.2 2669 19.4 137.6 3
21 60 .6 127.0 &%.78 26.6 800 76.2 4.78 15.9 702 28.8 2n.4 5
22 90 .6 127.0 5.78 26.6 800 76.2 .78 15.9 699 28.8 2h.3 5
23 60 .6 127.0 &4.78 26.6 800 76.2 4.78 15.9 2697 28.8 93.6 5
24 90 .6 127.0 8.78  26.6 BoO 76.2 8.78 15.9 2699 28.8 93.7 5
Notes:

€€
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Table 3 3 Measured sizes and dimensions Joint tests
T & o« 8 CHORD WEB MEMBER - SIDE 1 WEB MEMBER - SIDE 2
[
s L I to ' o b T R Ly ™ ) b ty A N Ly ry v o8*
t L) to ty LY ty -~ ™
* + +* +* +
deg deg [ ] [} ] ] -\\ - m [ ] ma L] L] L] - -
1 60 60.4 .40 127.3 X.79 26.6 800 50.9 2.68‘i 19.0 511 512 19.5 26.2 50.9 2.70 ,18.9 SN 512 19.5 26.2 3
2 60 58.7 N2 152.1 .81 31.6 950 63.8 3.2% 19.7 614 613 24.5 25.1 63.8 3.22 19.8 611 613 2.5 25.1 ]
3 60 60.1 .80 126.7 6.16 20.6 800 51.3 5.1 10.0 491 . 490 18.5 26.5 51,1 5.09 10.0 LT} 890 18.% 26.17 5
N 90 90.5 A0 127. 4,73 26.9 8o 50.7 2.65 19.1 514 512 19.4 26.5 S0. 2.67 19.0 514 512 19.% 26.5 13
5 N5 82,7 N0 127.8 NN 26.9 800 50.5 2.70 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 .R0 127.% 5.73 26.9 800 50.6 2.69. 18.8 511 512 19.3 26.5 50.4% 2.7 18.6 511 512 19.3 26.5 3
7 90 90. 20 127.% N.TM 26.9 800 26.0 3.56 1.3 394 392 8.9 he. 3 26.0 3.5% 7.3 394 392 8.9 L1 B |
8 N5 A8 ,20 127.7 M.78 26,7 800 26.0 3.5 7.3 394 394 8.9 4.3 26.0 3.59 ‘7.2 394 394 8.9 .3 8
9 60 58.0 A3 ¥718.6 N.62 38.7 1100 76.5 N.96 15.4 702 675 28.8 24.4  76.% 4,98 15.3 702 675 28.7 285 5
10 T- T- M0 127.% N,76 26.8 800 50.9 2.69 18.9 514 514 19.5 26.4 - - - - - - - 3
13 I £ T- .80 127.0 6.23 20.4 800 50.9 2.70 18.9 LEL] L1 19.5 25.3 - - - - - - - 5
12 T- T- .20 127.6 K.76 26.8 800 25.9 3.53 1.3 393 394 8.9 34,3 - - - - - - - [
13 60 56.2 ko 127.3 k.76 26.7 800 50.8 2.60 19.5 2396 2396 19.5 122.9  S0. 2.60 19.6 2396 2396 19.5 122.9 3
M 60 58.5 .00 126.9 6.23 20.% 800 51.2 5.3% 9.6 2136 2136 18.3 1M6.1  51.3  5.36 9.6 2136 2136 18.% 116.1 5
15 60 57.7 R0 127.5 §.65 27.4 800 50.9 2.67 19.1 2616 2617 19.5 134.2 50.7 2.67 19.0 2616 2617 19.4 134.8 3
16 60 58.3 b0 126.8  6.19 20,5 8oo 0.7 5.1 9.9 2316 2315 18.3 126.6 50.8 5.09 0.0 2316 2315 18.3 126.6 5
17 90 89.3 .40 127.5 &.72 27.0 800 50.9 2.58 19.7 2669 2669 19.5 136.9 50.6 2.59 19.5 2669 2669 19.% 137.6 3
18 3 82.2 .40 127.7 4.70 27.2 800 50.8 2.67 19.0 2535 2536 19.4 130.7 50.9 2.68 19.0 2535 2536 19.5 130.0 3
19 90 90, .20 127.6 4.76 26.8 800 26.0 3.54 7.3 1049 1050 8.9 117.9 26.0 3.55 7.3 1039 1050 8.9 17.9 &
20 T- T- A [] 127.6 4.7% 26.9 800 50.8 2.67 )9.0 2669 2669 19.4 137.6 - - - - - - 3
21 60 57.8 .60 127.5 §.64 21.5 800 76.3 R.96 15.8 702 102 28.7 24.5 76.3 4.93 15.5 102 702 28.7 24.5 5
22 90 90. .60 127.6  8.75 26.9 800 76.% h.70 16.3 699 699 28.8 2.3 76.3 m.M 16.2 699 699 28.8 2h.3 s
23 60 58.8 .60 127.6 B8.67 27.3 80O 76.0 N.72 6. 2697 2695 28.7 9.0 76.6 4.95 15.5 2697 2695 28.8 93.6 5
28 90 B89.% .60 127.5 4.76 26.8 800 76.7 5.07 15.1 2699 2696 28.8 93.7 176.7 4.93 15.6 2699 2696 28.9 .4 5
/ 3
Notes: v

§ 31 Fillet weld size

+ Nominal values. Since measured values are close to noaminal values, use nominal values in calculations.

e



Joint tests

Average coupon results

Table 3.4
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Yield
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29
25
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Table 3.5
Joint tests

Test and theoretical values of chord wall normal loads

)

T Test Value Failure Yield' [ (test)
e Load at Yield Ultimate Maximum Mode Line Yy(theory)
s 0.01 by Load Load Load Theory
t defn. 0.06 bO
. . defn;
Yy Y, Y, Yooy X,
] 49.4 73.0 81.4 85.6 ] 70.3 1.04
2 58.6 82.0 95.0 14,2 1 78.8 1.04
3 84.8 165.0 178.9 182.7 1 151.6 1.09
it 42.3 60.0 T4.2 97.9 1 58.4 1.03
5 54.6 76.0 84.3 89.7 1 70.0 1.09
6 51.0 83.0 86.1 87.9 1 71.8 1.16
7 23.0 39.0 50.2 78.6 1 yy.1 0.88
8 36.6 63.0 68.9 72.9 1 71.2 0.88
9 33.5 93.0 98.6 151.6 2 73.3 1.27
10 37.0 61.5 76.0 120.1 1 59.3 1.04
11 72.5 107.0 135.5 20l.,6 1 133.0 0.80
12 14.0 48.0 56.0 93.4 1 51.5 0.93
13 45.8 - - 68.3 3 67.9 -
i 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 HT.1 - - 67.8 3 67.5 -
18 44,6 - - 65.4 3 *78.9 -
19 39,2 51.0 - 64.5 3 51.6 . (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 1.99
22 107.7 138.0 149.6 166.7 2 120.6 1.14
23 55.8 132.0 147.6 155.2 2 127.6 1.03
24 105.0 151.0 " 160.7 181.5 2 127.5 1.18

All loads given in kN.
+ The average of values obtained from each side is given.
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CHAPTER 4 DISCUSSION OF TEST RESULTS

Results discussed in the following are treated in two categories In the

first, those tests in which failure took place in either mode 1 or 2 are
treated, that 1is, failure was prj&‘marily associated with joint deformation
The second category comprises the tests in which web member overall
instability was the primary cause of failure (mode 3 indicated in Table 3 95)

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

considered

4.1 JOINT BEHAVIOUR (DOUBLE-T JOINT TESTS)

4 11 Yield Line Theory

In a subsequent section the influence of the parameters o, B8 and
b,/t,, as outlined in §3 1 3 will be examined Firstly however, test
results are compared with the yield line method of analysis (Jubb and
Redwood 1966, Kato and Nishiyama 1979, Mouty 1977, Wardenier 1982) This
method 1is recommended for the design of T, Y and X joints with the web
member(s) Iin one plane, and for which the web member width is no more than 80
to 85% of the chord member width The yield line approach has been justified
both on the basis that it corresponds to a reasonable deflection magnitude at
service load level (Mouty 1977, Wardenier 1982), and because it predicts a
"yield load" which is in reasonable agreement with test loads at which the
growth of joint deformations accelerate (Jubb and Redwood 1966, Kato and
Nishiyama 19'}9) The yield line method, and its application to the test
specimens, is summarized in Chapter 5, which includes the equation for the

yield load of a T joint, and various modifications to that equation to account

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

37
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centre position of the web member for DT joints.

Test results, expressed as the normal loads on the. chord walls Y, and
Y, are compared with the yield line theory results on Fig. 4.1. This
comp;nrison {ncludes all Mode 1 and 2 failures, and thus includes the full
ranga of values of the pe;rameters tested While there is some scatter, it can

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

the ratio of test and theoretical yield loads Y, is 1 043 with coefficient
of variation 11.8% For the ultimate loads (corresponding to 0 06 b,
deflection) the corresponding figures are 1 184 and 8.2% The distributions

of these results are shown in Fig. 4.2.
The discussion of joint strength in the following is based primarily upon

the yield values of the test loads, i.e , Yy or Ny. However, except where

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

loads, Y, or N,, follow identical trends.

4.1.2 Comparative Test Results

With a limited number of test specimens, and a limited range of section
sizes to select from, it was not possible to isolate all of the principal test
parameters when designing the experiments As an ex‘a’mple, variation of the
angle a will change the contact width of the web member on the chord face, so
that with the same size ;sf web member the wvalue of the effective width ratio,
B, will change with a The yield line fheory predicts that this accompanying
change in # will have a non-negligible effect on the yield load, and indeed
the evidence suggests that the B effect is much greater than any effect of the
corresponding variations i:n a. For this reason, and because the yield line
theory has been shown to provide a good correlation with the test results, the
ratio of test load to theoretical yield line load is used in the next section

to investigate the effects of the principal parameters.
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One major influence can, however, be investigated by direct comparison
between test results, namely, the effect of loading on two adjacent chord
walls, compared with the loading on one chord wall which occurs in planar
trusses The latter has been the object of much of the joint testing carried
out over the last two decades, and is the case to which the yleld line theory
has been compared in earlier research work

Such direct comparisons will nevertheless require normalization in view
of the significant variation in yield stresses between specimens and because
of dimensional variations Because of the correlation already observed
between tests and yleld 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 adjusted values of the normal yleld loads on the chord

wall, Y , are given in Table 4.1 for the relevant test specimens These are
the ones corresponding to planar T joints and to DT joints with 90° angles
between web planes

Only two pairs of these specimens can be compared Nos 4 and 10 for
which the ratio of normalized fallure loads is O 99 and Nos 7 and 12 for
which the ratio is 0 95. These results, for which 8 was 0 2 and 0 4 and
by,/t, = 26.6, suggest that there is little interactive effect produced by

identical loading on an adjacent wall of the chord

4.1 3 Effects of Principal Parameters

The ratio of test to theoretical yield load values for the range of
angles between web planes, a, are shown in Fig. 4 3 Tests involv-ing
nominally identical values of other parameters are linked. This graph
indicates no discernible trend with a, suggesting that the yield line theory
adequately incorporates its effects.

Similar load ratios are shown as they vary wi;hiﬂ, in Fig. 4.4a. Here
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there appears to be a decrease in test to theoretical load ratio as 8
decreases. While low values of 8 are uncommon in planar trusses, they more
frequently arise in triangular trusses The trend is however less consistent
_t:or the ultimate loads, shown in Fig. 4.4b.

The yleld line theory does not incorporate any influence of the chord
wall slenderness ratio b,/t, High values of this ratio can lead to web
crippling in T joint tests, especially when 8 is large, but may also allow
membrane action to develop in K or N truss joints The ratio of test to
theoretical yleld load is plotted for the four slenderness ratios in Fig 4 5
Considerable scatter exists and no consistent variation of the load ratio with
b,/t, can be seen. In particular: no indication of loss of resistance

with increasing b,/t, is evident from the limited experimental data.

4.1.4 Joint Deformations

A joint deformation of 1% of the chord width b, has been suggeéted as
an appropriate deflection limit at service load level for planar HSS truss
Joints (Mouty 1977). The test loads at which this deformation was recorded
are listed in Table 3.5, and are also compared in Fig. 4.6 with the yield load
predicted by the yleld line theory. The mean value of the ratio of these
measured loads to the theoretical yield line value is 0.625, with standard
deviation 16 3%. A line 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 (in connection with taking into acc.ount the weld size and
the chord corner curvature when calculating the g ratio), following
Chapter 5, leads to a slightly higher theoretical yield strength than the

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

deformation at service load levels, for the triangular jolnt considered here
1

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 failed in mode 1 or 2 At
the applied load P,, 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

Mp,roducod = [ 1 - (Nip]z ] Mp {4 1)

.
must be calculated for every yield line of the failure mechanism 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 slightly different yield line mechanism would be
obtained and the chord face strength would be recalculated This sequence of
calculations would be iterated until convergence occurred

For planar K joints, an approximation of the choré 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 strength {is

calculated by multiplying by a chord loading influence function

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

0.4 |n]|

loading influence function (Wardenier 1982) is proposed as f(n) =1 3 - —F

For the DT joints, the same simplifying approaches can be used A
uniform longitudinal stress distribution in the chord, equal to the bending

stress at the web member level, is consarvatively assumed to have the same

B
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effect as the actual linearly varying bending stress distribution Using
f(n) = 1-(n)2,’ the reduction of th-e 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 loads Y 6 becomes 1.143

with coefficient of variation 15.7%. Using f(n) - 1.3 - 0 Aﬂ nl' the reduction

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

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

variation 12.4%

4.1.6 Conclusions

Specific conclusions based on the results presented are listed below:

1 The strength of DT joints with two web members separated by 90° is
indistinguishable from that of planar 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 b /t, of 26.6.

2. The yield line theory,_ as developed and interpreted in Chapter 5,
corretates well with the measured yield lcéads The mean of test load to
theoretical load for all 16 specimens Nfailing in modes 1 or 2 is 1.043, with
coefficlent of variation of 11.8% The correlation‘with the test load
corresponding to a chord wall deflection of 6% of its width is also good: the

AV

mean is 1.184 and COV 8.2%) -

3. There 1s no discernible effect of variations in angle between web planes
beyond that incorporated in the yleld line theory. The range examined
included all practical values of this angle.

4. The chord wall slenderness ratio, bo/tao, showed no important
influence on the correlation between tests and yield line theory The range

of by/t, considered was 20 to 37.2, however mqst specimens corresponded to

26.6
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5. The yield line theory incorporates the major effects of the width ratio,

B. However, there is an apparent increase in test yield load compared with
the theoretical load as B increases This trend i{s less marked in the case
of the ultimate test load (corresponding to 6% b, deflection).

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

deformations of O Ol b, occurred on average when loads reached a magnitude

‘of 61% of the theoretical yield line load

A

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 summarized 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 sufficlent
to measure the yield load as defined in Fig 3.11. These three yield loads,
after normalization, were between 88% 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, C predicted by column

x

o
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 t:::>r all other tests
it was considerably greater than the test loads, suggesting that these are the

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

maximum test load to C_ with K=1.0 varies from 1.07 to 1 51. These results
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O \ may also be expressed as corresponding to effective length factors varying

]

between 0.96 and 0.80, .

The webomember support at one end closely approximated a pimned joint
and, with the assumption that the SSRC column curve\No. 1 is a correct measure
of column resis'tance, these values of K less than unity can be interpreted as
being related to the restraint at the joint. For elastic buckling, the
restraint can be expected to relate to the relative stiffness of web member to

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

flexural stiffness of the chord wall [taken as proportional to blcoa/(bo’ -b,") ).

L3

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

y stiffnesses. It is unlikely that elastic conditions existed at the joint 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 deformativa prior to
buckling (Nos. 14, 19 and 20) t:hg 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. Ko correlation with plastic joint deformations is
therefore evident, and interaction between the two modes of failure does not

therefore appear to be significant:f\f

4.2,2 Effects of Principal Test Parameters
’ In order to make comparisons between test results related to web member
instability, the measured maximum loads were normalized by multipluying the

test load by the ratio of computed C, (given by SSRC Curve No.l) based on
nominal dimensions and F, = 350 MPa, and theﬁ :%r,alue of C, calculated for
actual properties of the web members. For both values of C_,, the value of K
given in Table 4.2 was used, with the web member length taken as L, as

e defined in Fig. 4.7. Normalized test values ate given in Table 4.2.

P

R S AR X
b
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4

For similar web member slenderness ratios four test results ;,orrespondihg
to various a values are given in Table 4.3. No consistent variz&on with the
/

angle & is evident. Virtually identical results were obtained for the planar

T specimen ‘and the DT 45° and 90° specimens. . i
~13 and 15

Effects of differqnt by /t, values can be evaluated from test

(by/ty = 26.6) and 14 and 16 (by/t, = 20.0). No clear distinction is evident {n

e

the values of K or N/C,. Any effects of different 8 values for Tests

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

$ A4

4 2.3 Conclusions

In summary, the following conclusions are drawn:
1.. Effective length factors calculated from the test results, assuming SSRC
column strength curve No.l, varied betwee"n 0.80 and 0.96 for web members
pinned at one end. They showed no correlation with either the relative eldstic

stiffness between web members and joint or with the degree of joint

deformation prior to web member instability.

2. No significant change of effective length\factors is evident ‘as a varies

between 45° and 90°& Results for the planar T configuration are identfcal

‘

to those for 90° and&5° DT configurations. It is concluded that primary

bending due to non-symmetric joint details, which exist when a » 90°

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

columns

o

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

between results for values of by/t, of 20 and 26.6, nor for nominal §

a

values of 0.2 and 0.4. *

<

W
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& 4 3 TESTS OF DK TRUSS SEGMENTS

The results of the t':ests on DT specimens described in the preceeding
sections are examined here in relation to the DK truss segment tests reported
in Chapter 2. The joint load-deformation curves of the DK truss segments were
used to find the four test loads corresponding to the loads defined in
Fig 3 11 Values of these, expressed as the component normal to the chord
wall, are given in Table 4 4 Only four of the seven DK trusses failed in

modes 1 or 2, and in three of these web member instability also occurred

'\-\ﬁ;’ 3 1 Comparison with Yield Line Theory

Because of the correlation of the yield line theory with the measured
loads of the DT specinens, 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 mechanlisms
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 t:l"xe simple mechanisms considered herein gave
lower loads than those given by these more refined mechanisms Further
refinements of the basic mechanisms for DT joints and the application of these

refinements to DK joints are described in Chapter 5
The ratio of experimental yield load to theoretical value varies from
1 03 to 1.28 for the four DK trusses These results are shown in Fig 4 8,
together with test values of the ultimate load Y, The load corresponding
~— to deflections of 0.0l b, are compared with the yield line theory on Fig. 4.9.
Close correspondence exists, and it can be seen that the spread between this
load and that corresponding to 0.06 b, deflection is much smaller than for

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

O The ratios of test load to theoretical load for the DK tests are also

i

N
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shown on Figs. 4 3 to 4.5. No consistent variation with a, 8 or by/Co
can be seen other than that predicted by the yield line theory, and the DK
truss results fall within, or slightly abov%, the range of values obtained

from the DT tests

4 3 2 Correlation between DT Joint Specimens and DK Truss Segments

The DT joint test specimens were intended to represent the main features
of the compression web members in a DK or DN truss gap joint It 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 N
joint The DK test trusses had gap lengths which were not significantly
different from these theoretical values While this suggests that there may
be some agreement between the yleld 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 n (=h,/b;) which in the truss specimens
must be adjusted to n cosecd Other differences arise because of relatively
small differences between the values of f and ¢

The expected differences due to these three parameters are eliminated in
the way indicated in Table 4 5, where the ratio of DK truss yleld load to
adjusted DT specimen yield load is given in column (10) For DK truss 4, the
differences between the 8, £ and n values of DK 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 DK to DT specimen loads vary from 0.95 to 1 13
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4.3.3 Application of Planar Truss Joint Strength Equations

CIDECT Recommendations

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

predicted by the following (Wardenier 1982) ‘.
2 (Pg)? 3
=Ny sing, =77 Fgq¢t (t—o] g £(n) (4 2)

b, +b,+ h, +h,
where S is now defined as AN

and N, is the axial force in the
0

compression web member at joint failure

-

In appfying this equation to the DK truss joints, f is taken as

b, sec(45°-0.5a) + b, sec(45°-0.5a) + h, + h
1 2 1 2

ﬁ - l&bo [4 3]

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

in Table 4.6 that values based on this equation 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 (Redwood and Bauer 1983), and gives a safe estimate of the

i

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

Comment

The CIDECT planar truss joint strength equation significantly
overestimates the ultimate test load of DK Trusses 1 and 4 It gives a good
prediction of this load for DK Trusses 3 and 6 The Sheffield equation gives
a safe estimate, with the strength underestimate varying from O to 61%. The
yield line analysis (Chapter 5, Eqs. 5.2.24 to 5.2.33) gives a safe estimate

of yleld 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 Web' Member Buckling

Compression web member buckling was observed in five of the seven truss
tests, although in several cases it 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 tension members, and in Truss 1 web member
buckling took place when chord wall deformations at the jolnt were
significant

Treating the compression web member as an axially loaded struc, the
compressive resistance has been calculated according to Specification CAN3-
$16.1-M84, Clause 13 3.2 Since the degree of end fixity is uncertain, values
of the compressive resistance have‘seen calculaked for two effective length
factorg, 0.7 and 0.9, and these are given in 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 from

eccentricity have been ignored in evaluating their resistance

It can be seen that in two cases where web member buckling occurred and
where chord deformations at the joints were significant (Tests 1 and 6), the
ultimate load corresponded to web member buckling with an effective length
factor 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 other, Truss 3, had stocky compression members so that the resistance
was only slightly below the squash load for the member and was therefore
insensitive to variations in.K.

In truss 5, in which little chord deformation occurred, web member
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buckling 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 It 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

Specific conclusions are summarized below
1. By accounting for differences in the main parameters (n, £, and §)
between a DK and the corresponding DT specimen (i.;., same chord and web
member) the DT specimens give a close prediction of the DK yield loads in
three cases out of four. This suggests that the gap size i{s such that
interaction between the adjacent members has little influence )
2. The yield line theory applied to DK trusses safely predicted the measured
yleld loads. The ratios of test to yleld line load lie within, or slightly
above, the range of values obtained from the DT specimens.
3. Joint strength predictions forming the basis of current design methods
for planar trussps are inferior to the yield line method‘given herein, when
applied to the DK truss test results. The latter gives less variability.than
the CIDECT or Sheffield equations. The CIDECT 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 DK 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 = 0.7 were
Y
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observed in tests where joint deformations were small This suggests that the
loss of stiffness as the joint deforms 1lowers the resistance of the

compression web members in triangular trusses

Before considering design recommendations (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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Table 4 1 Yield loads for 90° DT and planar T specimens Joint tests
T a Normal Chord Loads Y, (kN)
e
] deg. Measured Yield Line Theory Test load
t in Test Actual Nominal Normalized
Properties Properties (3)%(5)/(4)
(1 (2) (3) (W) (5) (6)
i 90 60.0 58.4 59.3 60.9
7 90 39.0 4y, by 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 Ly .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 3-failures Joint tests
T a Measured Cr' .EEE Effective Normalized Normalized
e (nominal) Web Member Cn Length Web Member Yield Value
s (deg.) Load Factor * Test Load from Test
t at Failure
Ny (kN) K Ncr (kN) Ny (kN)
13 60 71.4 62.1 1.15 0.92 75.6 -
14 60 142.8 133.2 1.07 0.96 124 .5 115.3
15 60 62.7 54.5 1.15 0.92 64.1 -
16 60 138.0 109.9 1.;6 0.88 127.6 ¥ -
18 45 71.5 57.4 1.25 0.88 . 12.9 -
19 90 64.5 2.7 1.51 0.80 L 55.6 43,
20 T- 68.9 52.6 1.31% 0.86 71.0 56.1

. Cr given by SSRC Column Curve No.1, using measured properties,

and the length L,' with K v 1.0 (ses Fig. 4.7).

+ K is based upon length Lw'.
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0 Table 4.3 Web member instability. Variation with a. Joint tests.
T a '/r Normalized Effective -—
e deg. Web Member Length
s Failure Load Factor
t
Ncr (kN) K
20 T- 134 71.0 0.86
17 90 131 72.0 0.85
15 60 134 64 .1 0.92
18 U5 128 72.9 0.88

Table 4.4 Test and theoretical values of chord wall normal loads
Truss tests

Double-K Test Value Failure Yield Iy(test)
Truss Load at Yield Ultimate Maximum Mode Line Yy(theory)
Segment 0.01 bg Load Load Load Theory
Tast defn. 0.06 bg
. . defn;
Ys . Yy Yu Ymax Yy
24
DK-1 75.3 84.9 91.6 93.1 1,3 77.0 1.10
DK-2 107.7 - - 110.0 3 (g0) -
DK-3 155.6 172.9 202.9 ~  216.0 2,3 141.2 1.22
DK-4 121.0 139.6 155.6 172.0 2 135.9 1.03
DK-5 204.1 - - 204 .1 3 255.7 -
DK-6 79.2 107. 4 122.1 139.1 1,3 84.0 1.28
DK=7 - - - 312.4 - 975.8 -

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



Las

Table 4 S

Normalization of DT joint test results
segment tests.

Comparison with DK truss

Double-K Test Corresp. Test (theory)' Col.(5) Yy(theory)“ Col.(7) Normalized (2)/(9)
Truss Yy/mp Double~T Yy/mp (kN) based on (kN) based on Double-T
Segment Joint Eqn.: EqQn.: Joint
Test Double-K Specimen Double-T Specimen
Truss Joint Yy/mp
Segment v Specimen
(1) (2) (3) (4) (5) (6) &P (8) (9) (10)
DK-~1 38.39 y 30.30 58.4 (5.2.16) 78.15 (5.2.16) 40.54 0.947
DK-3 77.04 22 59.53 120.6 (5.2.16) 148.02 (5.2.16) 73.04 1.055%
DK-4 61.16 21 61.47 122.6 (5.2.16) 152.32 (5.2.20) 76.35 0.801
DK-6 52.32 1 35.94 70.3, (5.2.20) 90.42 (5.2.20)  B86.22. 1.132
-
» Yy(theory) based on lower value from Eq. (5.2.16) or (5.2.20) using measured properties
of double-T specimens.
&% Y (theory) based on lower value from Eq. (5.2.16) or (5.2.20) using measured properties
of corresponding double-K truss specimens.
+ Col.(9) obtained from (4)x(7)/(5).
]

LS
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equationg.
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Comparison of DK truss test results with various predictor

\

Double-K Teat Values Predictor Equations
Truss Yy T, Yield CIDECT Sheffield
Segment Line Eq.(4.2) (Eastwood
Test Theory and Wood
1970)
DK-1 84.9 91.6 77.0 139.5 95.2
DK-3 172.9 202.9 141.2 210.2 155.8
DK~-4 139.6 155.6 135.9 215.4 155.1
DK-6 107.4 122.1 84.0 132.7 86.4

All loads given in kN.

»

<

Table 4.7 Maximum loads from tests and design equations Truss tests

+ . +
Truss Vult vohord face | vgap+ vbuckllng
No. K=0.7 K=0.9
DK-1'  125.9  104.1 296 153 129
DK-2 155.6 (g=0) 336 - 160 143

LY
DK-3" 288.6 188.7 263 289 273
DK-4"  281.5 222.4 255 328 313
DK-5 288.6 361.6 509 281 222
DK-6" 249.4 150.6 262 307 260
DK-7  441.8  1380.0 437 811 724
Notes: -

V‘z,m.d tace 18 calculated using Eqs. [6.1] to [6.9].
p 18 calculated using Eq. (6.10]. N
Vbuckun; is calculated using Clause ,13.3.2 of CAN3- 816 1-M84.
é is taken as unity since measured member properties were used

in calculacions

Significant chord wall deformatiom occurred in these tests.
All loads given in kN.

¢



CHAPTER 5 YIELD LINE THEORY AND APPLICATIONS

'
The first section of this chapter gives a brief introduction to the yield
line theory. The second sectiom presents yiéld line equations that can be
used for predicting the yield resistance of the simplified DT joint$ as well
as the triangular truss DK joints The basic mechanisﬁs on,which the
equations are based incorporate the off-centering of cﬁ; web members typical
of triangular truss joints. DK joints with differenc sized antl off-centered
tension and compression web members are treated, and hence the equations
presentéd here%n are more general than those prgsented by Bauer and
Pedwood (1985) which assumed same sized and same off-centered web members.
Refinements to the basic mechanisms for DT joints are considereg in tﬁe
rest of the chapt?r (85.3 to 5.5). The refinements include varying the
position of the end yield lines on the chord face, analyﬂﬁng mechanisms with

fans and finally ta%ing into account the effect of normal stresses in the

chord corners. The applicatidn of these refinements to triangular truss DK

L
b}

joints is also discussed.

5.1 YIELD LINE THEORY

L -

The yield line method is a simple and efficient method to calculate the

plastic collapse load of flat, relatively thin, plates of rigid-perfectly

‘

plastic material when transversely loaded in bending The method was

* developed largely by Johansen (1943) and sirnce then, it has been applied

successfully to bozh concrete-and steel plates (Jones and Wood 1967, Park and
. ®

Gamble 1980, Jubb and Redwood 1966)
Eﬁe yield line theory is briefly reviewed below. However, a basic

understanding of the yield line theory is assumed in the following discussion

&

.t <
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and the reader {s,K 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

4

theory of structures and gives an upper bound solution for the collapse load
of a plate. i

In the yleld line method, a plastic collapse mechanism of the plate is
assumed consisting of undeformed plate segments connected by plastic hinge
lines, called yleld lines. The mechanism must be kinematically admissible
over the whole plate and at the boundaries The bending moment distribution
is not considered and, in genera}, the equilibrium conditions are not
verified -

There are two solution approaches in the yield line theory the virtual
work method and the so-called €quilibrium method Both methods lead to
identical upper bound solutions, and it has been demonstrated that both
methods represent in fact the same 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 virtual work method {s
outlined below.

In this method, "a plastic collapse mechanism is assumed for a given plate
and loading, and the collapse load P i? found by equating the work done by the
external load on the plate, E, to the internal work dissipated by the yield

lines, D, during a small motion of the assumed collapse mechanism, viz,

E-D [5.1.1)

P§ = m_ 4.1 5.1.2
=1 no o!zyiold lines P IS [ ]

i
v

P {s the applied load, acting through a virtual displacement é§. The
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minimum load which would cause plastic collapse is termed the collapse or

yield load P, . m, ,’s are the plastic moment resistances per unit

p.J
length, #,'s are the rotations, and I,'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 well as different dimensions for each mechanism must be tried in
order to find the lowest predicted load P ,_ For simple problems, the
optimum solution can be found directly by differentiation. For complex
problems, a trial and error technique is faster and wsually satisfactory

(Jones and Wood 1967, Park and Gamble 1980)

5 2 BASIC MECHANISMS

5 21 DT Joints

For a DT joint in which the web members are centered c. the chord face,
the failure mechanism, shown in Fig 5 1, is the same as for a planar T joint
For the yield line model and loading illustrated, the yleld line method gives

the perpendicular load on the chord wall at yielding failure of the wall as

Y - 1, 4Dbg

m—P-A(h1+2d)§+d (52 1]

where d is found by minimizing Y, i.e. by solving % = 0 leading to
b, a

d - N (5.2.2]
Substituting d from Eq. (5.2.2]) into Eq [‘S' 2.1} gives

Y h b .

l::n 4 ( T1 + 2 \ = 0 ) (5.2.3]

in which m, = 0.25 toz Fyo, the plastic moment per unit width of the chord wall,

P
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kbo is the chord width, \

P

a= (b°'51), (5 2.4]

and 51 and ﬁl are the outside contact dimeniions of the web members

/

on the chord face.

On a triangular truss tension chord, the contact dimensions of the web

members are

b L d h By (52 5)
' cos (a5° - ‘2'-) sin §
and on a compression chord, the web members contact dimensions are
b by d h by (5.2 6]
1 - aa 1 L I e .
cos g] sin ¢
where b and h are the web member sizes. a is the angle between the web

members and § is the angle between the web members and the chord axes
(§ = 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 + 25 [5.2.7]
h' =h + 28 (5.2.8]
by = by - (4-1.542)t, = b, - 1.88¢t, (5.2.9]

in which § = weld leg size and t, = wall thickness of chord.
Using an alternate notation based on unit chord width, as shown in

Fig. 5.3, and defining

d [5.2.10]
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Eq (5 2 3] can be written as

Ymin ;’
-4 | 1 <
2 [€+:z:\'$2 | (5.2 11
b,-b :
Since a = 3 or £ = liﬁ, Eq. [5.2.3) canﬂalso be written as
Yoin i 2
220 - 8| —= + 5 2 12
-5 (5 2 12]

All the equations in this chapter can be written using this unit chord width
notation if necessary

For many DT joints, the web members are not centered on the middle of the
chord face in order to minimize eccentricity The essential effects of this
can be determined by analysing the yleld line model shown in Fig 5 4,

hereafter called basic mechanism DT-1  Assuming a normal load on the chord

wall, and nQorotation of the web member relative to the chord, the yleld load

is given by
- 4 b
m%" 2 (h+2d) L+ D)+ 0 [5.2.13]
where d is found by minimizing Y, i e by solving g%?- 0 leading to ’
d 7—1—5" (5.2 14]
- .
Ni+e
Substituting d from Eq. {5.2.14) into Eq. [5.2.13] gives
Y -
Br-2h G+ +8 B Nz+s [3-2.15]
Using unit chord width notation, Eq. (5.2.15] can be written as
Y
min _ g (5.2.16] _

nin _ f + 1
’ 4§(1 . 1_679_) f«l 1- i_-_'Ep
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in which £ = a/b,.

As before, the dimensions a, b,, h, and b, can take account

of the corner curvature and the weld size, and b, accounts for the

s1lightly wider contact width of the web member in those cases where a » 90°.

¥

When the web member is significantly off-center, it becomes more likely
that a different mechanism (from mechanism DT-1 in Fig. 5 4) 1nvofving
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 : 1 1 2 b,
i W [(h+2d)(a+5+c)+ P ] (5 2 17]
2 (b +c¢)
where d i3 found by minimizing Y, i.e. by solving %% = 0 leading to
s
b, ’
d - 1 , [5.2.18]
= + =
\ 8 b+ec
Substituting d from Eq. [5.2.18) into Eq. [5.2.17] gives
Yoin 2 l 1, _1 i, 1
- — h{=+ +4.| =+ = .2,
mp b+2c ( 8 b+c ) Po 8 b +ec (5.2.19]
2 (b+c) . _ -
Alternatively, using unit chord width notation,
[5.2.20]

.Y_nm_.._—_-e_-—_ _i-+.2_14-?_§
M 2(1-¢) - B | 2¢ N
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Values of Y, for mechanisms DT-1 and DT-2 are given in Tables 5 1

and 5.2, respectively. The joint parameter B is varied from 0.2 to O 8 and
A 1s varied between 0.5 and 1 O, where A is a measure of the web member off-

centering, defined as

- f (5 2 21)

Possible values of A range from 0.5 for centered web members up to 1.0 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, Y for that joint is the lower of the two

min?
upper bound solutions, Eqs (5.2 15] and. {5 2.19], for mechanisms DT-1 and DT-
2. These values are located above the thick line in Table 5 1 and below it in

Table 5.2 |JFor clarity, these lower values are repeated in Table 5 3 with the

corresponding governing mechanism It can be seen that mechanism DT-1 governs
for small values of X and B, while mechanism DT-2 governs for large
values of these parameters.

The importance of selecting tgé correct mechanism is demonstrated by the
percentage difference between the higher and the lower predicted loads, given
on the 3rd lines in Table 5.3. For example with B‘- 0 8 and X = 0.5,

mechanism DT-1 goverris and préaicts a load 15% lower than mechanism DT-2 For

A = 0.9, mechanism DT-2 predicts a load 58% lower than mechanism DT-1.

5.2.2 DK Joints
Yield line analysis in its simpi& form has been applied to K and N planar
truss joints by Davies and Roper (1975) for centered and equal sized tension
~

and compression web members and Mouty (1977) for centered and different sized
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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 yileld load normal to the chord wall

-8 i cos_ecﬂ 1 + Loy T 5.2.22
Y, m, 1.5 i it 30 ( ]

where vy = g/b, in which g is the gap dimension, and 7 = ﬁl/bo, etc.
- It is of relevance to note that comparison of Eqs. [5.2.12] and [5.2.22]
show that the normal yield load is identical for T-joint and K-joint if the

gap dimension satisfies the following:

v - f- - f1-B - #(cosecsd - 1) * \J [.[1-,?3 - f(cosecd - 1) ‘. %(1-,?3) [5.2.23)
Q

For triangular truss DK 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 yleld line mechanisms DK-1, DK-

2, DK-3 and DK-4, shown in Fig. 5.7, model possible modes of -chord face

failure. Mechanism DK-1 involves only punching in and pulling out of the web
members whereas mechanism DK-2 involves also rotation of the web members
These mechanisms correspond to mechanisms DT-1 and DT-2 for the DT joints.
Mechanisms DK-3 and DK-4 are combinations of those two modes of deformation.

The predicted joint resistance, Y, based on the yield line mechanisms DK-

1, -2, -3 and -4 is given by

Y _ 2 [ K (Brdpx) + L (Bpdpgx) BE

b, bog-x bO] o [5.2.24]

where K, L, M, and N are defined in Table 5.4.

——
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For each mechanism, the wvalues of d,, d2 and x that minimize the
load Y are found by differentiating Y with respect to d,, d, and x and

equating to zero-

ay _ 4y ay _
H-o, f-0, L-o (5 2 25]

which for all mechanisms leads to

bO
x @ %"

(=2

0
T 5 2 26
] i , ( ]

d, =
and, if the solution for x lies in the range 0 < x < g, then the solution is

-q i’.]qz-apr

X == (5 2 27)
or
x=- L, (5 2 28]
where
P - g (R¢L) (M-N)
q = 2 N (K+L) ' (5.2 29)
. 3 b, b, b,
r= (hpdy) KN - (Rydpg) DM+ 2N - M - 2 (M-N) - g N
1 2

Eq. (5.2.27) 1is used when p » 0 while Eq. (5 2.28] is used when p = 0,
i.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 valid and
the solutions x = O and x = g must be considered as follows.

When x = 0, mechanisms DK-1 and DK-4 "and mechanisms DK-2 and DK-3 become
identical with no displacement of the compression web member, as sh;)wn in

Fig. 5.8a, and Eq. [5.2.24] simp]}«fies to

Y4
b
X 2| (5.2.30]

Y o2 : b,
i N[L(hz'+d2+g) +3;+
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for which Y is minimm at

b
dy = 4| 22 [5 2.31)

When x = g, mechanisms DK-1 and DK-3 and mechanisms DK-2 and DK-4 become
identical with no displacement of the tension web member, as shown in

Fig-- 5.8b, and Eq. [5 2.24] simplifies to

2 - by, by
mlp"ﬁ K (h+d+g) +3_;+? [5.2 32]
for which Y is minimum at
b,
d, - T [5.2.33)

Note that the applied force component, normal to the chord face, of the
compression web member is Y, = ¥, and that of the tension web member is
Y, = AY. By using the ratio of\applied force components A = Y,/Y,,
the applied loads can be expressed in terms of only one unknown, as is
commonly done in plastic structural analysis (Neal 1977) For tension chord
joints, A is usually equal to 1. When the above equations are applied to
compression chord joints, the value of A is usually w»l because of purlin
loads.

The above equations yield valid solutions even when one of the web

members has the same width as the chord. When Bl =1 and 'éz <1, x =0 and

Eq. [5.2.30) applies. When ﬁz - 1 and El <1, x = g and Eq. [5.2.32) applies.

If both Bx = 1 and Bz -« 1, then no solution can be obtained from the above
equations. However for sych a full width joint, side wall crippling or the

conditions in the gap ar® certainly the governing failure modes (see

Chapter 6).

For any DK joint configuration the correct Y, for that joint is the
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lowest of the minimum loads for mechanisms DK-1, -2, -3 and -4, the minimum
load being, for each mechanism, the lowest of the three possible solutions,
namely O < x < g, x = 0, and x = g. Such values of Y ,_ and the corresponding

governing mechanism (either DK-1, -2, -3 or -4) are given in Table 5.5 for the

joint parameters vy (=g/b,) varying between 0.1 and 0.4, [31 between O 2 and 0.8,

A, between 0.5 and 0.9, and for a ratio of the contact dimensions f\l/fn1 of
\
the web members on the chord face equgl to 1. Mechanism DK-1, involving no

rotation of the web members, governs for small values of A [91 and
7/
v, while mechanisms DK-2, -3 and -4 govern for large values of these

parameters. !
In Table 5.5, a value of 1'11/151 = 1 was chosen for simplicity This value

corresponds to the case of square web members (h1 = b;) connected to the chord
at an angle o = 90° and 4, = 90°, and it corresponds also to the geometry of a

simple DT joint with h, = b,, a = 90° and for which always §, - 90° However,

11
it should be noted that Eq. [5.2 24] can be used to calculate the strength of

a joint with different h, and b, values, for example a DK joint with a = 60°,

§, = 45°, h; = 1 Sb, (rectangular web members). Hence h, = 1 41h,, b, = 1 04b,

- B b, i
and h, = 2.05b,, or if h; = ;% then h; = 0.9b.

5.3 MECHANISMS WITH INCLINED END YIELD LINES

A variation of the basic mechanisms DT-1 and DT-2 for DT joints {is

investigated below, where the end yield lines on the chord face are permitted

to make an angle other than 90° with the chord axis. These mechanisms are

hereafter called DT-1-E and DT-2-E, in which ‘E’' stands for End yield lines.
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5.3.1 Mechanism DT-1-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-1, the web member is assumed not to rotate in relation to
the chord. Additional yleld lines now appear on each side of the web member
as required for compatibility of deformations.

v The mgchanism is defined by 3 independent parameters, d as in basic
mechanism DT-1, Q defining the angle that the end yield lines make with the
chord axis, and f locating the new yield lines.

The mechanism is shown in Fig. 5.9 for‘ different cases of positive and
negative O, and for f = 0 and f = b,. These different mechanisms
correspond to the different patterns in which the yield lines are hogging and
sagging (hogging and sagging l‘ines are ldentified as H and S in Fig. 5.9).
The equations obtained for each case are differe‘nt and hence should be used
only with the appropriats values of O and f. This kind of problem where some
yleld lines switch from sagging to hogging or vice versa, leading to different
equations, occurs in several problems and can easily be overlooked. It is not
unreasonable to think that a unique equation could cover all the different
cases, however such an equation was not found.

The expressions for the energy dissipated by the yield lines were derived
using convent:ior;al vector addition rules for yield line calculations (see for
examp;.e Johansen 1943, Wood and Jones 1967, Mills 1970). Furthermore, the
yleld 1line equ‘a.tions were checked against results from a numerical yield line

analysis method developed by the author (Bauer 1986, Bauer and Redwood).

The yield load normal to the chord wall is
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(1) for positive O and f = O:
Y L ‘ 1 - 1 b,
= =2 |h, + 2 (d-bytanfl)| = + 2 (h+2d) = + &4 - 3.
o, 1 (d-by )| 3 (hy#2d) & (cos¥) [d - (b,+c)tann) (5.3.1]
/
(11) for positive 1 and 0 < f < b
5= 2[Ry +2 (d-boranm)| L + 2 (hp2a) L+ s Bof
n, ¢ (cosX) [d - (b,+c)tann)
f-c 4
+ 4 + {53 2]
S ST a0 ,
(11i) for negative 0 and 0 < f < b:
Y C 1 r 1 f
= = 2 h, +2 (d-bytanQ)| = + 2 (h,+2d) = + 4
oy 1 (d-by )] a (hy#2d) & (cosXl) [d - c tanfl)
51+C-f 4
YO TFam T T o = (533
tan 5 + O - tan (—B_—d- otanﬂ]
(1v) for negative @ and £ = b: >
B
B} . b +c
-2 [f, + 2 (a-byranm)| L + 2 (hyr20) L + 4 24
+ 4 (5.3.4)

T

tan|Z + Q - tan'l[ﬁR)l
0

¢

For each of Eqs. [5 3.1] to [5.3 4] minimization of Y with respect to d,
2 and £ ir_wolves searching for a solu;:ion of quite lengthy simultaneous non-
linear equations. An exact closed form solution is impossible to obtain due
to this complexity. An lterative numerical solution is possible. However,
the simplest way to firid the minimum load Y_,, is by searching for it

using Eqs. [5.3.1] to [5.3.4] over a complete range of the parameters d, €

and f. The minimum loads found from such a search are given in Table 5.6. For

-~
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small values of A the minimum load occurs at 3 =s0,—i.e. the results’ are the
same as for the basic mechanism DT-1. For higher values of A and as B8
increases, the minimum loads occur at decreasing (negative) values of Q and

at £ = 0.25, but the minimum loads are only marginally lower than for the

: L
basic mechanism DT-1. At these values of A and A, basic mechanism DT-2
governs with much lower loads (see Table‘5.2).

Hence mechanism DT-1-E, with inclined end yield lines, is either

identical to basic mechanism D‘T-l, for low B and A values, or does not

govern, for high values of these parameters.

5.3.2 Mechanism DT-2-E

A representative mechanism is shown in Fig. 5.10. Similarly to basic
mechanism DT-2," rotation of the web member is assumed in addition to punching
in. The mechanism is defimed by two parameters, d and Q. There is no’
switching from hogging to sagging of the yield Iines for any value of d and
2. The yield load normal to the chord wall is given by

2 - 1 : 1
-—2_ [ (A, +2d) 21+ (h2d-2btand) L
% T, +2c (hy+20) gt ocand) g

2 (B, + c)

bO
2 (cos¥) [d - (b,+c)tanq) [5 3.5]

+
S
Minimization of Y with respect to d and'Q is obtained by solving

AT

%-o, %-o, (5.3.6]
leading to
=0 and d= 1__11_ (5.3.7]
- S- oy |
e \

i.e., Y, occurs a §§ = 0, and the solution is identical to that of



D
basic nﬁechanism DT-2. (Substitution of E§. {5.3 7] into Eq ([5.3.5] yields
Eq. [5.2.19]).
~In conclusion, the inclination of the end yield lines in DT Joints does
not reduce the joinﬁ yield load for either mechanism DT-1 or DT-2 (when either

mechgnism governs). Because of the similarity between DT and DK joints this

conclusion can be extepnded to DK joints. Hence the inclination of the end
yield lines™is not considered for DK Joints as it would produce only slight

reduction, or more likely no reduction, in the joint yield load

5 4 MECHANISMS WITH FANS

w « P .

. .
Modification to basic mechanisms DT-1 and DT-2 for DT jvints by

incorporating fans into the mechanism are examined below Modifications are
[ oad

possible in many ways as shown in Fig. 5.11. However only one model 1is

investigated herein for each basic mechanism because there is likely little
(4 -

o

difference in the joint yield load for these different modifications The

mechanisms considered are called DT-1-F and DT-2-F, in which ‘'F’ stands for .

Fans. . . .
e ®
5.4.1 Mechanism DT-1-F
A typical model of mechanism DT-1 modified with fans 1is shown n
Fig. 5.12. The configuration of the mechanism is defined by one paramét:ar_,‘ d,

°

with the restriction that

d=a - (5.4.1]

|

for the mechanism to be possible. The joint yield load is . X

*

.
Lo

3

.
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Y C 1 1 251 -1 8 -1 ¢
m—p -2 h) (5+3) + ¥ * 2 tan(cos 1 a) + 2 tan(cos 1 3) \
+2ﬂ-2cos'1%-2cos‘1%] [5 & 2)

Minimization of Y with respect to d leads to

VT @ B0 S
which can be solved for d by iteration By substituting d inte Eq (5 4 2},
Ymm/mp is found Table 5 7 shows the values of Yoin/m, for a range of i
and A valu€s, as well as the percentage difference compared with the minimum
load for basic mechanism DT-1 For example at f = 04 and A = 0 5,
Yoin/®p 1s 12% lower than the minimum load given by basic mechanism DT-1 and,

at A = 0 9, Ymn/“‘p is 22% higher

5 4 2 Mechanism DT-2-F
A typical model of mechanism DT-2 with fans is shown in Fig 5 13 Again
only one parameter, d, is sufficient to define the geometry of the mechanism

Restrictions on the value of d are shown in Fig 5 14 The yield load of the

joint is

Y 2 " 1 " 1

-t h 2d) ~—=— + (h 2 a tanB) z + 2 -A-B 544
By b, +2c (hy# )b1+c (hy+ 2 actanB) g +2 (r-AB) [ ]

2 (b, + ¢)

where

A= tan’! (B ic] and B = cos’! (% sinA] )
X \

Minimization of Y with respect to d Iin a closed form solution is

difficult and was not attempted Instead Y, /m, was obtained from a

nunerical search using Eq. [5.4 4]} for a wide range of d values The minimum
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e,

loads Y,,/m, obtained this way are shown in Table 5.8 for the usual

range of A and ,\- :;11 the minimum loads in the Table were found at the
minimum possible value of d, as defined in Fig 514 The percentage
difference from the load pr_edicted by basic mechanism DT-2 is also given in
Table 5.8.

The least minimum loads Ymm/mp of either mechanisms DT-1, DT-2,
DT-1-F and DT-2-F are shown 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 B = 0.2, 0 4 and A = 0 5.

The importance of considering fans in DT joints 1is indicated by the
variation in the reduction of joint strength with the off-centering ratio A
For f = 0 4, the reduction in jolnt strength when X > 0 5 is at most 5%
higher than when A = 0 5 (Table 5.9) For 8 = 0.6, the reduction in joint
strength when A = 0.5 i{s 3% higher than when A = 0 5. For other f values
the maximum reduction in joint strength occurs at values of A = 0 5, i.e the
reduction is at most equal to that in planar K truss joints

Since the design equations for planar K joints neglect the lower joint
strength of mechanisms with fans (Wardenier 1982), and because the joint
strength in triangular DT joints, based on mechanisms with fans, 1s npt

significantly lower than in planar K joints, it is therefore proposed to

ignore the mechanisms with fans in design recommendations given subsequently

5.5 EFFECT OF NORMAL STRESSES IN CHORD CORNERS

In DT and DK joints, if the web members are shifted towards the chord
upper corner,“as shown in Fig. 2.4, they produce more load on this side of the
chord. The effect on the chord face yleld load of the normal stresses in the

chord cormer yield lines is iInvestigated below. The approach to the problem
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is similar to that for near full and full width T, Y and X joints (Davies et
‘al. 1984, Szlendak and Brodka 1985). Methods of taking into account the
‘effect of normal_stresses in the plastic analysis of a structure are discussed
in Appendix C.

Solutions are presented below for DT joints in which bending of the chord
face is analysed using yleld line mechanisms and the effect 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 Met};ods 3 and 4 presented in Appendix C are used below
to investigate the DT joint behaviour

Consider the DT joints shown in Fig. 5 15b Sharing of the total normal

load Y on each side of the chord, i e the values of P, and p,. can be

assumed in several ways. The following simple load distribution {s assumed

+ e + =2
Z i I (5.5 1)

5 5 1 Solution N1

This solution is based on Method 3 (see Appendix C), using 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 is readily analysed based on the mechanisms
shown in Figs 5 4 and 5 5 The virtual work equation is,

for méchanism DT-1-N1,

. 4 b,
K, Y = m| K (h+2d) + —2

d

ﬁl+2d 5107.::
!
+ '[ .m pz(x) —dlc‘ (5 5.2]

and for mechanism DT-2-NL; -
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4 b h,+2d i hy+2d dx
Kz Y = mp Kl(ﬁl+2d) + _d_g + Io m'pl(x) a + J‘o m'pz(x) ]T;+—c [55.3]

where the constants K, and K, are defined in Table 5.10. m'pJ is the

plastic moment resistance per unit length of chord wall j (j=1,2) reduced by

the normal stress n, which {s, in general, function bf the location x along
the chord corner yield line. The reduced plastic moment resistance is

n,(x)|?

. m, §=1,2 (5.5 4]

m'p (%) = [ 1 -

where n_ =~ o, the yield stress of the chord wall material

P y’
An equilibrium equation is now written for the normal forces Assuming a
uniform distribution of the normal stresses along the chord corners, as shown

in Fig. 5 15c, the equations of equilibrium are

on side 1

(x) LS T : 5.5.5
n - - .
T T W R g [3.5.3]

N\
on side 2
n,(x) P X 55.6
2 n, m ( .6]
@

Substituting Eqs. [5.5.4], [5.5.5) and [5.5.6] into either Eq [5 5.2] or

{5 5.3) leads to

K, v 12 Y - 4 b, .
T (ﬁ;] + K, (a;) - 2K, (ht2d) - =30 =0 (5.5.7)
or
. +,] L4pr

X ...q_;__‘_’_ (5.5.8]
P P -

where .

~ é
:\“..(_* »

\
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q = K, . [5.5.9]

_ 4 b,
r = - 2K (hg2d) =30

where "K,, K, and K, are defined in the Table 5.10.

Finally Y/m, has to be minimized with respect to d. Differentiatings

- ' Eq. [24.8] with respect to d and equating to zero giues
so+Ls?+ 5%+ 54" +52+54%=0 (5.5.10)
where ! .

- 2
S, = 4 Ky by by

. 2 .
S, = - 2K, b,k \\

S, = - 8 Ky by hy
) (5.5.11]
s, - 2K, K h-8K2b, “

[22]
w
1
w©

K, K, R,

Sg = 8 K, K,

-~ -

where K, to K, are defined in Table 5.10.
Eq. [5.5.10] can readily be solved for d by iteration and substituting
the value found into Eq. [5.5.8] gives the final solution Yoin/Mp Such walues

&
of Y,,,/m, are given in Tables 5.11 and 5.12 for mechanisms DT-1-N1 and DT-2-

N2, respectively, taking into dccount the effect of normal stresses in the
chord corners, for the usual range of A and A values, for h, = b,, and for
values of by/t, ranging from 10 to 40. The least of the Y, /m, values for

either of ‘these mechanisms is given in Table 5 13, together with the %
reduction from the Ymm;mp values for the basic mechanisms without normal stress
effects taken into account (see Table 5.3). The % reduction is larger for low
by/t, values and large p and A values, with a maximum reduction of -

& T

o / 4% for bg/t, = 10, B = 0.3 and A = 0.6, and reductions lover than 5%
G .
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0 for by/t, = 20 and higher, and any value of 3 and ).

A}

The above solution assumes that the normal stresses nJ' in the chord
L “ 3

walls are less than the yleld stress n,. As pure squash would ¢;ccur first

© {n the chord wall on side 2, the limit of validity of the above solution is

¥
-

. “
> ;3 <1
LN
or
p Y ot
2 0 !
-ﬁ; < T(hl+2d) . [S'S'H]-

This limit is satisfied for. all values in Tables 5.11'Aand 5.12, except for one

case at by/t; =10, B = 0.8 and A = 0.9 in Table 5.11. ,However for '
this case, meochanism DT-2-N1 governs with combined bending and normal stressés

in the chord corners. Hence, for the range of parameters covered in —

Table 5.13, pure squash of the chord side walls does not limit the validity of

the results given in the Table.

5.5.2 Solution N2 ’ N

This solution’ is also based on Mpth‘od 3 (see Appendix C), u’sing a
kinematic approach for the bending moments and a static approach for the
normal forces. . '

A solution slightly different fxlom the previous one is obtained by.
assuming a linearly varying normal stress distribgt:ion in the chord corner
yield lines, as shown 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 [S.S.al,cbut the

o

- equations of equilibrium are mow assumed to be, on side j (j=1,2) .

rY
. ! - J X —_
for 0 s x < d: nJ(x) ® o, 3 [5.5:13]
i " pyY
, for d sxs hf“di nJ(x) - noj - m [5.5.141

'
B .

- I} v

A__‘A‘ . .. o 2 4. .
E’ﬁ‘fw ] R ~, . . .
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R pY (Rp2d)-x ‘
for h+d < x < h+2d: - 1
0 or hytd < x < hy oy Gade, d (5.5.15) '
. ' where ‘the value of noj is obtained £rom ” ’ ,
( ' h,+2d \ : ‘
I %0y x) ax - p ¥ [5.5.16]

’ . . .7

Substituting Eqgs. i5.5.13] to [5.5.16] into Eqs. [5 5.2}, [5.5.3] and [5.5.4]

©
leads to
[h (8, + 34) “4b
Y - X i 0
2| + K, = -2 K, (h;, + 2d) - =0 5.5.17
(h+d) (m) 2 m, AL )T [ ]
or -
y _-a*fa¥- der ) [5.5.18)
, , B 2p . o
where ’ .
-
: : o v da)
P @, + 2 %3 ,
q - K, . [5.5.19]
' . 4b,
r-- 2K, (h +2dy - ) '

where K,, K, and K, are again defined in Table 5.10.
N Differentiation q}th réspect to d in Eq. [5.5.18] is difficult, so the

mization of Y is done by numerical differentiation (see for example Conte

. . m )
. and de Boor 1980). /\

The values of Y, /m; from the above solution are only slightly smaller

4 than those found in Solution N1. 'For mechanisms DT-1-N2 and DT-2-N2, and for ~

. o b ¢ .
the values of 8, )X and t—° used in Tables 5.11 and 5.12, the difference
o . -
(’ I
between the two solutions is less than 2%.
' P 4 -~
5.5.3 Solution N3 - '

This solution is based on Method 4.1, combin%ng mechanisms (see

0 Appendix C), using a kinematic approach for the bending moments and also a “‘

-’
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kinematic approach for the normal forces, A
£

Consider sub-mechanisms 1, 2 and 3, shown in Fig. 5.17. Sub-mechanism 1

o is for the chord face bending deformations, whereas sub-mechanisms 2 and 3 are
for the normal deflections along the chord corners. These sub-mechanisms,
‘when combined, are equivalent to a complete mechanism (‘DT-l-N3) taking into

account the normal force in the chord walls. Analysis of the 3 separate sub-

mechanisms yields 3 virtual work esuations with the 3 unknowns Y/m,, Ny,

-

and noz,‘ which have to be solved simultaneously. The solytion for Y/mp

thus obtained can then be minimized with respect to d in order to obtain the
final solution‘ Youo/mp,.
The solutions are given below in terms of n,, the normal load per unit

\ —
. length of chord wall, and x_, the location along the chord corners of the

P

Lransition from n, to 0, (np is now defined as the équash load per unit

\
length of chord wall, = t, 0)). Alternatively, the solutions could be
~
‘gtven in terms of the parameters f and g, as in Solution N4 below (see

Fig. 5.21), or in terms of t.'!{e parameters 6, and §,, the maximum
downward deflection along the chord rner§. The reason for this is that
these sets of parameters are function of ane agother.

- It 1s assumed that

P O, )

1 1 1
D G S 5.5.20
PZ noz 32 [ ]

Also, lthe normal stress distributions are assumed to correspond to the
normal displacement aleng the chord corners, as shown in Fig. 5.17.

There are three cases to be considered, as shown in Fig. 5.18. 1In
case 1, the yield ¢ondition along both chord cornmers is due to combine;al\

bending and normal stresses. In case 2, yield on side 2 of the chord is due

to squash (i.e. normal stresses only). In case.3, yield is due to squash on




A

both sides of the chord.
The virtual work equations for sub-mechanisms 1, 2 and 3 (Fig. 5.17) for

each case of yileld condition (Fig. 5.18) are as follows:

Case 1, Combined Bending and Normal Stresses in Both Chord Walls

From sub-mechanism 1 (Fig. 5.17),

b _ _ n 2 . n 2 M
Lodieoi,vofbed)- (he 2300 - (5 2) b2y s
P P

tained from sub-mechanism 2, 1is given by
¢
\

2 3 2 C
2% n,2+ (B, + 3% n, + 2 m, S :dd LSS 0(5.5 22]

and where noz, obtained from. sub-mechanism 3, 1is given by

2¢2+3d*+d*+h,ad
2, [h1+ %.dz] 0, + 2 mp'( . ) - 0[5.5 23]

©

N
o
o

[

+
“©
N

=)
N

C'.;se 2, Squash in Chord Wall Side 2

From sub-mechanism 1,
¥

2

Y o_ .0 2 2 = 201 M 4 ¥
,\n;-l;-d?+(h1+2d)(a-+é)-[h1+3.d]x?‘:12.+3._cp_ (5.5.24]

where Ny, » obtained from sub-mechanism 2, is given by

"\
s

. 2 3 2 "
k(R 3 e (e B ny v 2 0, ZEIESE 00 Coss.as |

P = \\_-———

R

and where X2 obtained from sub-mechanism 3, is given by
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4 ’ : 2
-%npxpzz+mp§-§xpz+mp(ﬂl+2d)%+mp4§--.l-(h1+d]np-0~ [5.5.26]

Case 3, Squash in Both Chord Walls . @

From sub-mechanism 1,

b ) p ) X _, ;
mlp-a—di’+(h1+ 2a)(L+ 2] + 4 B2 22 [5.5.27]
where x,,, obtained from sub-mechanism 2,- is given by

4 " a o 2
“daterm e B2y Lam sy (Ag#d?) n, =0 [5.5.28]
and where X, obtained from sub-mechanism 3, 1is given by

4 d ; B o+q?
ckoxden t 4 vn Gead) Lem, 4 Sh (B n, -0 [5.5.29]
~—

-~

Minimization of Y/mp with respect to d from Eqs. (5.5.21], [5.5.24] and

(5.5.27] can be done numerically and a value of Ypi/m, can hence be obtained
f - .
for each of cases 1, 2 and 3. The le;o{of these three Y, . /m, values is the
4

solution for a particular DT joint, for mechanism DT-1-N3, Expressions

. similar to Eqs. [5.5.21] to [5.5.29] can be derived for mechanism DT-2-N3 and

a r'!'u:/mp value can be obtained in the same manner as explained above for

mechanism DT-1-N3. The final solution for a DT joint is then the lowest of

ke —

these solutlons for mechanisfis DT-1-N3 and DT-2-N3. >

3

»
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An explicit solution for d and Y,,./m, is given below for the simple case
(1

of mechanism DT- 1“N3 with A= 0.5 and ¥ith combined bending and normal
gtresses in both chgrd wal},s (case 1 in Fig. 5:18).

Sub mechanism 1 (Fig 5.17a) simplifies to that shown in Figk 5.19, and -
) .
t:he virtual work equation simplifies to

, - d
l-(%i]z‘]"g?—l + Imp
0

where n, = tw,, the squash load/ unit hlength of chord wall, n and n, are normal

. 4b
Y.1 =, |2(hp2d)} + =2

ar

4 (5.5.30)

loads/ unit length and n = t-;ﬁ .

Sub-mechanisms 2 and 3 QFig 5.17) simplify to sub-mechanism 2 shown in

Fig. 5.20. The, virtual work’ equat:ion ig \ .
by L o ,
Y-4 mp+n°2h1+afonzdx (5.5.31]

’

where z (~-§) -1s the displacement along the chord corners assumed in this sub-

b &

mechanism.

Solving Eq. [5.5.31] for n; and substituting into Eq. [5.5.30] ylelds

»

. ¢
.8 \Ia(zaz + 3t 2)a? + 48h (a2 + £.2)d + 18 (242 + ¢ 2]
P 3t: . A .
vy & \/\‘ ,
. 32ad  4b, lfi‘zh ¥ [5.5.32]
3to d to“
- b
Letting % (%—) = 0 gives
P . - ) -~ .
So+ S, d +5,0%+ 8,d°+8538" +57+50%=0 . (5.5.33]
where
Sg = - 81 by? £ ﬁxf (202 + £Y P | I : )

§, = - 216 b,® t,* A, (az + t:oz) d

[4
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S, = - 432'a byt? B,” (282 + £)F] + 36 br,* (282 + 3t

S, = - 1152 a b, t,2 B, (a? + t.7] ) , (5.5.34}

. s

2 i
s, = 1152 fi, (a%+ ;%) - 576 a?h,” (2“&2 + tg?) - 192 a by £ (282 + 3t
‘ - 4
Sg= [ 768 By (202 + 3t - 153 a2 By] (a? + &7 .

Se.= [ 128 (282 + 3¢,% - 256 a2 | (242 + 3t,7)

-y

Finally to find Y, /m , d is calculated by iteration from Eq. [5.5.33]

and substituted into Eq. [5.5.32]. Equation [5.5.32] is equivalent to the

function £(0°)’ referred to by Szlendak-and Brodka (1985).

5.5.4 Solution N4

This solution is based on Method 4.2, entire mechanism (see Appendix C),

. using a kinematic¢ approach for Loth bending moments and normal forces.

.

Mechanisms DT-1-N4 and DT-2-N4, shown in Fig. 5.21, include the chord

face bending deformations as well as, i.e. . combined with, the axial

-

Q:ormations due to the normal stresses in the chord corner yield lines. For
se ‘entire’ mechanisms a single virtual work equation can be written for

Y/m, in terms of f and g (or &, and §,). Differentiation of that equation with

respect to £ and g provides two other equations, so that the value of Y/m,, £

-

and g can be found.
The virtual work equation includes terms for the energy dissipated by

each yield line in the patterns shown in Fig. 5.21. These terms are readily

obtained except those for tie yield lines along the chord corners, which-are

-

dérived below,

‘ As in Solution N3 above, three cases of yleld condition in the choxd -

z : ]
_cornars nTast he considered similar to those shown in Fig. 5.18 (case 1:

‘ b

-
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combined bending and normal stresses in both walis. case 2: squash in chord

wall 2, and case 3: squash in both chord walls). -These cases depend on the

-

yield condition assumed at section AA along h, and at section BB al::mg d,

' t
as shown in Fig. 5.22, in each chord wall. When 0 s f < 129 (or 0.5 g < %9),

sections AA andrBHre subjected to combined bending and normal séresses.

: t t,
When -2-° < £ (or -29 S g), section AA and part of section BB are subjected to

-

normal stresses only, the end part of section BB remaining subjected to
combined stresses.

The energy dissipated in the chord corner yleld lines is calculated below

for these different yield conditions.

. t
Combined bending and normal stresses (0 s f S o)

Refer to Fig. 5.22. At section AA,

f 1 \
s=bimgE 0@ « [3.5.35)
2 2
’ - n Zf
'y = m, 1-(5-;] - o, 1-(?_;] [5.5.36]
2e £
n —np-t—o-- 8mp?5( - . [5.5.37]

Hence, the energy dissipated, D, along the length ﬁl is

3

; LT[ . 4E , 8f°
D=-h (my +nd) =mhy === 1| 1- o + ., ] \\ (5.5.38]

ﬁt settion BB,

z z £ 1 - Y 4 .
A-a.sl-am , '0 ‘Fa—+f , e z- az [5.5.39;
mp=m | 1 - [29.)2 -m, | 1- _‘.‘%zz ) 3 [5.5.40)

P %o P tood \
n-8-t-:9-imp-82;:f—32mp - © [5.5.41]
o N (/] ' . +
§ )
/ .

*

R ol
k-
o

e e .

S -
T e m

o
oy
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Hence, the energy dissipated along chgiength d is

d 2
D-f0<m'pa+nA)dz-mp;i—fd(1+%§] (5 5 42]
0

t
Squash stresses (79 s £)

Refer to Flg 5 23 At section AA,

»
m', =0 N on -4 P D=t (na) =4 m £ 01 » (5 5 43)
P ' P t, 1 patf t,
At section BB,
o - 20 d = e 8 § - L (55 44)
o= T o= €0 o+t
- Z f _Zof _dto
d= 3@ do = T a7 Zo"F 7 (55 43]
Hence, the energy dissipated is
d t
D= f°(mf +na) dz + [ nadz -mpa—}_fd(%f;+3—3 (S 5 46
Q

The virtual work equations: for mechanisms DT-1-N4 and DT-2-N4 can now be

written and solved for Y/m, Then letting
§

ff[g;]‘a%(m%,]'aaa(%]'o- [5 5 47)

the values of f, g and d are obtained for which Y/m, is a minimum

These solutions are given below for the three yielding conditions in the
chord walls, shown in Fig 5.18, for‘ mechanisms DT-1-N4 and DT-2-N4 The
Pl v

following constants are used to shorten the expressions for Y , /m , £, g and

d. R




W

La

£1? 4 (£
2 2
4

L3-2+l$(-tg-) LA-2+_3_ [-tg—)
o o
1+ 4L Lg=1+2 L +72
LS- + C_o g = + —°+
- & - & S
L, 1+at0, L, 1+2c°+3g

Mechanism DT-1-N&4

Case 1, Combined Bending and Normal Stresses in Both Chord Walls

Yo _ ;[ b0, h,L, + 2dL, N h,L, + 2dL, ~
m, d a+f ctg
where ¢
3=
t,“(h,+2d
£ | a2+ L(__l_z__). o
N 2y
=
t,“(h +2d o
g - |czs 2D
g 2(h+5d)
2b(a+f) (c+g)

4=y (&L, * (@)L,

Case 2, squash in chord wall side 2

Yo _ 1 [ Do, hL, + 2dL, . h,L, + 2dL,
my d a+f ctg
where -
—
t,“(h,+2d
f - \J a? + —0—(_—12—) - a
2(h+3d)
- o ]
1+ \l 1+ 53—‘:3 [ec(hyrd) - ty(B+2d) |
tOL D
g - 3

" [ac(}-11+d) . to(51+2d)]

88

(55 48]
(55 49)
(55 50)
(5 5°51]
(55 52]
(55 53)
(55 54)
(55 55]
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2by(a+f) (c+g)
4 = A ()L, + (D)L, (5 5 56]
Case 3, squash in both chord walls.
Y 4b, hL,+2d, hL,+ 2dL
4 0 13 8 1~7 8
B | G B Rl (55 57)
where
1+ \Jl + ftéi sa(hrd) - ty(h+2d)]
£ - 3 - - [5 5 58]
25 [a(hipa) - £y p20)]
o]
1+ J1 + 3¢ lac(hpd) - co(h+2d) |
dt,
& " 3 [a (R +d) (h 2d)] 259
c -t +
dtoz 1 [0} 1
2b,(a+f) (c+g)
d = (c+g)Lg + (a+D)L, (55 60]
Mechanism DT-2-N4
Case 1, Combined Bending and Normal Stresses in Both Chord Walls
Yo 2(bgrc+g) [ 4by  hL +2dL, hlL,+ 2dL,
m, = (b+2c+2g) | d arE + b rorg (55 61]
where
T
t,“(h+2d
f = a2+-—°—(.—12—)-a [5 5 62]
2(h+Hd)
- 2 2,7, - (Eo0)? .
br2e)?  tAhr2d) + By(SP) K §sac
g = 5 + — - 4 (55 63]
2(h +3d)
4b, h,L, + 2dL,
where K-[T+T—] [5 5 64]
bo(a+f) (b +c+
d - _2bo(a+f) (btetg) - [5 5.65]
(b c+g)L, + (a+f)L,
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Case 2, Squash in Chord Wall Side 2.

Youn _ 2(bgretg) [ 4y hL, + 2dL, . h,L, + 2dL,
m, (51+7C+78) d a+f Bl+c+g
where
P
eo fars G2
2(h+d) '
1+ 1+ 3(by+20) 2(b +2¢c)(h+d) - t (h+2d) - b So K]
—_— c - + -
2dt02 1 1 oMby 17
g - .

8—2—3 {2(51+2c)(f\1+d) - t(h*2d) - B,
0

4oy hL, + 2dL,

where K = 3 pYe;

4 - _2b0(a+f) (b +c+g)
(bytctg)L, + (at+f)L,

Case 3, Squash in Both Chord Walls

t

L

Youn _ 2(byterg) [ 4by h,L, + 2dLg N h,L, + 2dL,
m, (b,+2c+2g) d a+f b fotg
where
1+ \J 1+ alé; [4ah ) - €8 424) |
' t
£ - T -
3 [aa(hprd) - ty(h+2d) |
dt,
3(b +2¢) - . . .t
L+ |1+, —L—— 1206 #2c)(h#d) - to(h+2d) - b, F K
2dt,
g - ; - - - ¢
Y 2(b#2¢c)(htd) - ty(h+2d) - b, x]
0
4by  hL,+ 2dL
where K = [ B

d a+f

d- _2b(a+f) (b +c+g)
(b +c+g)Ly + (a+f)L,

[5

(5

{5

90

66)

67)

68)

69)

70)

71)

72)

73]

74)

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
included. 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/m/
calculated using Eqs. {5 5.49], [5 5 53], (5 5 57], [5 5.61], [5 5 66] and
(5.5.71} and is given in Table 5.14 for the usual range of b, /t,, B and A
values, with.r'; - B.

Pure squash of the chord wall on side 2 or of both chord walls is
indicated in Table 5.14 and would occur at large values of B. Solution Nl
does not predict such pure squash stresses at these values of B. In any
case, when pure squash in the chord walls is predicted in Solution N4 the
values of Y., /m, are not signifigantly lower than the values assuming combined
bending and normal stresses.

The reduction in joint strength due to the normal stresses in the chord
corners 1is at most 14.6% for by/ty; = 10, A= = 0.8 and A\ = 0 6, and

otherwise low (<10%) for b,/t, 2 20. Values of Ymn/mp in Table 5.14
v .

(Solution N4) are close to those in Table 5 13 (Solution Nl1)

5.5.5 Conclusions

Because of the different assumptions used, Solutions N1 to N4 yield
slightly different results. However the differences are small, and this iﬁ
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 N1, the reduction in joint strength due to normal stresses is less

than 2% for all tests. The mean ratio of cest yield loads to predicted loads
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i{s 1.05 with a coefficlent of variation of 11.6%, only 0.2% better than when
the effect of normal stresses in the chord cormers is not taken into account

(see Chapter &)

It should be noted that the reduction in joint strength does not increase
with increasing off-centering ratio A. Hence, in triangular 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 {s comparable to that

., of planar\truss joints. In planar truss joints, high normal stresses in the

\
chord corners are of concern and included in design rules only for near full

@»
width (8 > 0.85) -or full width joints (8 = 1 0) (Wardenier 1982) Because
triangular truss joints usually have lower B ratios than planar truss joints,
it is unlikely 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 ineluding normal stress effects for joints with

values of B =< 0.85. For the unusual cases of larger B values, and
especially if the by/t, ratio is low, then one of the above solutions, Nl
to N4, can be used to predict the joint strength reduced by the rnormal

stresses perpendicular to the chord face
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{(a) Plan view of chord face.

1: compression web member
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Y: component of web member force normal to chord face
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Mecharisms DK-1, DK-2, DK-3, DK-4. Limit cases.
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Fig. 5.18 Yield conditions along chord corners.
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(a) Case 1: Combined bending and normal: stresses on both
Sides. -

(b) Casc 2: Pure squash on side 2.

(c) Case 3: Pure squash on both sides.
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Table 5 3

DT-1 and DT-2.

Table 5.1 Ynu/mp. Mechanism DT-1
B
02 04 06 08
F

0S5 1989 2599 37 30 67 78
0.6 20.34 26 64 38.32 69 85
07 2190 2889|418 7713
08 25 49 34 15 50 37 94 72
0.9 35 37 49 24 75 50 148 52
1.0 - . - .

e

<

Mechanism DT-1 governs above the solid line

&nu/mp Lowest of mechanism
B
02 (/ 04 0.6 08
J‘\/
19 89 25 99 37 30 67 78
DT-1  DT-1  DT-1 DT-1
-8% -13% -15% -15%
20 34 26 64 38 32 69 85
DT-1 DT-1  DT-1 DT-1
-7% -9g -8% -4%
2190 28 8 40 75 67 95
DT-1 DT-1 DT-2 DT-2
-5% -3% 3% -12%
25 48 31 23 40 56 64 39
DT-2 DT-2 DT-2 DT-2
0% 9% -19% -32%
30 80 34 10 41 18 61 82
DT-2 DT-2 DT-2 DT-2
S13% S31% -45% -58%
45 00 39 33 42 66 60 00
DT-2 DT-2 DT-2 DT-2

Table 5 2 Yo/, Mechanism DT-2
B

0.2 0.4 06 08
0.5 21.60 29.77 44.00 80 00
0.6 21 81 29 29 41 82 72 91
07 22.96 29.75 [ 40 75 67 95
08 25.48 31.23  40.56 64 39
09 30,80 34 10 41 18 61 82
10 4;/.00 39.33 42 66 60 00

/

Mechanism DT-2 governs below the solid line

The 2nd line indicates governing mechanism
The 3rd line gives the reduction from higher

to lower predicted load
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Table 5 4 Constants used with mechanisms DK-1, DK-2, DK-3 and BK-4
K L M «N
Mechanism
1 1 1 1
DK-1 = 4+ == = 4+ 1 A
a, ¢, a4, &
b +2 b.+2
DK-2 él— PO S aL N 1TeC) A 2%
1 bytc, 2 b,+c, 2(b+cy) 2(b,+c,)
b +2c
DK‘B a'l— + El_ al— + v—l— 1 A _3____2-
1 1 2 bz+c2 2(b2+c2)
b,+2
DK-4 51- P S 31— + El‘ 170 A
1 b,+c, 2 2 2(b+c))




Table 5.5 Ynh/mp. Lowest of mechanisms DK-1, DK-2, DK-3 and DK-4
(a) g/b,=01. (b) g/b, =02 (c) g/b,-03 (d) g/b, =0 4.

3, 0.2 0.4 3, A, 8, 0.2 0.8
0.5 0.7 0.9 0.5 0.7 0.9 Ay 0.5 e.7 0.9 0.5 0.7 0.9
0.2 0.5 31.0% 31.87 31.9% 31,98 1 31.98 1 31.9% 1 0.2 0.5 21.9% 1 22.50 1 22.9% 22.9% 22.9% 22.9%
0.7 31.87 32.78 33.33 33.33 1 33.33 1 33.33 1 0.7 22.50 1 23.33 1 28.52 1 2848 28.52 852
0.9 31.9% 33.33 N85 36.99 1 39.20 1 N3.28 1t 0.9 22.9% 1 24,52 1 3320 1 28.32 30.0 35.13
0.4 0.5 31.9% 33.33 36.99 1 36.33 1 36.95 1 36. 1 0.4 0.5 22.98 1 28.8N 1 28.32 1 26.99 27.8% 28.33
0.7 31.9% 33.33 39.20 1 36.95 1 38.81 39. 1 0.7 22.9% 1 28.52 1 30.88 1 27.8% 29.21 30.79 1
0.9 31.94 33.33 83.28 1 36.99 v 39.21 1 S3.88 1 0.9 22.98 1 28,52 1 35.13 3 28.33 30.79 39.01
0.6 0.5 31.9% 33.33 8398 3 36.99 1 39.21 1 86.65 1 0.6 0.5 22.9% 1 28,52 1 38.76 1 28.3 30.79 37.89 &
0.7 31.9% 33.33 N3.28 1 36.99 1 39.21 1 50.% 0.7 22.9% 1 2M.52 1 35.59 2 28.13 30.79 39.55 &
0.9 31.9% 33.33 §3.28 1 36.99 v 39.21 1 S5.73 1 0.9 22.9% 1 28.%2 1 35.59 2 28.33 30.79 .M 2
0.8 0.5 31.98 33.13 N3.28 % 36.99 1 39.21 1 55.73 1 0.8 0.5 22.9% 1 28.52 1 35.59 2 28.33 30.79 0.8 2
0.7 31.9% 33.33 N3.28 1 36.99 1 39.21 1 S55.73 1 0.7 22.9% 1 28.52 1 35.59 2 28.33 30.79 M. 2
0.9 31.9% 33.33 N3 .28 1 36.99 1 39.21 1 55.73 1 0.9 22.9% 1 28.52 1 35.59 2 28.33 30.79 0. 2
8, 0.6 0.8 [P Az B, 0.6 0.8
0.5 0.7 0.9 0.5 0.7 0.9 x, 0.5 0.7 0.9 0.5 0.7 0.9
0.2 0.5 31.94 31.98 31.98 1 31,98 1 31.98 1 31,98 0.2 0.5 22.98 1 22.9% 1 22.9% 1 22.9% 22.94 2.9%
0.7 33.33 33.33 33.33 1 33.33 1 33.33 1 33.33 1 0.7 28.52 1 24.52 1 28.52 1 24,52 28.52 1 28.52
0.9 N3, 18 §3.2% N3. 28 1 83,28 1 N3.2N 1 A3.28 0.9 3%.76 1 35.59 2 35.57 2 35.59 35.59 35.59
0.8 0.5 36.99 36.99 36.99 1 36.99 1 36.99 1t 36.99 1 0.4 0.5 28.33 1 28.33 1 23.2: 1 28.33 28.33 1 28.33
0.7 39.21 39.21 39.21 1 39.21 1 39.2% 1 39.21 1 0.7 ° 36.79 Y 30.79 1V .75 30.79 30.79 1+ 30.79
0.9 86.65 50,88 55.73 1 55.73 1 55.73 1 55.73 1 0.9 37.%9 3 39.55 3 Md.4L 2 [T 0.0 2 RO.MN
0.6 0.5 85.65 86.63 86.65 1 R6.65 1 R6.65 1 N6.65 1 0.6 0.5 36.65 1 38.06 1 38.60 A 38.65 38.65 1 38.65 1
0.7 86.63 89.28 50.%7 1 S0.87 1 SO.%T 1 50.87 1 0.7 38.06 1 NO.NT 1 %2.13 82.85 82.85 1 ¥2.85 1
0.9 86.65 50.47 63.95 2 68.77 2 6N.77T 2 6N.TT 0.9 38.60 3 82.13 3 45,95 2 N7.58 47.58 2 47.58 2
0.8 0.5 846.65 50.87 68.77 2 71.89 t+ 73.89 1 73.87 & 0.8 0.5 . 38.65 1 %2.85 1 a7.58 2 63.89 1 65.38 N 63.55 &
0.7 86.65 50.87 68.TT 2 73.89 1 79.99 1 80.62 & 0.7 38.65 1 82.85 1 87.58 2 65.38 3 68.20 2 65.%0 2
0.9 86.65 50.587 [ % o 73.87 3 80.62 3 B81.8 2 0.9 38.65 1 82.85 1 47.58 2 63.55 3 65.%0 2 63.66 2
(a) (b) ..

01
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Table 5.6 Y,./m, Mechanism DT-1-E.

B
‘ 0.2 04 06 08
05 * * * *
06 * * * *
07 * * * *
g 0.8 * * 50 14 94 .41

0 5% 0 3%

09 35 27 47.73 <72 73 <145 11
0 3% 3.2% >3 8% >2" 3%

06 . . - -

Pmm/mp same as for basic mechanism DT-1




Table 5 7

. Table 5 8 , .
Ymr/"‘p Mechanism DT-1-F Ymu/mp' Mechanism DT-2-F
B s
02 04 06 08 02 04 06 08
05 1655 229% 3476 65 98 0S 1841 2842 48 46 108 S1
191% -12v -7 -3y -15¢ -5% +10% +364
06 1742 2367 3577 6802 66 1765 2622 43 23 9158
-las -1l -7% =38 194 -108 +38 +28%
07 2030 2665 393 1521 4 07 1899 2536 )9 96 83 14
™ -8 6% 2 17y -15% 1 +22%
Y08 2716 3645 4904 92 63 Y os 22 2517 8 oe s
+y +1y -3 19 -11% BN -6% NEY
09 4917 6028 8251 149 17 09 3009 2838 37 20 69 87
+39% +22¢ +9% +0 4y M A1 - 10w +13%
10 10 %057 3402 13735 6% 57
+120 -l40 -12w) 9%
Table 5 9 Ymm/mp Lowest of mechanisms DT-1, DT-2, DT-1-F and DT-2-F
« Wy -
ﬁ _—
02 0 4 0 6 08
16 55 22 95 34 76 65 98
05 DT-1-F pT-1-F DT-1-F DT-1-F
-17% -12% -7% -3%
-
¢ 17 42 23 67 35 77 68 02
06 DT-1-F DT-1-F DT-1-F DT-1-F
-l4s -1l -7% -3%
18 99 25 36 39 34 67 95
07 DT-2-F DT-2-F JDT-1-F DT-2
-13% -12% -3% -
A
22 55 25 77 38 04 64 39
08 DT-2-F DT-2-F DT-2-F DT-2
-11% -17% -6% -
3009 28.38 37.20 61 82
09 DT-2-F DT-2-F DT-2-F DT-2
-2% -17% -10% - =
45 00 34 02 37.35 60 00
1.0 DT-2 DT-2-F DT-2-F DT-2
- -l4y -12% -

The 2nd line gives the governig mechanism.
The 3rd line gives the reduction of the predicted joint load
from the lowest of basic mechanisms DT-1 or DT-2.
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Table 5.10 Constants used with mechanisms DT-1-N and DT-2-N

K, K, K, K, K,
Mechanism
- 2 2 2
P p t
DT-1 i— + ?]5‘ 1 ( _él— + ‘ci’ ) 2 8 KK; + Kzz 4 KKy + K22
- 2 2 2
1 1 b +2¢c t Py P, ] o 2 2
DT-2 5t = — — + 8 KK, +K +
g7 b+ 2(b c) & " Bpc | 16 e T e “ KK+ Ky

)

601



Table 5.11 Ymm/mp.
(b) by/ty, = 20 0.

(c)

Mechanism DT-1-N1
(¢) by/ty, = 30.0.

(a) by/t, = 10 0

(d) by/ty = 40.0

g
02 04 0.6 08
4
05 19 61 25 41 35.67 58 94
06 20.01 25.96 36.46 _60.05
\ 07 21 33 27.80 39.08 63 58
038 24 06 31 62 44 40 70 12
09 29 00 38 77 53 94 79 94
10 -
B
02 04 06 08
05 19 82 25 84 36 87 65 11
06 20 26 26 46 37 82 66 B4
L 07 2175 2860 4112 72 75
- 08 25,10 33 45 48 61 85 67
. 09 33 34 45 70 67 29 114 07
10 ) - -
ﬁ ~
02 04 06 08
05 19 86 Q5 92 37.10 66 54
06 20 30 26 56 38 10 68 45
\ 07 21.83 28 76 41.54 75 06
08 25 31 33 84 49 56 90 28
09 34.42 47 55 71 41 129 06
10 -
B
0.2 04 06 0 8
0.5 19.87 25 95 37 19 67 07
0.6 20 32 26 59 38 19 69 05
\ 07 21.86 28 81 41 69 75.94
0.8 25 39 33.97 49 91 92 12
0.9 34.82 48 26 73.10 136 34
1.0 . . . .
\
Square contact dimensions: b, = h,
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Table 5.12 Y,,/m,. Mechanism DT-2-N1. (a) by/t, = 10.0.

(b) by/ty = 20.0. (c) by/t, = 30.0. (d) by/t, = 40.0.

B
02 0.4 0.6 0.8
05 21,29 29.10 42.01  69.12
0.6 21.51 28 72 40.34  65.29
, 07 22.54 29 16 39.51 62 26
0.8 24.73 30 48 39,40 59.91
09 28695 32.95 3996 58.13
10 37.64 ° 3720 4125 56 82
(a)
B
02 0.4 0.6 08
05 21.52 29 60 43 47 76 70
06 21.73 29 15 41 43 70.70
, 07 22.85 29 60 40 43  66.35
08 2529 31.06 40.26  63.15
09 30.30 33.80 40 86 60 82
(b) 10 42.65 38.76 42.29 59.14
B
02 0.4 06 0.8
0.5 2156 29.70 4376 78 47
06 21.78 29.23 41 64  71.90
, 07 2291 29.68 4060 67.22
0.8 2539 31.14 4042 63 83
09 30.5 33.96 41.06 61 37
(c) 10 43.90 39.07 42.49 59 61
B
0.2 04 06 0.8
0.5 21.58 29.73 43.87 79.13
0.6 21.79 29.26 41.72 72.33
, 07 2293 2971 40.67 67.5
0.8  25.43 31.18 40.48  64.07
09 30.67 34.02 41.10 61.56
(d) 1.0 44.37 39.18 42.57 59.78
Square contact dimensions; b, = h,
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Table 5.13 Ym,/mp. Lowvest of mechanisms DT-1-N1 and DT-2-Nl.

(a) by/ty = 10.0. (b) by/ty =20.0. (c) by/t, = 30.0. (d) by/t, = 40.0.

B
0.2 0.4 0.6 0.8
05 19.61 1.39 25 41 2.22 35.67 4 36 58.94 13.04
06 20.01 . 1.63 25.96 2 53 36 46 4.85 60.05 14.03
\ 07 21.33  2.60 27 80 13.77 39.08 4.10 62.26 8.37
0.8 26.06 5.56 30.48 2 40 39 40 2.86 59.91 6.95
0.9 28.95 6.03 3795 335 3996 2.95 58.13 5.98
(G) 10 37.44 16.80 37 20 5.40 41 25 3.31 56 82 5.31
B !
02 04 06 08
05 19 82 0.35 25:84 0 57 36.87 1 16 65.11 3 94
06 20 26 0 42 26 46 0 65 37 82 130 -6684 4 30
\ 07 2175 0 67 28 60 0 99 4043 079 66 35 2 35
08 25.10 1.48 31 04 0.62 40 26 0 74 63 15 1.91
09 30.30 1.62 33.80 0.87 40 86 0 77 60 82 1.62
(b) 10 42.65 523 38.76 1.45 42 29 0.87 59 16 1,43
. B
0.2 0.4 0.6 0.8
05 19.86 0 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 0 30 28.76 0.44 40.60 0.35 67 22 1.07
0.8 25.31 0.66 31.14  0.28 40.42 0.33 63.83 0.87
09 30.58 0.73 33.96 0.39 41.04 0.34 61.37 0.73
(C) 10 43.90 2.44 39.07 0.65 42.49 0.39 59 61 0.64
B
0.2 0.4 0.6 0.8
05 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
0.8 25 39 0.36 31 18 0.16 40.48 0.19 64.07 0.49
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 2™ numbers give the % reduction from the Yuin/m, values in Table 5.3.

Square contact dimensions: b, = h,.
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- Table 5.14 Ymb/mp. Lowest of mechanisms DT-1-N4 and DT-2-N4.

- 0 (8) by/t, = 10.0. (b) by/ty = 20.0. () by/ty= 30.0. (d) bty = 40.0.

ﬂ -
0.2 0.4 | 0.6 0.8 .
0.5 19.71  0.92 25.56* 1.65 35.31x  5.34 "58.50%% 13 68
0.6 20.12 1.10 26.09% 2.04 36.06x 5.89 59.64%%* 14,62
0.7 21.50 1.82 27.89%  3.45 38.61x 5.24 61.51%% 9 .47
g 0.8 26.43%  4.12 30.32«  2.92 39.04%% 3,73 - 58.95%% 8 45
(a) 0.9 28.78*% 6.56 32.67%  4.19 39.58%* 3,87 57.06%* 7.70
B
0.2 0.4 0.6 0.8
0.5 19.84 0.23 25.89 0.37 36.33%  2.59 61.70%* 8,97
0.6 20.28 0.28 26.52 0.45 37.200* 2,91 .  63.21%* 9,50
\ 0.7 21.79 0.48 28.64 0.85 40,20+ 1,35 64 47%% 5 12
0.8 25.20 1.10 31.01 0.71 40.13* 1.06 61.52%% 4 45
- (b) 0.9 30.22 1.90 33.73% 1,09 40.69% 1.19 59 39%+ 3 .93
B
g , 0.2 0.6  __ 0.6 08
) 0.5 19.87 -0.10 25.95 0.17 36.67% 1.69 62.71%* 7 48
0.6 20.31 0.13 26.58 0.20 37.57% 194 64.33%% 7,89
A 0.7 21.85 0.22 28.79 0.34 40.57* 0.44 65.40%* 3,75
0.8 25.36 0.49 31.13 0.32 40 . 38% 0.44 62.33%% 3,19
(C) 0.9 30.53 0.87 33.93 0.48 40.97% 0.50 60.12%% 2,75
B
0.2 0.4 0.6 0.8
0.5 19.88 0.06 25.97 0.09 36.83% ,1.25 ° 63.20%% 6.75
0.6 20.33 0.07 26.61 0.11 37.76% 1.46 64.88%% 7 11
\ 0.7 21.87 0.12 28.83 0.19 40.67 0.19 _ 65.86%* 3,08
4 0.8 25.41 0.27 31.17 0.18 40 .48 0.19 62.73%% 2,57
(d) 0.9 30.65 0.50 34.00 0.27 41.09 0.22 60.48%% 2 .17
@ the 2™ numbers give the % reduction from the Y, /m, values in Table 5.3.
Square contact dimensions: b, = h,. -
* : Pure squash on side 2. *

** : Pure squash on both sides. '
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CHAPTER 6 DESIGN CONSTIDERATIONS
¢

The test 'programs have given some indication of the strength of the
tension chord joints, and have also shown that web compression member strength
is an important consideration, and interaction between joint deformations and
buckling of these ggmbers is possible. In the following these features of
trlangular truss behaviour are discussed in greater detail, and in addition,
other factors which must be considered in design are treated, including the
joints to the compression chor'ds and appropriate methods of analysis.

HSS planar truss behaviour has been the object of two decades of research
effort in many different é’ount:ries, with much of this attention being devoted
to the behaviour of joi;xts (Wardenier 1982) and it i{s only recently that
agreement among researchers In these several countries has been sufficiently
close for definitive design recomm;andations to be prepared (CINF T), In

comparison with this effort, the 7 truss tests and 24 joint tests outlined in

Chapters 2 and 3 provide a very meagre base on which to establish a design

‘\’sprocedure for tx.:iangular trusses. It is clear, however, that in addition to

these test results, some of the work on planar trusses has relevance to
triarigular trusses. In the following discussion therefore, triangular truss
behaviour will be related, when possible, to planar truss behaviour. For
convenience, those features of the geometry of a triangular truss which ‘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 component, 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 transvex;s'e force Z, as

[
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shown {n Fig. 6 1  When the angle between web planes, a, is 90° the Z
tzorce becomes zero, and the loading on ?e attached walls of the chord is then
similar to the loading on the wall of a planar truss chord

Thus, for “a = 90°, 1f faflure 1s assoclated primarily with

r

deformations of the atte;ched wall, then there is reason to expect the planar
and triangular truss jolnts to behave in simi’lar wa.ys .. as shown schematically
in Fig 6 2a If the mode of failure involves the side walls as well a¢” the
attached wall, as shown in Fig 6 2b, the triangylar truss joint might‘be
slightly stiffer, since one of the side walls is also attached to web members,

and these will inhibit the relevant side wall displacement

When the web planes are separated by an angle less than 90° which will
be a frequent case, the transverse in-plane forces, Z, will exist and will
tend to flatten the tube cross-section u;1der the compression web members in a
shearing type of displacement shown in Fig 6 2c  The stiffness of adjacent
parts of the chord will resist this tendency to deform the cross-section shape
and, Iin particular, the zone to which the tension web members are attacAhed
will be effective in do"Ing this ‘

The combined action of the loads Y and Z on the chord wall sill result in
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 These idealized
models may be compared with observed cross-section deformations shown in
F.igs. 2.3 and 2.4

Flg. 6.2b and d show that when side wall deformation in 90° trusses
takes place, the compression web members may tend to bend out of the web

~

plane, away from the axis of symmetry of the truss For trusses with
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a < 90°, this effect will be more significant because the web members will
seldom be placed cent(z;ally on the chord wall, since to do so would create a
large offset between ;:he intersection of the web member axes and the chord
axis  This is illustrated by the configuration of Truss No 4 in Fig 23

In summary, joints in 90° trusses have some 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 a < 90° the transverse
shear on the chord wall will tend to flatten the cross section, which does not
occur in planar trusses, and c.oss section deformations also differ

Design equations for the tension chord joints of a triangular truss are
proposed based on the basic yleld line mechanisms presented in Chapter 5

(Eqs (5 2 24] to [5 2 33]), and are as follows

The joint resistance Y_ 1is the lowest value of the
minimun resistance for mechanisms DK-1, DK-2, DK-3 and DK-4,
7

the minimum resistance being, for each mechanism, the lowest

of the following three possible resistances

1f0<x <g

2 m
p - - -X
Y_ - ¢ € X (R (Aprdpx) + L (Apdpgx) 82
+ N = )
by . by g-x , by
rEre R ) (6 1]

if x <0, x> g or x is imaginary

2 m _ b b
Y, = ¢ Np[ L (h,+d+g) +d—z+§9] (at x = 0) [(6.2]
or

2 m . b b
Y -4 M*’[ K (h+dtg) +d—°+—g—°] (at x = g) (6.3]

where
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b 0 *
N N AT (6 4]

-q i.l q? - 4pr ‘ (6 5)

(6 6]

where

p -% (K+L) (M-N)

q =2 N (K+L) (6 7]

- - b, b, b,
r = (h,+d,) KN - (h,+d +g) IM + d, N - 3, M-z MN) - g IN

where K, L, M, and N are defined in Table 5 4
If 51 - 1,0 (and Bz <10), Y, is found from Eg [6 2] If BZ - 10 (and
B1 <1.0), Y, is found from Eq (6 3] If [31 - [92 =~ 1 0, none of the above

solutions are valid - -

Note that 51 and Bx are the attached width of the web members, i e

b, - b, sec(45° F) N (6 8]
h, = h, cosec ¢ (6 9)
where b, and h, are the web member sizes. g 1s the gap dimension at the
joint, as shown in Fig 5 7 The dimension a, and c, are also defined in
the Figure.

The web member weld size and the chord corner curvature can be taken into

~

account by replacing 51, ﬁx and b, by b,’, ﬁx' and b,’, respectively, as
defined by Eqs [5.2.7] to [5 2.9], and adjusting the values of a,, c, and g in
Eqs. [611] to [6.9] Such an interpretation of the joint geometry leads to

higher predicted joint strengths

A
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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) Using the procedure pr‘esented by Kennedy and Gad Aly (1980),
Minicucci and Zafrani (1986) calculated a value of the ¢ t:actor equal to
0 8591 =~ O 86 for triangular 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 3] outside the range of parameters examined
in the tests should be treated with caution The principal parameters were

limited in the truss;@nent tests and Iin the DT joint tests to those shown in

Table 6 1

6 2 TENSION CHORD GAP JOINT BEHAVIOUR - CONDITIONS IN THE GAP -

The ratio of average web member width to chord width, B, has a
significant {nfluence 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 B8 without increasing web member mass. Furthermore, for

triangular trusses with a < 90° the width of web member attached to the
chord will exceed the nominal member widch, thus leading to a higher effective
B For high values of B,K/ 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
well as bending moments. For planar trusses, the lwhole chord cross section is
considered in resisting these 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 section
and the other based upon assumed strain hardening of the matérial The latter
model gives ultimate 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

yleld model. This yileld model is therefore proposed in modified form suitable

for design, as follows:
;-‘+ (;-‘]z+ ( f)z< 1.4 (6 10)

where the right hand side has been increased from 1 O to 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,
M, = ¢ ZF, =-¢093Z F

AFY 8
V = ¢ L 2L wgp0408AF 6 11
. N2 A3 y (6 11]

T,-¢AF,

and M,, T, and V, are the factored bending moment, tensile force and
shearing force acting in the gap. The moment M, is a functign of the

eccentricity in the joint, e, and also the position of the web member on the

chord wall, defined by ¥, as shown in Fig. 6 3a and b. General expressions

for thisjmoment and the other force components are given in Appendix B

For lanar HSS trusses, it 1is recommended (Stelco 1981) that

eccentricities should lie within the range -0.5b, s e < 0.33 b, The

corresponding range for the tension chord in & triangular truss 1is
4

-0.71 by, s e 5 0.47 b,, and it is recompended that this range be adhered to,

even though the gap conditions are more fully treated herein for triangular

trusses. 7

)
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6.3 COMPRESSION CHORD JOINTS - GENERAL

No test results related to the behaviour of compression chord joints in
HSS triangular trusses are available, and therefore some caution must be
exercised in their design. Overlap joints with direct transfer of some or all
of the vertical and transverse loads directly between web members may be
preferred, particularly 1f heavy concentrations of load are applied at the
joints through purlins On the other hand, in lightly loaded trusses, gap
joints to the compression chord are seen to be feasible whenkcreated as
discussed below This approach is by means of analysis based on conservative
assumptions or orxextrapolaﬁion of other available test results

A gap joint is shown in Fig 6 4 In the region of this joint, three
design checks must be made which consider ({) connection of bracing members in
the top plane of the truss, (ii) connection of bracing members to the

compression chord, and (i1ii) conditions in the gap

(1) 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 a = 90° With N or K arrangement of bracing
-~ .

members, Eqs. [6.1) to [6.9] can again be used by letting a = 90° I1f only
a tie member is used, with no diagonals: the resistance of the resulting T

joint, expressed as the force in the tie, is given as

T -¢2'2t°2F’ h3+2.jI-_5 (6 12]
£ (1-8) h,

which is based on Eq ([5.2.12]. F, is the chord yield stress, h, the

chord height, and h; the tie width (in the horizontal direction).

Eq. (6.12] is limited to cases where 8 = b,/h, < 0 85. For greater values of
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B, appropriate design equations are given elsevwhere (Wardenier 1981, 1982)

(i1) 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 is proposed that the normal force Y be treated using
triangular truss tension chord joint equations, Eqs. [6.1] to [6‘91'(( with 5‘

being now defined as
Bl - b, sec(a/2) [5.2 6] (repeated)

This 1is based on the performance of DK trusses nos. 4 and 6 and DT joints
nos 1, 2, 3, 5, 6, 8 and 21 in the tension chord joint tests, where the
lateral inclination o? the web members did not appear to significantly affect
the joint strength It should however be recognised that the inclination to
the compression chord will often exceed that existing in these tests

Thé increased value of A resulting from the inclination ef the web
members, together with the fact that the two compression chords will
frequently be smaller sections than the tension chord (i.e., b, will be
smaller), will in general lead to high predicted strengths of the joints, and
suggests that the gap conditions, discussed below, may be of greater concern.

(111) Conditions in the Gap. The gap 1in the compression chord is

subjected to a complex state of stress resulting from the axial force, biaxial
bending moments and shearing forces, and torsion. These loading conditions
are {llustrated in Fig. 6.4c. It is comservatively 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 also develops secondary
bending moments as it resists twisting of the compression chords. In the gaps
loading conditions may be critical either at Section AA or Section BB as shown

in Fig. 6.4a. Which of these is critical depends primarily on whether
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N,cosd, 1is greater or 1less than N,cosf,, although the web members
positions on the wall of the chord, defined by ¥, and ¢, shown in

Fig 6 4b, also have a slight influence The gap resistance must therefore be
evaluated at these two sections The loads at Section AA are shown {n
Fig 6.4c, and expressions for these loads are given in Appendix B  Mdments

are again dependent on eccentricity and on xﬁl and ‘bz' and four

eccentricities must be considered in the general case, as shown in Fig. 6 4b

4

The eccentricities e',, e’,, e", and e", 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 be selected as
the minimum consistent with welding requirements The designer has little
control over the values of e", which will in general exceed the maximum
value of O 33b, recommended for planar trusses Since the resulting moments
are being considered explicitely the necessarily la‘t“ge eccentricity can be
accepted The values of e’ ;'m the other hand can be expected to lie within
the limits given for planar trusses

The conditions in the~ehord gaps can be checked by using an iteraction
equation representing full yield of the cross section under the combined
action of the loads described above, as shown in Fig 6 4c An exact
formulation treating all of these load components is not available, although
biaxial bending, axial load and torque have been treated (Morris and

-

Fenves 1969) A simplified treatment {s suggested which makes use of
interaction equations for bilaxial bending and axial force given-in the
Canadian Standard CAN3-S16.1-M84 (CSA 1984) Thus for square chord sections,
the gap loads should satisfy
M Mey ] ]

C
j43 , {2z .
T 0:85 ( 40 o)< 1.0 (6 13]

=
.
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The bracketed term is given in S16 1-M84 (CSA 1984), and in it M, M .

should be interchanged with M, /M, L1f M, > M. The term preceeding the

brackets accounts for the presence of shearing stresses due to torsion and the

shearing forces In this the term 7 is written as follows:

M v \Y

5 te 1 l tz 1 ’ ty l )

7T - ‘ e + T + T (6 14
M_, 21V, 21V

where it is required that

V,$05V, (6 15]

In the case of a rectangular section chord, the term in square brackets
in Eq {6 13] should be replaced by Eq. [%aj of Clause 13 8.3 of S16 1-M84
(CSA 1984)

In the above equations, the factored resistances are given by the

following.

C.=¢AF,
My =982, F,
M!:-¢Z:FY

Vo, =4 1.15h; ¢, F (6 16]

y

Vee=81.15b,t, F,

M, =¢ 1.15 (hg-ty) (by-ty) t, Fy

The factored loads C,, M etc. are given in Appendix B

e
The proposed treatment of the tension and compression chord gaps in
triangular trusses is considerably more detailed than the suggested treatment

of planar truss chord gaps (Stelco 1981). For the latter, the extensive test

data justifies the neglect of moments in the gap for small eccentrii:ities.
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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 recent 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 joints will usually have effective length factors less
than O 8 However, in cases where eccentricity exists it i{s recommended éhat
either K be taken as unity 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 same 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 joint deformations

will be small at the loads predicted by Eqs (6 1] to [6 9] Furthermore,

secondary bending moments causing bending out, as well as in, the web plane
arise particularly when a < 90°. Interaction between web member buckling and
Jjoint deformations is possible, as obServed in the truss segment tests  For

these reasons, supported by the K values obtained from the truss tests, {t {is
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not appropriate to use effective length factors less than 0.9. It is of
obvious convenience Iin design to treat the compression web member as axially
loaded only and, if this is to be done, with the uncertainties associlated with
thg secondary c{momem:s, together with the possible interaction of buckling with
joint deformation, the appropriate K values may be greater than those for
planar HSS trusses. It is suggested that the effective length factor of web
members should be taken as 0.95 for both axes of bending unless it is
established that 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 appropriate, as long as the joint
resigtance 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 established practice for
planar HSS trusses

For the chords the effective length factors used in planar truss design
are suggested as being appropriate The bottom chord is laterally braced by
the inclined web members, and therefore out of plane buckling under reversals

due to wind loads is unlikely to be critical.

6.5 OTHER CONSIDERATIONS

The following additional factors should be considered in the design of a
triangular truss
l. Truss analysis - this should be carried out by ?gacing the triangular
truss as a space truss, that is, no moment continuity at joints need be
considered (Bauer et al. 1983).

2. In simply supported trusses, chords will frequently have reduced cross-

section areas near the supports, and, for appearance, this will normally
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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. -
Notwithstanding item 2., the smaller web member forces near the centre of
the truss will lead to smaller width ratios, which could result/n
critical joint behaviour in this region
In the event that the tension chord is curtailed just beyond its
outermost joints, and not continued to the supports, the chord should be
provided with an end plate sufficiently stiff to maintain the cross-
section shape under the action of the nearby joint loads
Secondary moments due to joint eccentricities should be considered in the
chords as in the .cAse of planar trusses Expressions for these moments
are given in Appendix B.
The end joints of the compression chords are 'at the points of bearing
As far as possible eccentricities should be minimized at this point in
§
view of the single chord which must resist secondary moments.
The joint strength equations [6.1] to [6 9] are Broposed herein without
restriction on the magnitudes of the joint parameters. For planar
trusses, limits on eccentricity are specified (Stelco 1981), and recent
planar joint strength equations are accompanied by specific limits on
their applicability, these limits correslponding to those of the tests on
which they are based (Packer 1983, Wardenier 1981, 1982). It will not be
always possible\to keep triangular truss joint parameters w’ithin these
same limits, but they do provide guidance and should be satisfied when
possible. An example where it will seldom be possible to satisfy the

planar truss limit on eccentricity 1is in e", over which the designer has

little control once the angle between web planes has been selected.
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6.6 DESIGN AIDS . .

The design procedure proposed in this chapter can be rather long,
especig;iy if all the calculations are done by hand. To i*mplify 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 ejuations. Simplified §raphs predicting tension chord face
resistance were produced and presented by Skold (1986) Further work is
required to cover al%_design considerations based on this approach.

/
2) a computerized approach using spreadsheets that allow the design

equations to be checked. Three programs have be;n used, namely, Lotus' 123,
Symphony and Hewlett Packard’s Executive Spreadsheet, all running on IBM PC
and compatibles. The spreadsheets include calculations of truss and joint
geometries, checks of the tension and compr?gsion chord face resistance and
gap resistance, checks of eccentricity limits, etc. The spreadsheets also
contain tables of HSS section sizes and properties that are used for the

interactive selection of members. Further detalls about these spreadsheets

are given by Minicucci and Zafrani (1986).

/

The.next chapter presents an example of the design of a triangular truss.
All the calculations in this example are given in detail and were done by hand
for illustration purposes. It should be noted that the graphical aids or
better the computer spreadsheets mentioned above can be used advantageously in

lieu of hand calculations for the design of HSS triangular trusses.

—— e o




Fig. 6 1

Components of load on tension chord wall
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, Chord deformation with a = 90°
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Chord deformation with a < 90°

Fig 6 2 Idealized chord deformations under web compression members
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Fig 6.3 Forces in tension chord members and gap Intermediate joint
(a) Forces on tension chord. (b) Forces in the gap
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Table 6.1 Limit values of principal test parameters (a) Truss segment

G tests (b) DT joint tests.

60° s a < 90° 30° s & < 90°
15 8 s by/t;26 0 20 0 s by/t, =37 2
fh 04< 8= 062 02<f=<06
0S2sB’ 5077 0 286 s B' <0 752
(a) (b)

]




CHAPTER 7 DESIGN EXAMPLE

In the following, some of the main feafures of a triangular truss design
are described. The truss considered spans 22 m and is shown in Fig 7 1
Loading is assumed to be applied by purlins directly ta.the compression chord
Joints, and is considered to be applied symmetrically about the truss centre-
line, resulting in no torsion of the truss These assumpci.ons simplify the
design and are made for clarity In a real truss, roof decking may 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{uss, 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 loading condition considered comprises factored gravity load of 32
kN/m

Emphasis is on aspects of design particular to triangular trusses
Welding is not considered and for the treatment of welding details, reference
should be mada elsewhere (Stelco 1981), where a wide range of HSS applications
is desciribed. Other details not considered include support bearing points and
purlin support details

The geometry of oné panel is shown i1n Fig 7 2a The truss has parallel

chords and a Warren arrangement of members with all web members having the
same inclination, #, to the chord axis Thus §, = §, = § = 59 23° At the same

time web members lie in a plane which is at an angle of 45%a/2 (=15°) to
the plane which {s normal to the tension chord wall and which contains the
chord axis, as shown in Fig 7 2b Therefore {f the factored axial load in a

web member is N, ., the component of this force normal to the tension

132
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chord wall (the Y, component given in Fig 6 1), is given by

Y, = N, sind, cos(45°-a/2) “ (7 1)

For the example truss, Y, = 0.830 N, for the tension chord.
For the compression chord, the component of force normal te the chord

wall (Y, as shown in Fig 6 4) is given by
Y, = N, sind, cos(a/2) (7 2]

for the example truss, this becomes Y, = 0.744 N, The length of the web
members is 2688 mm in all cases/ this distance being measured between points
/

of intersection of the member axes in the idealized geometry shown in

Fig 7 2a

.

For symmetric loading and the support conditions shown in Fig 7 1, the
truss is statically determinate, and can be analysed by hand with relative
ease. Alternatively a space truss analysis by computer could be used The
member axial forces are shown in Fig. 7.3a, and the preliminary ;;leccion 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-M81

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 PRELIMINARY MEMBER SELECTION

7.1.1 Tension Chord <

\
Member 12-15 T, - 968.0 kN

Due to probable joint eccentricities, there will be a moment in this
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member, therefore select member with T > T,

Try HSS - 101 6 x 101 6 x 9 53 T, = 1030 kN
M, =34 6 kNm
r =36 9 mm

Max permissible factored moment

M= (1o ff) M= (1 O8] 36 -208im

At 15 (Eq B 1)

M, = 05 (968-907 5) e = 30 25 e

require e < 68 8 mm

This will be satisfied since e is limited to +4Z2by/3 = 48 mm

Slenderness ratio, both planes %% - 99 €2750) 67 < 300

. use HSS - 101 6 x 101 6 x 9 53

It may possible to reduce the chord section near the supports The next

.lighter section, HSS - 101 6 x 101 6 x 7 95 1s adequate to carry the axlal

load and moment providing the following eccentricities are not exceeded

Member 3 -6 e =37.5mm (at joint 3)
6 -9 e ~ 36 7 mm (at joint 6)

The choice of a lighter section section in this region is, 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 compression chord is treated as a beam-column‘with biaxial bending
moments giver by Eqs B 7 and B 8 (Appendix B) Joint geometry must be
establisbéd before the eccentricities can be determined However, preliminary
selection of this chord can be made with the assumption that bending accounts
for 15% of the interacting force components in the central reglon of the

truss.
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Member 10-13 "C, = 468.8 kN
Try HSS - 101 6 x 101 6 x 6.35 A = 2320 mm?

rx-ry-384mm

K1_0.9(2750) _ ¢4 5
T 8.4 ' K

C, = 260 (2320) 107> = 603.2 kN

A

o~

468.8 _

Ol()
re

Lo

. suitable as trial section

Further verification will be x/ade after joints are considered

{ l
7 1 3 Web Member Design ‘

All members have the same length I = 2688 mm
Take K = 0 95 Kl = 2554 mm

Compression Web Members

The following are the suitable HSS sections with the least mass, which

are readily available

Member C, Séction Kl/t C,
(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 e
9-10 88.7 63.5 x 63.5 x 3.18 104 7 108 !
12-13 29.6 ﬁ.a x 50.8 x 2.79 131.6 50 ’
Tension Web Membe

All members have the same length I = 2688 mm

Take K = 0.95 Min. rad. of gyration = O 95 (2688)/300 = 8.5 mm

Member T, Section r T,
(kN) (mm) (kN)

1-3 207.0 50.8 x 50 8 x 1 81 189 214
4-6 147 8 38.1 x 38.1x3.81 137 153
7-9 88.7 38.1 x 38.1 x 2.5 14.3 109°
10-12 29.6 38.1x38 1x 2.5 14.3 109"

These are not the lightest sections, but are selected in order
that the value of B8 not be too low

Member sizes obtained in this preliminary design are shown in Fig. 7 3b
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7.2 DESIGN OF JOINTS TO TENSION CHORD

O The design of Joint 3 is considered in detail in the following
Data: -
b, = 101.6 mm Factored Ty = 423 5 kN
ty= 9.53 mm Loads Ty, = O
b,=h; =76 2 mm (Fig 7 3a) V = 308 kN
b,=-h, =50 8§ mm N, = 207 0 kN (comp )
N, =

N

207 .0 kN ?tens )

7 2 1 Joint Resistance - Chord Wall

Factored normal load on joint Y, = 0.83(207 0) = 171 8kN (Eq [7 1})
Assume g - 20 mm, Ay = 0 5 and A, —~.0 769 (see 'Gap Conditions' below) For
simplicity and also because it is conservative, the web members weld size and
the curvature at the corners of the chord are not considered

Using Eqs [6 1] to [6 9) -

b 45°%a/2) - —18.2 . 78 89
p sec(85he/2) = o (159 m

o
]

bs-b, 1016 - 78 89
a, =-c, = 5 - 7 - 11 36 mm

R, - h, cosec(d) = —25 2 _ 88 68 m
sin(59 23°)

o
1

b, sec(45%a/2) = 308 _ 52 59m

cos(15°) . f

c,=by-a, - b,~ 1016 - 3770 - 5259 = 11 31 mm

37 70 mm,

]
~
1

Note that
Ay = azizc2 - boa.zf,z - T85O 769
and
b, - azgo-?z' - 379 ¢ (52 59/2) . o 63
h, = h, cosec(f) = ?1??5509_82?7 =59 12 m
0 m, = 025 c,® Fyg= 025 (9.53 mm)? 0.350 N/mm? = 7 947 kN-m/m
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Mechanism DK-1:

K= 0176134, L = 0.114943, M « 1.0, N=10,

d, = 24,017 mm, d, = 29.731 mn,

p=-0, g =0.582153, ¢ = 5.;52330,

Eq. (6 6]: x=-10.053 mm . X =0me or 20 mm (-g)
Eq [6.2] , Y = ¢ 3339 kN

Eq [6 3): Y =¢ 5195 kN

Mechanism DK-2

K = 0.099110, L = 0 042175, M = 0 562888, N = 0 588498,
d, = 32 018 mm, d, = 49 082 mm,

p = -0.000181, q = 0166291, r = 4,332301,

Eq [6 5] X=-25.33 mm, 944.529 mm .. x = O mm or 20 mm (=g)
Eq. [6 2] Y -4 3391 kN
Eq. [6.3) Y, = ¢ 626 8 kN

Mechanism DK-3
Ke= 0.176134, ,L = 0 042175, M = 10, N = 0 588498,

d; = 26 017 mm, d, = 49 082 mn,

p = 0.004492, q = 0.256948, r = 4,107376,

Eq. [6 5]. X = imaginary .. x = 0 mm or 20 mm (=g)
Eq. [6.2]: Y, =4 339.1 kN

Eq. {6.3]. Y = ¢ 519 5 kN

Mechanism DK-4.

0.562888, N = 10,

K= 0.099110, L = 0.114943, N
d, = 32,018 mm, d, = 29 731 m,
p= -0.004678, q = 0.428105, r = 6.091046,

Eq. [6.5]): X = -12.516 mm, 104,026 mm .. x = O mm or 2C mm (=g)
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Eq. [6.2] Y. —¢ 333 9N

Eq. [6 3) Y, = ¢ 626.8 kN
Hence Y__, = ¢ 333 9 kN - 287 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-gss, 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 \bl and "bz must also be known A drawing of two

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 just enough space for
welds at each side, and it must therefore be centered on the chord wall.

Hence %, = 0 5. The other members being only 50.8 mm wide can be shifted
upwards, thus reducing the eccentricity. From Fig 7 2b, a value of
\bz - 0 63 is seen to be feasible

By using Eq. [A.6] given in Appendix A, or by using the graphical
construction shown in Fig 7 4, the eccentricity e corre;ponding to g = 20 mm
is found to be 35 O mm (<{fb0/3 = 47 9 mm) Now the gap conditions
can be checked

For the chord. HSS- 101 6 x 101.6 x 9 53 A - 3280 mm?
‘ Z, - 110 x 10> mm?

Resistances.
M -¢091¢3ZxFy-32.67kNm

V, = ¢ 0408 AF, =421.5KkN
T, = & A F 1033.2 kN

L
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Loading:
Eq. (B.4] V, =V =308KkN
Eq. (B.3) ., T, =0.5T, = 211.8 kN (end joint)
Eq. [B.6] M, = Tge + N2pbN,cosd = 22.43 kN.m g

Bq (6 10): 3243+ (B8 )"+ (228 ) -1.26<14

Critical 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 = 36.3 mm.

7.2.3 Other Tension Chord Joints

With this chord section having t;, = 9 53 mm, all other joints in the
tension chord can be chosen as gap joints Values of e can be selected within

recommended limits, and the corresponding values of g are large enough for

welding

79 4 Lighter Tension hord
~

The tension chord 3-6, and 6-9 could have reduced wall thickness
(tg= 7.95 mm). The joint design at 6 and 9 could be carried out as above,

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. 1In this case an overlap joint could be used.

7 3 DESIGN OF JOINTS TO COMPRESSION CHORD

In the following we consider the design of Joint 4

Data. Chord HSS - 101.6 x 101.6 x 6 35
Compression web member HSS - 76.2 x 76.2 4 78
Tension web member HSS - 38.1 x ?8 1 x3 81
Loads Cey = -105.9 N 6 = 59.23°
Cep = -287.4 kN a = 60°
N, = -207.0 kN n = 55.49°

N, = 147.8 kN
Tie member Te= 25.4 kN



7 3 1 Joint Resistance - Chord Walls

Tie Member and its Joint T,= 25 4 kN

Try HSS 38.1 x 38.1 x 2.5 T, = 109 kN > 25 4 kN OK

For the joint, 8 = 38.1/101 6 = 0 375

_0.9(2 2)(6.35)%350)(10°) | 38.1 -
Eq (6.12]. T, 1 - 0375) fore *2¥1-07375

- 87 4 kN > 25 4 kN
wuse HSS - 38 1 x 38 1 x 2 54

Web Member Joints (see Fig 6 4a)

Factored normal loads on joint

Eq (7 2]. Y., = N, sinf cos(a/2) = 154 0 kN
Yo = N, sinfd cos(a/2) = 110 0 kN

Assume g = 15 mm, A, = ), = 0 5 (see 'Gap Conditions’' below) Ir
the web members weld size and the chord cormers curvature are not taken into
account, the predicted joint strength is equal to ¢ 160 1 kN ¥ 154 kN and
hence not satisfactory. Assuming a weld leg size of 5 mm around ‘che
compression web member and 4 mm around the tension web member, the effect of

weld sizes and corner curvature is taken into account as follows

by’ = by - 1.88 t, = 89.7 m

o
1

b, sec(a/2) + 25, = 98.0 mm > b’ by = b, =89 7 mm
a,’ =c,’ - 0

98 7 mm

o
1

h, cosec(§) + 2S5,

52 0 mm

o
N~
1

b, sec(a/2) + 25,

az'-cz’-Oj—z—-188mm

h, cosec(d) + 2S5, = 52.3 mm

ot
!

g =g-S8,-S,=6m

m, = 0.25 t,® F o~ 3.528 m T
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Y
- a - k]
A Y{— 0.714

-
2

Since 31' £ 1.9, x=0 and Eq.[6.2]) is use'd:
Mechanisms DK-1 and DK-4:
L = 0.106157, N = 0.714,
d, = 29.1 mm,
Y =¢269.9 kN
Mechanisms DK-2 and DK-3.
L = 0.067197, N = 0.451958,
d, = 36.5 mm,
Y, » 43711 kN
Hence Y _ .= ¢ 269.9 kN = 232.1 kN > 154.0 kN .. OK.

7 3.2 Joint Resigtance - Gap Conditions \
When 6, = §, the critical gap conditions 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

resulting eccentricities e’ and e", will be found from Eqs. [A.8] to

(A.10]. The gap loading is obtained from Eqs. [B.9] to [B.1l5) with i = 1, and
its resistance will be checked using Eqs. [6.13] to [6.15]. Section AA is
critical,

Joint & . _

Choose "as small a gap as practical for welding; take g = 15 mm ’

Assume wl - “’z - 0.5

hy = 101.6 mm Chord: HSS - 101.6 x 101.6 x 6.35
by=h,=76.2 m A = 2320 mm?’
b, =h;=38.1m z, = 81.4 x 10° mm?
'}
Eq. .(A.10] o' = 0.5c0s30° | 15tan59.23° + 16.2 + 38.1 | 76.2 + 38.1 . ;390
~ 2c0s859.23° 2
- 0.5(101.6)
= 22.8 mm
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T —
N ~

Eq. (A.9] e", =e",= e"=[ 0.5(101.6) + 22.8 ] tan30°
= 42.5 mm

Note that e” > 0.33b, ~ 34 mm as will frequently be the case.

On the other hand e’ < 0.33 hy = 34 mm
3

A graphical construction for the joint %ith g = 15 mm {s shown.in Fig 7 5

Loading
(Section AA) ,X; = 207 O cos59 23‘3
" - 105 9 kN :
Y, = 15410 kN ¢
Z, = 207.0 sin59 23° sin 30°
- 88.9 kN
W = 44 kN
Eqs [B.9] Ceg = 105.9 + 1059 = 211.8 kN
Vo = 154.0 kN
M, = 0.5(88.9)(101.6)107% = 4 52 kN.m 5
M, = 0 5(287.4-105.9)(42.5)107° = 3 86 kN m
M, = O 5[ (105.9+475.6)22.8 | + 0 5(101.6)(105 9)
= 7.45 kN.m ~
Resistances
<
Eqs. [6.16]" G& ~ 0.9(2320)(350)107° = 730.8 kN ?

M_, - MWC-) 0.9(81.4)10%350)10° = 4.52 KN.m
V., = V' 0.9(1.15)(101.6)(6.35)(350)10" = 233- 7 N
M_, = 0.9(1 15)(95.25)%6.35)(350)10°® = 20 87 kN m

Interaction Equation

o 1= dfeos o g

- 0.736
— 221.8 7.45 3.86
Eq. [6:13]" 1 + 0.85 +05 ) ] - 0.887 < 1.0
T sl 70877 ( 3564t © °158s
Eq. [6.15]: V,, = 88.9 < 0.5(233.7) = 116.9 kN oK

The gap resistance in Joint 4 {s therefore adequate.
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7 3 3 QOther Compression Chord Joints
Choice of the same gap dimension of 15 mm leads to satisfactory gap
strength at all other {ntermediate joints in the compression chords Joint 4,

considered above, is the most critical of all these joints

7 4 VERIFICATION OF COMPRESSION CHORD

Member 10-13 HSS - 101 6 x 101 6 x 6 35
At 10 b,=h, =635 b,=-h, =381, § -y, =05

Assume g = 15 mm

’

]
‘" o ) 101 6 101 6 o | _ 101 6
Eq [A 10} e'= 0 5cos30 15tan59 23° + 7e0s59 23° t 5 tan30 =5
=15 8 mm
Eq [A 9) e"= 38 5 mm

Ncosé, + N2c0502 = Cp - Cpy = 60.4 kN

At 10
Eq (B 14] Mg, = 0 5(60 4)(38 5)107° = 116 kN m
Eq [B 15] Mg, = 0 5(60 4)(15.8)107% = 0 48 ki.m
At 13 Mg, =M, =0
“®
Taking K =09, w, = w, - 0 6, the section chosen at the

preliminary design stage can be checked using the equations of §F3 of
Appendix F of CAN3-516 1-M84 (CSA 1984), and is found to be satisfactory

Similar checks would show that the other sections of the compression chord are

satisfactory
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101.6 x 101 6 x 6.35
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Fig. 7.3 Design example. Analysis and member sizes
(a) Member forces and shearing force on truss.

(all forces in kN)

(b) Preliminary member selection.

4



Fig 7 4 Tension chord joint configuration.
(a) Cross-section (b) Projection showing side view
(¢) Projection showing view normal to web plane

~

Fig. 7.5 Compression chord joint config;ingtcion,.
(a) Cross-section. N o
(b) Projection showing view normal to web plane.
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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 same time to
determine if any significant trends were evident due to variation of several
major parameters (a, B, g, b,/t, and L /r).

Clearly, no general design approaches can be developed based only on such
limited empirical results, and it {is wunlikely that the frequency of
construction of triangular trusses can justify a sufficiently comprehensive
test program to do this It has been demonstrated however, that the yield
line theory provides an excellent correlation with the test results, and can
provide a basis for the development of design rules for joints to the single
chord of a triangular truss.

Proposed yileld line mechanisms on which the theoretical results have been
based are of very simple form. Refined models have been studied including
mechanisms with inclined end yleld 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 resulting improvements to simple“models are relatively minor.

On the basis of the very limited number o}\,t)riangular truss test results
available, previous fnet:hods of planar truss joint strength prediction do seem
to have some relevance to triangular trusses. However, the yield line method
is superior to these because of its lower wvariability This probably arises
because the yield line method incorporates the effect of off-centre attachment

]
of web members. This off-centering is“desirable to reduce eccentricity in the

147
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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 hereim. 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 critical 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. 1In 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 good performance of the triangular truss
chords in the gap joint tests, the same procedures recommended for overlap
joints in planar trusses may be used (Stelco 1981 for example)

The suggested treatment of compression chord gap joints comprises two
checks, which relate to the gap conditions and the chord wall deformation
respectively. The treatment of the former is considered to be conservative
since it is based on a lower bound solution for a perfectly plastic material.
However Eq [6.13] is based on stress resultants in the gap, and‘does not
account for the possibility of high localized strains One check of localized
conditions is made of shear stresses in the bottom wall of the compression
chord through use of Eq. [6 15] The chord wall deformation has been checked
based again on the yield line theory and experimental confirmation of the
applicability of these to triangular truss compression chords is desirable.

The design procedures described herein result in a rather more complex

treatment than is customiry for planar trusses, and this particularly concerns

-
‘
- -
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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 1in
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 should allow for the
secondary 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, compression
chord joints can then be detailed and their resistance determined, and
finally, with the eccentricities known, secondary forces can be used in the

final check of member sizes
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APPENDIX A GEOMETRICAL RELATIONSHIPS

In the following, general equations are given for a rgumber of geometrical
and loading relationships which are needed in the design of a triangular
truss The relationships apply to trusses in which the angle between the
chord and tension web members may be different from that between chord and
compression web members, as shown in Fig A 1 Furthermore, the compression
and tension web members may be attached to the chord walls at different
positions relative to the centreline of the chord walls, as shown in Figs 6 3

and 6 &

A 1 TRUSS GEOMETRY

I, = p2+s? . (A1)
- -1fd

n, tan (pi] {Aa 2]

b, = tan"l(—;—) (A 3]
i

w = 2d tan%— (A 4]

A 2 TENSION CHORD ECCENTRICITY (see Fig 6 3)

tand tand, ) h, h, 45°-a/2 [ b, b,
e = tan01+tan02 os(a/2) &+ 2sin(91 *+ 2sin02 + tan( -a/2) Qtanal + ?tan?z
- b ¥ ¥
_ 0 [ 1 + 2 ] [A 5]
N NZcos(a/2) tanfl tand 2
For the regular Warren truss with §, = §, = ¢ this becomes
0 Stanf 2 hyth, | Dytds o (45-a/2 bob +0.) A6
e = tanfcos(a/2) g + TsInd mtan( -a/2) J - m(\bl v, { ]

O
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0 A 3 COMPRESSION CHORD ECCENTRICITY (see Fig 6 4)

b,

tand tand, h,
& 75ng, * 7sing,

tanﬁl + tand,

’

e, cos{a/2)

b b 2
+ tan(a/2) ztarllﬂl * 2tarzu92 (wz"’bl)b"ii:T(:é%l L (& 7]
e', =e' | + (wz-wl)bocos(a/Z)sin(a/2) fA 8]
e, = (0 Shyre’)tan(a/2) - by($ -0 5) {=1,2 (A 9]

For the regular Warren truss, with §, = §, =6, Eqs [A 8] and [A 9] are

unchanged, and Eq [A 7] becomes

h,+h b,+b
e’y = 0 5cos(a/2) | gtanf + po—% + ——2tan(a/2) - (¥,-$,)b,sin(a/2)

- 0.5h, (A 10]

Note that if ¢1 =Y, thene’; =e’', and e", = e",

2’




Fig. a1

Geometry of one panel

‘-
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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 1is, offset from the chord axes In the following, the forces

2
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

B 1 TENSION 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 cthe

”

forces applied to the members are shown in Fig. 6 3a

B.1 1 Secondary Bending Moments in Chord (outside gap)

At an intermediate joint
1 :
My = 71 (T Tepe i =12 (B 1]
cl “e2 .

At an end joint, 1if the chord is curtailed beyond the tension web member

comnection,

Mgy =Ty @ (B.2]

153




154

B 1 2 Gap Forces - Tension Chord

Axial Force

T,, = Ty, - 2Ncosf, = T,, + 2N cosé, (B.3]

5 f1

At an end joint beyond which the chord carried no axial load, this

becomes
T“ -05T,

Shearing Force

V, = V the shearing force carried by the truss, where (B 4]

V= 2lein0 lcos(a/2) - 2stin02cos(a/2)

Maximum Bending Moments

At an intermediate joint, the maximum of M, and M, where

1
My = l—ﬁ_ (T-Tep) + A2 ¥bNcosh, i=1.2 (8 5)
cl c2

At an end joint if the chord is curtailed beyond the tension web member

commection

M, = T,e + A2 ¥ bNcosd, {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 similar to those for the tensfon chord

shown in Fig. B.1.
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B.2.1 Secondary Bending Moments in Chord (outside gap)
Vertical Bending (about the z-z axis)
Lot (Nicoste', + Ncosd e’ i=1,2
Mgy = T+, (Njcosf e’ + Nycosde',) - L (B 7]
Horizontal Bending (about the y-y axis)
lci
M (N,co i " i=1,2 {B 8]

Re B 1 cl+l c2

B 2.2 Gap Forces - Compression Chord

»
) The subscript i = 1 relates to the web compression member and to the

' forces in the gap near Section AA (Fig. 6 &4a), and subscript i = 2 relates to

<

the gap near Section BB.

Axial Force

c - C

gl g2
. .
. where
Cegr = Cgy + Njcosd, (B 9]
and
Ceg2 = Cgp + Nycosé, [B 10] -

4
’

Shearing Forces

Ve, = Y, = N sind cos(a/2) i=-1,2 ‘ [B,11]

fyi

Ve, = 2, = N sinf sin(a/2) — - i=1,2 ~(B.12]

Twist 1ng Moments

“ Mg, = Nsind, | 0.5hsin(a/2) - (¢1-O.S)b°cos;(a/2) i=1,2 {B.13]
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Maximum Bending Moments in Gap

1 1 z "
My, = T-c-;-_ﬁ-c—z [ 21 Ncosf e" | + (#)L-O 5)bN,cosd, {1 = 1,2 . (B 14)
Les zN g.e' + 0 5 b, cosf t=12 ’ B.15
Mews = I+, 12.:1 jcose @’y 1t C080 =L (B.15]

For a regular Warren truss, with 6§, - #, the gap near the compression web

F3

member, {.e , 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

°
3

normal to the bottom wall of the compression chord, it will frequently not be

feasible to attach these members off centre. In this case, with \bl - ‘bz - 05

many of the above equations are simplified, and e’ = e’,, e",

f B

"
-ez

.
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I Mg (Eq.B-1) i | Bending
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| Y— MfZ(Eq.B-S) i
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Fig. B.1 Bending moments in tension chord



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 height t, 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 Ordinary Plastic Hinge (e = 0)

If N=O, puré bending exists and the resistance of the section is

N
=1 and N——O (C 1]

g\

where Mp, the full plastic moment resistance of ther section, is

M, - —— : (C 2]

N, =-¢t, o0 [C 3)

The stress distribution and the displacements at the section are shown in
Fig C.1b Such a cross section is usually called an ordinary plastic hinge.

Referring to Fig. C.lc, note also that

-4 4
e =4 0 ‘ (C 4]

where e is the distance from the centroid to the neutral axis, A {s the axial
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displacement at the centroid and ¢ is the rotation at the plastic-hinge cross

section

t
C 1.2 Complex Plastic Hinge (0 < e < ?9) .
For combined bending and normal force

2 2
M%,+(Nﬁp]-1 or M-M’p-Mp[l-(F?;] ] (C.5]

M’, is the plastic-moment resistance of the cross sectipn reduced by the

effect of ch normal force N. (Similarly, N’y (=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
AN SN
© " §T %, TN (C 6]

_ The stress distribution and the displacements are shown in Fig C lc

The cross section forms a complex plastic hinge, as termed by Neal (1977)

t
€C.1 3 Squashed Cross Section (—29 < e)

For normal force only

M N

= =0 and = =1 [C 7]
My Ny

and e = ?— is indeterminate, (C.8]

~

t
that is, e may take any value in the range [e| 2 —22, as shown in Fig C.1ld

t
The value of e = -29 corresponds to the limit between a complex hinge and a

squashed cross section, ;s shown in Fig. C.le.

If 8 =0 (e = ), Fig. C.1f, only the normal displacement A takes

place and the cross section forms what may be called a ‘purely-squashed cross-
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N v

section mechanism’, i e the cross section deforms axially and it does not
rotate. The cross section works as a 'push-button’, as opposed to warking as
a ‘'hinge' for an ordinary plastic 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 bgtween M/Mp and N/Np 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 (.2 A
normality condition for the yield surface defines the relation between the
ratio A/f and the yield surface (Heyman 1971) " Tnhis normality condition is
also defined by Eqs. {C 4], [C 6] and [C 8]

The overall effect on a structure of the combined bending and normal
stresses, as opposed to the effect on a cross section presented above, s now

discussed

C 2 EFFECT OF NORMAL STRESSES ON A STRUCTURE -

The two fundamental approaches to plasticity problems are the lower bound
static approach and the upper bound kinematic approach. In the static
approach, equations of equilibrium are derived directly for the structuxje
under study. In the kinematic approach, mechanisms of deformations are
assumed and the principle of virtual work r‘is used to obtain equations
equivalent to equilibrium equations These two approaches are commonly used
to deal with bending effects in a structure, and can be used similarly to
treat the effect of normal stresses. In the static approach, equations of
equilibrium are written directly for the normal forces, and in the kinematic
approach, mechanisms involving axial deformations are assumed and equations
for the normal forces are obtained using the virtual work principle.

\

-



2

161

)

For structures analysed for both bending and normal force, each of the
bending moment and normal force effects can be analysed with either the static
or kinematic approaches. Hence four different methods can be used, as shown
in Table C.1. In each method, two 1independent sets of equations are obtained,
one set for bending moments and one set for normal forces. These sets of
equations are then golved simultaneously to obtain a solution.

In Method 1 (see Table C.1), equilibrium equations are written "for
bending moments and normal forces and then solved simultaneously The
usefulness of thea method depends on how readily the equations of equilibrium
can be obtained. For example, it may be difficult to use this method with
plate bending problems in which the equations of equilibrium generally lead
to complex differential equations.

In Method 2, equilibrium equations are written for the effect of bending
moments, whereas equations for the normal f..ces are obtained using the
virtual work princi;lnle, based on an axial deformation mechanism Both sets of
equations are then solved simultaneously

In Method 3, a mechanism for bending deformatlons 1s assumed and
equations for bending moments are obtained using the virtual work principle
The effect of norn?al forces 1is treated by writing equations of equilibrium for
the normal forces. The two sets of equations are then solved simul taneously.
This method 1is often used with plane frame problems and the solution is
usually carried out by iteration (Horne 1979, Heyman 1971).

Method 4.1 may lead to easier solutions than Method 3 in certain
problems. 1In 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 wvirtual work principle and then solved simultaneously.

Method 4.2 is an alternative to Method 4.1. It consists of assuming only

one mechanism which includes bo.h bending and axial deformations. In this
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case, only one set of ::quat:ions 1s obtained containing two unknowns, the
internal bending moments and the internal normal forces However, since the
equations represent an upper bound solution of the applied loads, minimization
can be done with respect to elther one of the unknowns, internal bending
moment or axial force, giving another set of equations and hence a solution
can be found

In Method 4 1, 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
analysis (Neal 1977) However, the name 'method of entire mechanism’ |is
suggested herein since the method involves a mechanism that includes directly
all deformations

Methods 1 to 4 1 involve breaking down a complete problem into separate
sub-problems | The normal and bending stress values assumed in these separate
sub-problems are not valid if these sub-problems are considered as ctruly
separate and independent pr;blems However, the stress values are indeed
valid when considering their combined effect in the original complete problem

For example in a sub-problem for the bendinf effects, a section carrying
maximum bending moment (equilibrium approach) or an ordinary plastic hinge
(kinematic approach) must be assumed to carry only a reduced plastic moment

M'p instead of the full M, if this section or hinge is combined to a

section carrying maximum normal stress (equilibrium approach) or to a fully-
squashed cross-section mechanism (kinematic appro'?h) in another sub-problem
for normal force effects. Similarly in the secofid sub-problem, the section

carrying maximum normal stresses or the fully-squashed cross-section mechanism
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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 correct interaction relationship
for combined bending and normal stresses at the cross section considered in
the original complete problem.

The four methods just described are illustrated below by two examples.
For the simple problems considered, it will be found that solutions from
Methods 1, 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
prdoblems, such as Iin plate bending problems, the four methods will yield .
slightly different solL,xt:ions. 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 solution 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 cannot be predicted in

general.

C.3 EXAMPLE 1

2

-
Consider a plastic hinge, representing a simple structure, subjected to

externally applied moment M and force P, as shown in Fig. C 3a. As usually
the case in plasticity problems, the applied 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 Method 1
Refer to Table C.1 and to Fig. C.3b. The equations of equilibrium are

written directly for both bending and normal force effects. Equilibrium of

moments ( E M= 0 ) gives
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Applied Moment = Internal Moment

Pa=M, (C 9]

2 5
where M'p = M, { 1 - [ ] ] and M, and N, are defined in Eqs (C 2] and

%

(c.3].

Equilibrium of forces { £ F = 0 ) gives

Applied Force = Internal Force

P-N (C 10)

The solution for P is obtained by solving simultaneously Eqs (C 9] and

[C 10]). Hence, substituting Eq [C 10] into Eq {C.9] glves

(C 11]

e
N

C 3 2 Method 2

The equation of equilibrium for bending is obtained in the same way as in

~

Method 1 and is
Pa=M,-M [1- [ﬁ]z] (Ci12)

The normal force is treated by assuming a mechanism involving axial
deformations only, as shown in Fig. C 3¢ The virtual work equation for this

~ echanism is
Pé§=NaA (C.13]
where 6§ is the displacement at the load P and § =A, hence
P=N (C.14]

which is identical to Eq. [C 10] in Method 1. Solving simultaneously

Eqs. [C.12) and [C.14) yields the same so.ution as that of Method 1, {.e.

3
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Eq. (C.11].

C.3.3 Method 3

A mechanism for bending deformations is assumed as shown in Fig C.3d

The virtual work equation is
P a=Mp¥4 (C.15]

or, cancelling §'s,
Pa-M[1- [g;}z] (C.16)

The equilibrium equation for normal force is
P=N (C 17)

Eqs. [C 16] and |C 17] are identical to Egs {C.9] and [C 10] and

simul taneous solution leads to the same answer as before ‘

C 3 4 Method 4.1

Refer to Fig C 3e. For the hkending moment, the; same mechanism as in
Method 3 is assumed and leads to Eq. ([C.16}

For the normal force, the same mechanism as in Method 2 is assumed and

leads to Eq. [C.14].

Again, the simultaneous solution of these equations is identical to the

“

previous solutions.

C.3.5 Method 4.2 “ e
A mechanism combiningh both bending and axial deformations is assumed as

shown in Fig. C.3f. The virtual work equation for this mechanism is

°

P6=M,0+NA ) - (C.18]

‘
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or

P@a+ad) =M [1- ]2]9+NA [C.19]

N
Ny

Dividing by § and using Eqs. (C.2], [C 3] and {C 6], Eq. [C.19] can be

simplified to - /j
t 2 2 -
e |
M T p) [€.20)
o)

Minimization of P with respect to N is done by solving
dp '
- 0 (C.21)

which leads to

N 8{.“2
—_— . — .£_+aZ_a
Mp toz 4

Substituting this value of N into Eq [C 20] gives the solution for P.

{C 22}

This solution cannot be simplified to an equation similar to Eq [C.11]
However, it can be shown to give answers numerically identical to those
obtained from Eq. [C 11], { e the solution is the same as in the other
methods. ‘

In connection with Eq [C.21], note that P is 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'[) The appllied load P s
minimized with respect to N in the same way that minimization is done with
respect to a geometric parameter in an ordinary kinematic plastic analysis
when no normal force effect is considered. The minimization could in fact be
done with respect to M’ or e since N, M’ and e are all directly related.

Also, the interaction equations and‘bt:he normality relationship at the

-
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plastic-hinge cross section, Eqs (C.1] to [C 8], are satisfied for any

assumed value of N Letting ?m—z = 0 leads to the particular value of N that

minimizes P (upper bound solution).

C 4 EXAMPLE 2

Congider the frame shown in Fig. C.4a. With span b,, and beam and
column sizes t,, 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

g (c 23)

The effect of the normal force in the columns is now analysed using
4

Methods 1 to 4.2

C.4.1 Method 1
+ Refer to Fig C 4b  The equation of equilibrium for bending is

3

v, +ny (C.24)
»
2

2 t
' N 0
where, as before, M p = Mp [ 1 - (ﬁ;] ], Mp - Iy and Np- ey

The equation of equilibrium for the normal force in the columns is
“~—

F =N (C 25]

Substituting Eq. [C.25] into Eq. [C.24], solving for P and simplifying

leads to P
P 8 [ bo 2 + 2 bO ]

e el - - - C.26
-5l A& s [c.26)
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C 4.2 Method 2 - —.

Refer to Fig. C 4b  The equation of equilibrium for bending is again
PL )
Bl s, l (C.27)

The virtual woxk equation for the axial deformation mechanism is

|

i

P&§=2NA {C 28)

Eqs [C 27] and [l.ZB] are identical to Eqs ([C 24] and {C 25] and the
solution is identical t¢ that of Method 1

Note that in the axial deformation mechanism, purely-squashed cross-
section mechanisms are used in the columns These cross-section mechanisms

are assumed to carry only a reduced squash load N

C 4 3 Method 3

Refer to Fig C'4d  The virtual work equation for the bending mechanism

is
b, N2
P %= 20M, + 20M, [ 1 - (N_p] ] [c 29}
The equation of equilibrium for the normal forces 1is
P
5 =N (C.30]

Again, the solution is the same as before

Note that in the bending deformation mechanism, an ordinary plastic hinge
carrying the full plastic moment M, is used at mid-span of the beam, while
ordinary plastic hinges <carrying a reduced moment M', are used in the

columns
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|
L

" C.4.4 Method 4.1

Refer to Fig C.4e The virtual work equation for the mechanism with

bending deformations is

P %39 "2”"9 +20m, [ 1 - [EN;]Z | (c.31]

s
v

The virtual work equationgfor the mechanism with axial deformations is

P§=2NA (C.32]

Again, the solution is the same as before

C.4.5 Method 4 2

The mechanism shown in,K Fig® C.4f combines both bending and axial -

deformations. The virtual work equation for this mechanism is

P(@b

4 ) - 20M, + 26Mp + 20N (C 33)

Minimization of P with respect to N, i.e. letting %’ = 0, leads to

bO 2 bO
£ 5 (C.34]

N 4
M~ 3,

P

]

Substituting Eq. (C.34] into Eq. (C.33], solving for P and simplifying

leads to ’ . P

P 8
M

» 3o A6t, + 6b,

This solution cannot be simplified to Eq. [C.26]. However, it gives identical

(:_:)2 + 12 - i—z [210’)2 +6 ] [C.35]

nunerical results.

Note that in the mechanism shown in Fig. C.4f, complex plastic hinges

-~

carrying a reduced moment M', and a reduced normal load N are used in the
| ,

J \d
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columns

-~

Values of P/M, from Eqs. [C.26] or [C.35] are given in- Table C.2 for

to =0 and b, =~ 10, 5 and 2. The percentage reduction from the solution

for bending onIy, Eq. (C 23], increases as the span b, decreases

<

Note that while the above solutions assume failure due to both bending

&

and normal forces, gnother mechanism is possiblle due to pure squashing of the

’

columns. From equilibrium, or considering a mechanism with purely-squashed

-

cross sections in the columns, the following equation is ohtained

’
- ° I

squash = 2 Np . [c.36]
or
-4
P )
squash 8 -
*Tup— -t . . fo.37)

Hence, this failure mechanism sets a limit to Eq ([C 26], or Eq (C.35], and
governs for values of b, s 0.5 (with t; = 1) However, this situation occurs
for very short spans, i.e. when the load is appiied almost directly ab%ye the

columns. A similar situation may arise in the tension chord joints of HSS

«

triangular trusses when the web members are connected much off-centered on the

o

chord faces, and hence one side of the web member is almost directly.over a

f

side wall of the chord. ' ~
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~ Fig. C.1 Effect of normal stresses on a cross section.
Yield condition. (a) Applied loads and cross section.
(b) to (f) Stress distribution and displacements:

1 (b) Ordinary plastic hinge. (c) Complex plastic hinge.
(d) Squashed cross section. (e) Limit case between (c% and (d)
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Fig. C.2 Yield surface, interaction equation and normality
condition Combined bending and normal forces.
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Fig. C.3 Effect of normal stresses on a structure. Example 1
(a) Applied loads and cross section.

(b) Method 1. Internal bending moment and internal normal force

(c) Method 2. Internal bending moment and normal mechanism.
(d) Method 3. Bending mechanism and internal normal force.

(e) Method 4-1. Bending mechanism and normal mechanism.
(f) Method 4-2. Mechanism with combined bending and normal deformations
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Fig. C.4

(a)

(b)

(c)

(a) Structure and cross section.

(b) Method 1. Bending moments and normal forces.
(c) Method 2. Bending moments and normal mechanism.
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Effect of normal stxdsses on a structure. Example 2.

(d) Method 3. Bending mechanism and normal forces.
(e) Method 4-1. Bending mechanism and normal mechanism.
(f) Method 4-2. Mechanism with both bending and normal deformations.
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Table C.1 §61ution methods of pias:tic analysis for combined bending and
normal force effects. '

Solution Bending Moments Normal Forces

Method
b 1 Static Static
3
Static Kinematic
. 3 Kinematic Static
41, 4 2 Kinematic ' Kinematic

Table C.2 Effect of normal stresses. Example 2.

b, I"/mp P/mp % reduction
: Eq [C.23] Eqs [C.26] or [C 35] C°1-é§{'fg§-(3) x 100
bending bendin% and )
only normal forces ‘
(1) (2) PR ) (4)
10 0.8 ©0.796- 0.5
5 1.6 1.569 19
2 4 3.596 101
Notes®: ¢t = 1, m, = 1
» i B3 4

[
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