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ABSTRACT 

• A research program into the investigation of the behaViour of 

double chord ass 'Warren trusses is presented. The experimental results 

of eleven tests on five differ,ent types are reported; these include two 

Back-to-Back trusses. two Standard trusses and a Bolted type. One of 

the Back-to-Back trusses employed stiffening plates to reinforce gapped 

connections while the other had web members fully overlapped. The two 

Stan~ard trusses had different eccentricities depending on whether the 

ends ,of the web members were square cut or angle cut. Gusset plates and 

tie plates were used 'to stiffen the connections for the Bolted truss. 

-Retests after reparations were undertaken in the event of a localized 

joint or member, failure so that maxiDllm information coul~ be obtained 

'from the program. 

An analytical model has been de~eloped and incorported into an 
/ 

existing plane frame program for anal,sis of the double chord ass trus

ses. Three types of yield mechanismS.that are/accounted for are plastic 

hinge formation at the end of a member. member failure due to plflstic 

limit load and,yielding of the spring for modelling a cQnnection. 

The experimental and analytical resu'lts are then compared thus 

confirming the validity of, the analytical model. Finally.' conclusions 

and. recommendations are outlined for the analysis. design and feasibil-

ity of double chord Warren trusses with hollow structural sections • 
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CHAPTER 1 

INTRODUOUON 

1.1 Background to the Study 

A major consideration in employing hollow structural sections in 

long span truss applications has been one of size availability for the 

chord members. ,This problem has been overcome in offshore struc.tural 

applications with the use of large diameter round tubular members aa the , 
main members. However, in the quest for oil and gas resources, the 

economic staKes are so high that high fabrication .costs for building oil 

rigs 'and associated structures can be tolerated. In the case of bUild-

ing construction or in industrial site applications, prudent reductions 

in fabrication costs will make conceived structural systems more compet

itive. ~us, trusses consisting of rectangular hollow structural sec-

tions have a distinct edge over round tubular sections because of the 

simplified end preparati~s needed for welding. 

If, however, the largest size square hollow members of 304.8 x 

304.8 x 12.7 IJIIII... that is currently manufactured in Canada was used for 

chord members in a Warren truss structure, the clear span 'would need to 

be restricted to the 30 to 40 m range. Many applications such as sports 

and recreational centres, convention halls and manufacturing plants 

necessitate clear spans exceeding 50 m. It was for this reason that the 

double chord concept suggested itself for long span poaaiblitiea with 

economically viable designs. 

- 1 -
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Double chord systems are ~re advantageous over the traditional 

single chord systems in many aspects. The DIOst profound effect 'is' that 

forces from the diag~nal members are transferred to the webs of the 

double chord as coaip'ated to the weaker flange of the chord plate for 

single chord systems, thus resulting itt stiffer connections and higher 

load carrying capacity of the truss. Since a double chord truss will 

have a longer unsupported span than that utilizing single chord members, 

greater interior design flexibility within buildings will be achieved. 

Moreover, doub,le chord systems will result in higher lateral rigidity 

and consequently, less lateral bracing will be required to prevent 

instability of the top chord subjected to compressive stress. At pre-
, 

sent, the major example of a double chord system is the Hamilton Conven-

tion Centre. Its design was based on work done at, McMaater University 

[lJ on double chord 'joints. Hence it is appropriate at this juncture to 

discuss the findings of Korol and Chidiac involving double chord joints 

and to present reasons for the need to have undertaken the truss program 

described herein. 

The initial research project involving double chord connections 

was sponsored by, Comite International pour le Developpement et l'Etude 

de la Construction Tubulaire (C.I.D.E.C.T.) (5V) and the Canadian Steel 

Construction Council (C.S.C.C.) and conducted study on four different 

types of joints [2J. These included Back-to-Back, Channel, Standard and 
• 

Bolted types. It was stated in the conclusions of that'study that Back-

to-Back, Standard and Bolted connections shOW~ the most promise whereas 

the Channel type connections were found to~ unsatisfactory. 
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From experience 'gained with single chord trusses and joints, it 

was felt that additional research on double chord joint behaviour was 

essential. For example, as ,part of C.I.D.E.C.T Program SF, eight Pratt 

trusses with single .chord rectangular hollow sections (RHS) having spans 

of between 14 and 16 meters were tested at Pisa University, Italy [3J. 

Isolated joints were also fabricated and tested in an attempt to draw 

possible correlations with those forming the trusses [4J. It was found 

that many of the isolated joints failed· by local buckling of the chord 

which did not occur in the truss experiments. The truss tests also 

showed no appreciable difference between the strengths of joints on the 

compression.~hord and those on the tension chord [5J. 

This difference in results is further noticed in the testing of 

eleven welded steel trusses of 6,m span and 0.84 m deep by Dasgupta [6J 

conducted at Nottingham University. The connections were designed in 

accordance with previous 'test results on individual joints undertaken at 

the University of Sheffield [7J while rectangular hollow sections were 

used to form the gapped N-joints. Failure loads of the truss joints 

were found to be up, to 30% lower than the equivalent joint failure 

loads. Therefore it appears that the joint behaviour in a full scale 

truss may be quite different from the results obtained for isolated 

joints. 
r 

1.2 Objectives and Scope 

A decision to extend the double chord joint work to include 

, 

I 
J 
; 

, J 
~ 
" 
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large scale ,trusses was therefore taken. 'This project, known as 

C.l.D.E.C.T. (5Vl), was intended to study the behaviour of trusses com-

pr18ed of the joints deemed to be IDOst likely to lead to structurally 

efficient and economic designs. One of the primary objectives of the 

investigation was to'ascertain whether the joint test findings [2J would 

be substantiated in actual truss tests. Such a verification was not 

necessarily to be expected in light. of the experience with the single 

chord connections. , 

Another objective was to determine whether the type of joint or 

its detailing would cause localized weakness or unanticipated overall 

buckling of the associated truss. For' example, lateral, bracing of the 

top chord is required if the ratio of unsupported length to its radius 

of gyration is excessive. There are some questions about the effective 

moment of inertia of the double chord about an axis in the plane of the 

truss; particularly when the chords are separated intermittently by'the 

diagonal members at the connQections. Also of concern was the possible 

local buckling at the ends of diagonal members due to IDOment 'and axial 

force transfer mechanisms. 

Large deformations prior to failure usually alter a structure's 

original geometry to the extent that secondary forces may become signif

icant. This consideration, in additon to the truss' overall ductility 

prior to failure is important in the limit state design philosophy. 
l>-

Laboratory experiments on trusses are therefore essential to shed light 

on the above mentioned aspects of the overall behaviour. 
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It was decided to test a total of five trusses, two with double, 

chords placed bsck-to-back, two with standard type connections and one 

with bolted connections. The trusses were conceived to be one-half to 

one-third scale of the possible long span prototype structures. These 

large scale sizes avoid scale effects for residual stresses due to weld-

ing or manufacturing and from general fabrication procedures. 

Finally an analytical method, to predict the stiffness and 

strength characteristics of a double chord truss was deemed essential to 

permit an assessment of the effect of varying parameters, e.g. eccen

tricity, diagonal to chord angle and joint characteristics, etc. 

1.3 Truss Types 

Three different types of connections were used for the five 
. 

trusses tested. These included the Back-to-Back, Standard and Bolted 

connections and are shown in Fig. 1.1. 
-.." 

If. 
In the case of the Back-to-Back or ".BB" connection, the two 

~ 

chord member~ are placed together in a back-to-back manner and the chord 

membet:s are welded onto their composite. flii.';ges as indicated in Fig. 

1.1(a). This type of connection can lie rei~orced by overlapping the 

web members .(OV designation) or by employing stiffening plates (ST des

ignation). Thus -the truas BBST employed the Back-to-Back with stiffen-

ing plate type connectiona. ,In both eases, with or without stiffening 

plate, diagonal end preparation is required to ensure an effective 

weldment. 
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The. Standard or "5" connection has the web members sandwiched 

between the-. chord members and are attached to the latter by simple 

fillet welds as illustrated in Fig. 1.,l(b). The two trusses tested of , 
this type w~re identified as 51 and 52 because of different joint eccen-

tricities. 

The Bolted or "BO" connection 10 similar to the Standard conneC'-

t.10n except that the web members are bolted to gusset plates that in 

turn are welded to the This type is shown in Fig. 

1.l(c)., 

1.3.1 Eccentricity 

Large eccentricities are normally to be avoided when designing 

joints since t~ induce moments on the ends of members framing into a . " 

joint. However, recen; studies at the University of New Brunswick [8) 

noted that very high stresses were caused by bridging action at the ends 
-/"'. 

of the diago~al members thus tending to cau~e localized rupturing of the 

chords webs. This effect is particularly pronounced in Standard 

trusses. In· defining geometries of the two Standard trusses, ~t was 

originally thought that a smaller eccentricity would yield a larger load 

carrying capacity. Nonetheless, it is possible to minimize eccentricity 

by angle-cutting the ends of the di,agonal members." The two types of 

detailing for Truss 52 and Truss Sl"joints are shown in Fig. 1.2(a) and 

Fig. 1.2(b), respectively. Eccentricities are pqsitive in both 

instances. 
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• 
Positive, zero or negative eccentricity can be obtained for the 

Bolted and Back-to-Back connections. For the Back-to-Back connection, a 

gap joint (as for Truss BBST) produces partial eccentricity, partial 

overlapping produces zero eccentricity while full overlapping (as for 

Truss BBOV) results in negative eccentricity. These cases are illus-

trated in Fig. 1.3. 

The gusset plates for the Bolted truss permits complete freedom 

of choice regarding eccentricity. The eccentricity, of Truss BO is taken 

as zero. 

1.3.2 Diagonal to Chord Angle 

The angle between the diagonal and the chord members affects the 

performance of the connections as well as that of the entire truss. A 

,small angle produces a small eccentricity at the connection but results 

in longer diago.als and the ones in'compression will be more susceptible 

to buckling. Panel point sp'acings would also, be increased giving 

greater unsupported length for the top chord. The effect of varying the 

diagonal to chord angle was not investigated in this 'research work. The 

diagonals were positioned' so as to have an approximately 2: 1 slope 

(63.4°) with the chords. 

• 

, 
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CHAPTER 2 

DESCRIPTION OF THE EXPERIMENTAL PROGRAM 

2.1 General Truss Details 

From previous joint test results [2J, the Back-to-Back or BB, .. . . 
Standard or S and Bolted or BO type connections showed promising results .',' 

while the Channel type did not. As such, the former three were deemed 

worthy of further study regarding their performance as part's of the 

overall trusses. A total of five trusses were tested, of which there 

were two Back-to-Back, two Standard and one Bolted type. In order to 

assess their performances, the overall dimensions were designed to have 
.~ 

a common height of 1.83 m and length of 15.09 m as shown in Fig. 2.1. 

The slope of web members was maintained at 2: 1 with minor differences 

due to end detailing of the diagonals. A general view of the Truss Sl 

with spreader beams and loading assembly is shown in Fig. 2.2. A simi-

lar setup was also used for the other trusses. 

The steel used in all trusses was CSA Grade 40.21H 350 Class H. 

Sections were' cold formed from flat-rolled steel with the following 

mechanical properties: 

(a) a minimum yield strength of 350 HPa (50.8 ksi); 

(b) tensile atrength of 450-620 HPa (65.3 - 89.9 kai); 

(c) miniminum elongation of 22% in 50.8 mm. 

- 10 -
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Upon completion of each test, coupons were cut from the chord 

and web members of each truss. These coupons we're then used in the 

standard tensile tests on a Tinius Olson machine in accordance with the 

ASTH specifications [9). The results obtained are representative of t~ 

strength properties of different members comprising each truss and are 

listed in Table 2.1. 

All chord members consisted of two square hollow structural sec-

tions (RSS) of dimensions 152.4 mm x 152.4 mm x 6.35 mm while the web 

members were single square RSS of siz~127.0 mm x 127.0 mm. Different 

thicknesses were used for the web members to account for the anticipated 

differences in levels of axial forces developed depending on their posi-

tions in the truss. Exterior web members with the highest axial forces 

were proportioned with a thickness of 9.53 mm wh~le interior web members 

had thickneBaeB-~ 6.35 mm and 4.78 mm. I~ was expected that by utiliz-

~ ing the above mentioned web member dimensions, approximately equal 
~ 

stresses would be devJloped during testing. 

Because of the high cost of fabricating such large structures, 

it was deemed prudent to reinforce members or joints and their symmetric 

counterparts that suffered from localized failures and to undertake re~ 

tests. In the event that a major failure of the structure would occur, 

as for example, top chord overall buckling or rupturing of a joint, 

testing would be discontinued. It was felt that the necessary repair 

• 
work and altered geometry would have a major influence on the truss' 

behaviour when compared to that of the original structure. 
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2.2 Testing Arrangement 

... ,--', ~ 
Trusses to be tested were simply $uppprted at the ends of the 

1 ' , ' 

bottom chord members which rested on two massive concrete blocks. The 

ends of the top chord members were restrained against lateral movement 

by placing wooden blocks between the webs and the vertical W14 x 119 

steel columns that were securely bolted to the test floor. 
" 

, . Two single-acting hydraulic jacks'were used to simulate in-plane 

gravity loading at the top panel points ,of the trusses. Two load cells, 

each having a capacity ?f 1780 kN in compression were used along with 

the hydraulic jacks., These were connected to two strain gauge indica-
e • 

tors and the readings we~ recorded, for prescribed loadings in accord

ance with the pre~libration. 

By employ'ing systems of spresder beams • under each of the 

hydraulic jacks, equal loadings could then be transferred to each of the 

eight top panel points. Since the loadings and truss geometry were 

symmetrical about the centre line, testing arrangement for half of a 

typical truss is illustrated in Fig. 2.3. 

2.3 Measuring Devices 

A large number of strain gauges were placed at the approximately 

computed critical sections of each truss. Sets of 90· rosettes were 

also located along a line through the connection center and perpendicu-

lar to the double chord members in order to measure the principal 
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strains, and in particular the maximum shearing strains at the connec

t ions [10 I. The two types of linear gauges used had gauge lengths of 

12.7 mm and 5.0 mm with gauge factors of 2.10 and 2.09, respectively. 

The rosettes used were general purpose 3 element 45° of rectangular 

shape (model 90-EA06125RS-120) having an individual gauge length of 3.2 

mm and a gauge factor of 2.03. To ensure a proper bond between the 

strain gauges and the metal surfaces, rust proof paint applied by the 

fabricators was first removed. Bonding was then performed according to 

the manufacturer's specifications with the necessary drying- periods 

allowed. These gauges were connected to. a nominal 100 channel Autodata 

recording device (80 channels only for single gauges) which gives an 

output on a paper tape. Since more than 80 channels were normally 

needed, strain indicator boxes were used for the additional gauges 

required. 

Eight dial gauges, mounted on one side of the top chord members, 

were used to indicate the amount of lateral displacement of a truss. 

Three more dial gau$es.w~e attached to the upper sides of the top chord 

members to determine vertical displacement of the mid span of the truss 

at various loading stages. 

In order to compare performances of various trusses the strain 

gauges, rosettes, and dial gauges were arranged in a consistent manner 

and will be discussed in more detail in the subsequent chapters. 

2.4 Test Procedures 

Just prior to testing, the two load cells were calibrated while 
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the resistances of all strain gauges and rosettes were checked to indi

cate the amount of drH.t'; if any. After identical readings had been 

taken, identical loads were applied incrementally to the top chord in 

increments of about 5% of, the estimated capacity of the truss. The 

strain and displacement readings and general observations were recorded 

at each load step. This procedure was repeated until significant defor

mations of joints or members had occured which was indicated by a drop 

in strain readings for the load cells. The truss would ,then be examined 

for a possible failure condition. In some cases a small drop in load 

was associated with a d1spla~ed shim or bolt sUppage. Loading was 

continued until a true maxi1lllm was reached and a mode of failure 

observed. 

'. 
In order to check for possible unsymmetrical loadings, strsins 

in members were checked against their mirror image members. If there 

were any significant discrepancies between the two strains readings, the 

loading arrangements and/or load cells would be checked for possible 

eccentricity and/or non-uniform applied preaaure, respectively. Further 

loadings would commence only after the necessary adjustments had been 

made satisfactorily. 

2.5 Specific Truss Features 

The detailed descriptions of the trusses, their construction and 

strain gauging are presented in the subsections to follow. The subse

quent reinforcing measurea conducted on the trusses that were retested 

are outlined in Chapter 4 along with their performances. 
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2.5.1 Back-to-Back Trusses 

Two Back-to-Back trusses, BBST and BBOV with eccentricities 01;. 

117 mm and -76 mm respectively, were tested for comparisons. Truss BBST 

employed stiffening plates of thickness 19.05 mm at the connections 

where the web members were connected to the chord members. Truss BBOV 

had fully overlapped connnections where the, compressio~eb members were 

welded to the tension web members. Details and dimensions of interior 

joints are shown in Fig. 2.4 and Table 2.2 for both types. 

Truss BBST was expected to develop relatively high shear forces 

at the connections. The provision of the 19,.05 mm stiffening plates, 

however, tended to 

member to the other 

transfer oUch of these shear forces 

thereby minimizing the POSSibili~f 
from one web 

a shear fail-

ure. Previous test results on individual connections [21 showed that 

the maxillUm shear strellses developed in the' chord members with equiva-

lent st,iffening plates were not sufficient to cause a failure. One of 

the principal objectives was ~o establish whether this conclusion would 

be reaffirmed in the truss test. As such, strain rosettes were located 

along the joint centerl1nes (critical sections) on the outer webs of 

exterior joint to measure maxillLlm shear' strains occuring at different 

loads. In addition, strain gauges were mounted at the ends and at mid-

length of some members to determine axial forces and moments at the 

approximately precomputed high stressed locations. The layout of the 

strain gauges and rosettes is shown in Fig. 2.5. 

, 
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Truss BBOV with eccentricity of -76 mm hsd the advantage of a 
~ , " 

more efficient transfer of web forces due to its fully overlapped con-

nections. This is also confirmed by the previous test results [2J where 

the shear strains developed on the chord members at the connections were 

significantly lower than the stiffened gap joint case. Figure 2.6 

illustrates layout of the,strain gauges and rosettes employed for study-

ing the above mentioned effects. 

2.5.2 Standard Trusses 

Two Standard trusses, Sl and S2 with eccentricities of 108 mm 

and 178 mm, respectively, wer'e tested. They we're fabricated by continu-, 

ous fillet welding the web members to the chord members. Ends of the 

web members for Truss S2 were square-cut whereas those for Truss Sl were 

angle cut (Fig. 1.2) to permit a smalle~ eccentricity. Details of the 

square cut connection and dimensions of both types are presented in Fig. 

2.7 and Table 2.3. 

From previous joint tests [2J, it was anticipated that a failure 
• 

would perhaps be precipitated by shear at the connections rather than 

buckling of the compression diagonals. As a consequence, strain 

rosettes were located at inner and outer webs at exterior joints and 

crtical sections as shown in Fig., 2.8. However, due to the interference 

of the web members there was at best room to accomodate only two 

rosettes, e.g. joints of Truss Sl. For Truss S2, it was only possible 

~ include a single inner chord rosette per web surface and, as such, 

No. 29 at joint 1 and No. 34 at joint 2 were omitted. These arrange-
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ments are indicated in Fig. 2.9. 

2.5.3 Bolted Truss 

Only one bolted truss, BO with zero eccentricity, was tested. 

Gusset plates bolted to the web members and welded to the chord members 

were employed at the connections. Tie plates composed of two flat bars 
I 

spanning the double chord members were also utilized to stiffen the 

connections. Dimensions and details of a typical bolted connection are 

shown in Fig. 2.10 and Table 2./i._ 

Once again the previous joint tests (2) showed that a negligible 

amount of shear stresses were developed in the chord members at the 

connections. This suggests that the introduction of gusset plates and 

tie plates can significantly increase the rigidity of the connections. 

Only strain gauges were mounted at the ends and at the middle of some 

members to determine axial forces -and moments at the critical sections. 

The layout of strain gauges is shown in'Fig. 2.11. 

2.6 Moment-Curvature-Thrust Relationships 

Eaeh member of a truss experiences an increase in both the axial 

force and the bending moments as the loading on the truss increases. 

This combination of forces has a significant effect on -the curvature of 

a member. Chen and Atsuta (11) have proposed a set of parametric func

tions for the approx1lllate moment-cul;Vature-thrust (m-,-p) expressions 

for tubular sections without taking residual stresses into account, and 
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enables one to relate the curvature of a section subjected to combined 

axial force and bending moment. These functions and typical m-~-p 

interaqUon diagrams'· are shown iil Appendices III and IV, respectively • 
• 

In order to fully utilize the experimental results, strain read-

ings are converted into the corresponding curvatures at the ends of the 

members which are then incorporated into the m-~-p interaction diagrams 

to obtain the end moments at various stages of loading. These experi

mental load-moments (W-K) curves are then compared with the analytical' oP 

curves for verification ·purpoaea. o 
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Truss liembers ay (MPa) au (MPa) 

BBST Chord 7-7 394.9 488.2 

0-1 397.7 496.1 
Diagonal. 1-2 396.0 489.4 

2-3 389.1 495.7 

BBOV Chord 7-7 401.2 490.2 

0-1 409.1 499.6 
Diagonal 1-2 412.0 513.8 

2-3 390.7 485.8 

SI Chord 7-7 370.3 470.9 

0-1 393.0 502.0 
Diagonal 1-2 374.4 481.3 

2-3 386.1 485.4 

S2 Chord 7-7 390.1 487.8 

0-1 382.2 .488.8 
Diagonal 1-2 368.7 . 459.2 

2-3 360.7 461.7 

. 
BO Chord 7-7 374.4 472.0 

0-1 402.0 506.1 
Diagonal 1-2 407.5 510.2 

2-3 408.2 512.3 

Table 2.1 Tensile Properties for Diagonal and Chord Members for Various 
Trusses 

• 

• 
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- '!russ ~b IW>er Details Joint Deta1ls 

. ~b d1·--1oos at 
H3ItJer I.w<ra) W:J.d Size <-> Joint .) .. d:'I' 00f! (,..) 

Wa'~'% lit, Wa lit, We Wd e 
> 

51 0-1 1712 19.1 7.9 0 159 142 159 142 0 

1-2 to 1693 14.3 4.8 1 32 142 159 142 6.35 
4-5 

5-6 to 1693 11.1 3.2 2 to 8 32 142 159 142 6.35 
7~ 

. 
52 0-1 1699 15.9 7.9 0 159 142 159 142 0 

1-2 to 1671 14.3 4.8 1 94 127 157 142 12.70 . 4-5 

5-6 to 1671 9.5 3.2 Z to 8 89 127 146 142 6.35 
7~ 

'Ihble 2.3 DI .... 1ma for StaD:IaId Trusses 
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. )'nIbl.e 2.4 DI-mOO8 for Bolted '1'rus 

19.05 ... + bolts 

Type Ibnber 

A 490 
I 

16 

A 490 32 

A 325 32 

A 325 24 

~-

v 

Eccentricity 
(aa) 

e ew 

0 127 

0 133 

0 133 

0 133 ' 

I 

" 

Lo.> 
Lo.> 

J 
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CHAPTER 3 

ANALYTICAL AND COMPUTER MODELLING'OF ELASTIC-PLASTIC BEHAVIO~ 
OF HOLLOW STRUCTURAL SECTION (HSS) TRUSSES 

3.1 Introduction 

The progressive transition from allowab'ie or working stress 

approach to a limit states design has been due to a combination of fac-

. tors which strike at the heart of engineering design - to produce a 

structure for the least cost with satisfactory performance .and a very 

'row probability of failure. Greater understanding by the practicing 

engineering fraternity of plastic design principles [12, 131, validated 

by tests [14, lSI, has provided a basis for this new design direction • 

, 

SOllie important pioneering work was undertaken in the United 

Kingdom in the late 1950'.s and ear~y 1960's. Jennings and Majid [161 

developed a computer program to) analyse plane frBlll8works under static 

loading in the elastic-plastic range by the displacement lllethod. ~eir 

analysis focussed on the p.rediction of load at which II()ment across a 

section of a member reaches the plastic moment. 'thus forming a' plastic 
a 

hinge. The a~alysis is further limited ~ neglecting the reduction in 

the fully plastic moment capacity of a member due to the axial load. 

In ~a. Casgoly and Bakht [171 recently proposed a technique 

to determin~e collapse load of steel trusses .. taking into account the 

non-linear behaviour of end fixities of members under applied loads. 

17 
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. Although the failure mode lItie to very large rotation of a joint waa 

.considered, no ~atment waSj~ted for the shearing action at a 

00nne and the axial force-bendi~g moment interaction. 
) C 

I "" r~_ 
The analytical model devel~n thi~ stu;;~ an extension of 

the linear elastic plane frame stiffness analysis [18, 19J. An incre-

mental load process is used to compute member forces and joint displace

ments at various stages of lItoading hence resulting in a piece-wise 

linear load-deflection response. This technique uses the elastic-per-

fectly plastic moment-rotation characteristics. The subsequently devel-

oped computer program is limited to stocky members as are manufactured 

by the Steel Company of Canada (STELCO) (1.e., the width to thickness 

ratio of the flat plate ele~nts is less than that for which local plate 

buckling is likely to occlir). FurtheI'lllOre, the overall buckling 'of 

members, in the expecte~ range of compressive streaa, is unlikely since 

the slenderness ratio ,will generally be small and at the same time the 

occu:.~nc~ of end moments of oppos1.ta· signs. in the truss diagonals will " 

tend to'retard the onset of buckling. Therefore, theae poaaibl~mechan-

• isms of failurea have been ignored in the inelaatic analysis. 

The reduction in plastic moment capacity of the members due to 

axial fotces is taken into account through a bilinear interaction rela-

tionship. It is assumed that there is no distinction between the inter-

action relationships whether the axial forces are in tension or compres-
• 

sion., Three types of yield mechanisms are included in the model; tWo 

involve 

plastic 

the members while the third affects th~joints. These are: 

hinge f~~tion. plastic limit load failure of t;;;.ber (co ..... 
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pression or tension) and the maxillllm sheer force resisted by a chord 

member at a joint. The member end stress resultants are checked at each 

load level to establish whether the maxillllm permitted forces have been 

exceeded anywhere in the truss and hence an onset of one of the three 

yield mechanisms above. 

The major steps in the analysis are as follows! , 

1. The global stiffnells matrix [Kj Of the trusa is computed by 

inputing all joint and member details. The loads applied to the 

truss are incorporated through the load vector {Pl. The equili-

brium matrix equation [Kj{x} ~ {P}, is solved for the displace-

ments {x} and member for·ces are cOqluted. 

l. The elastic range is terminated when either one of the yield 

conditions occurs; i.e. plastic hinging, axial load limit of 

members and plastic shearing of joints. The details of yield 

mechanisms are discussed in later sections. 

3. ~ter the most highly stressed section of a member reaches the 

load-moment limit defined by the interaction relationship, a 

hinge is then introduced at this section along with the yield 

moment and the axial force. This, of course, reduces stiffness 

of the truss while it maintains the load capacities. The next 

load increment is applied and scaled so a~ to allow formation of 

~ 
the next hinge at the most highly stressed section. This pro-

cess is repeated. 

4. A check is lllade to determine whether the truss has undergone 

excessive deflections or whether a collapse mechanism has formed 
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.. 
due to irltroduction of the hinges causing deterioration of 

stiffness. If either one of the above conditions occurs, the 

truss is deemed to have failed. • 

The detail:s of the above mentione'd steps are described ,in the 

following sections. However, a flow chart for the subsequent computer 

~ program developed is presented in Figure 3.1. ,. 
3.2 Analytical Modelling of Yield Mechanisms 

The three types of yield mechanisms proposed are presented 

below. The .overall, behaviour beyond the elastic limit of a truss is . 
explained in terms of the interactive formation of the above mentioned 

yield mechanisms., 

3.2.1 Progressive Formation of Plastic Binges 

This yield mechanism is based On a simplified moment-axial force 

interaction diagram. Below a certain p ratio (pIp ) of c; the value of 
y 

m (M/M ) is 1.0 and reduces to zero linearly for c < p < 1. A typical 
p 

interaction' diagram is shown in Fig. 3.2(a) using the member properties, 

P - a A and M - a Z, where P is the yield load; a , the yield stress; 
y y ,p y, y Y 

A, the area o'f member cross section; M , the plastic moment capacity and 
p 

Z is the plastic section modulus. 

When the truss is subjected to a loading {P} in the elastic 

range, each member experiences a different combination of axial force 
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and bending moment. e.g., point A in Figure 3.2(a). A check is made at 

both ends of each member t6 determine which stress point (e.g. point A) 

would reach the interaction line first. The scaling factor Bah' which 

designates the ratio of OA to OB for the most highly stressed of the 

member ends, is given by 

(3.1 ) 

where 1{ • distance OA on the inte~action diagr;:J For the assumed 

linear elastic behaviour within the first load in~relllllnt, the loading 

{P
y

} that causes the first joint to reach the Yield~aled by 

(3.2) 

where Bah • minimum value of all Bah's associated with members in a 

truss. 

The truss is now in the jl-d'st-elastic range. A hinge, along with 

the axial force and the bending moment capacities, is introduced which 

alters the stiffness of the trusa. The load {P } is then incremented by 
y 

an amount Bah {P y} so as to cause occurrence of the s~cond hin'ge. What 

load increment and where the second hinge forms are yet to be deter

mined. The analysis is a combination of two load cases; namely caae 

'a' with B • 1.0 and case 'b' in which a unit IIIOment is applied at the 
lh 

hinge and th, internal forces determined are used to set up the con-

straint equations allowing the axial forces and end moments at ,the plas-



, . 

'. 

;.. 39 -

tic hinges to change and fol~interaction curves. Note the stiff-. :--....... ' 

ness matrix for both cases 'a' and ' ij", is the same thus requiring only 

one Choleski decomposition during t~e load increment. 

I 
Let us consider a member which has a plastic hinge formed at one 

of its ends. Since the load is assumed to increase monotonically, the 

hinge is not expected to return to within its, elast4c range (i.e. no 

unioading) and the state of stress (P and M) on it has to move along the 
-.<' 

yield envelope constrained by the following equation: 

P p+ (l -
y 

M 
c) -M 

p 
1.0 (3.3) 

For the analysis undertaken in this investigation, a value of c - 0.1-5 
,f 

has been used throughout. This value is consistent with the analytical 

interaction curves developed for square and rectangular hollow sections 

[20 J. 

When case 'a', has been carried out for the truss in the post

elaetic range, IIIif1iiel1t at the hinge is zero while the asso1!iated axial 

forces in the me1llbers change.' In order for a member end, Which has a 

plaetic hinge formed, to satisfy the constraint ,Equation (3.3), case 'b' 

with a unit IIIOment applied at the hinge is emp"loyed' to determine the 
'1 , 

actual incremental limit IIIOment which when combined witn case 'a' yields 

the correct proportions of axial force' ind bending moment increments. 

This superposition holds only Within a load increment because a linear 

elastic behaviour haa been assumed ·until the next hinge fOrlllBtion • 

.... 
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Therefore, 

• 

and 

\ 
where 

tI 
,ok lk 2k 

{~P} • ~h{~Py} + {~y } 
" 

(3.4) 

(3.5) 

, 
• axial force increment due.the kth load increment. 

Bkh{P}k 

axial force increments due to Bkh • 1.0 and zero 

moments at the hinges (case 'a') 

axial force increments due to the incremental limit 

moments applied at the hinges 

~Mprk • incremental limit moment at the jth hinge during the 

kth load increment 
-) " 

• axial forces in the members due to a unit moment at 

th 
the j hinge 

• load increment factor due to formation of the next 

hinge. 

Prom Equation (3.3), the change in pIp with respect to MIM is given 
• y p 

by.: 

f • 
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lIM' 

1) t¢ . (3.6) 

Equation (3.6) is substituted, into Equation (3.4) 80 that the 

yield surface constraint can be satisfied. For example, when the first 

hinge forms at one o'f ,the ends of member 'n', 

Therefore 

1 
1 -alh t.P yu 

AMp1 -
,( f 1 + (1 - c) 

n1 

p 

(if) ) 
p n 

lIM 1 
p1 

(3.7) 

(3.8) 

Al though a 1 h - 1.0 is used in case I a I, the actual proportion 

that causes the next hinge to form is not yet known. Once the incremen-

tal IIlOment has been obtained, the incremental forces for all members can 

be readily calculated. 

(3.9) 
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Ll 
(~My }. bending moment increments at enda 'L' of members due 

to load increment and zero moment at hinges 

(~M Gl}. bending moment increments at ends 'G' of members due 
y . 

to load i~~~~ment and zero moment at hinges 
" '., 

pLk • bending moment at end 'L' of ith member due to unit 
ij 

• 

th 
moment at hinge 'j' for the k load increment 

bending moment at end 'G' of ith memb~r due to unit 

th 
moment at hinge 'j', for the k load increment. 

For the above 'cited example where the first hinge is formed at 

the end of member. 'n', the following force increments for member 'n' are 

obtained from Equations (3.9) where 

Ll Ll AM. l' 1 Ll 
~Hn • ~Myn . + -1' Pnl (3.10) 

Gl Gl 1 Gl 
~~ • ~Myn + ~1 Pnl 

The force increments for all members from Equations (3.9) are .... 
then added to the forces from the. last increment (points A) to arrive at 

the new positions (points C) on the m-p interaction diagram, as illus-

'trated in Fig. 3.2(b). The loading paths for 'all members are different 

) th 
in·general because of different internal forcesr'Due to the k load 

increment and for Bkh • 1.0 init1ally, some mem~er ends may very well be 

'11 . \ 
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within the elastic range and others sup,r.fic1ally past _ the elastic 

range, point C for each loading path in Figure 3.2(b~. However, the 

load increment factor a
kh 

is determined by searching for a member end 

where the next hinge forma with previously formed hinges, . points 11, 

moving along the yield constraint line to points B'. Thus all those 

sections without the hinges, are brought back to within the elastic 

range, points C'. Therefore, the appropriate a
kh 

1& the smallest of the 

~h's determined· for the member ends. 

1& computed by: 

where 

th 
The factor ~h for the i member. 

(3.11) 

k 
(1 - c) (: ) 

p i 

th 'i 
Note that for the i member, ~h is the lower of the values determined 

for the two enda, of course, deleting the, end which already has a hinge 

• 
formed. It 1& of interest to note, that point 'c for a member, which is -- k the farthest away, i.e. Q

i 
,does not necessarily govern the load 

~ max 

increment factor a
kh

• 

~. 
We can now generalize the approach mentioned above in the fol-

low1n,s manner. 
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Suppose, prior. to the k th load increment and before the next 

hinge is formed, there are 't' hinges formed i~ the structure, Equation 

(3.7) can be generalized to the following set of 't' linear equations 

k 
with 6~j' the incremental limit moments as the unknowns. 

P d'- k 
(i-) 0 ) pj - -~ht.P yi 

P i ij 
(3.12) 

where i-member with hinges, j - hinge member and 0ij is the Kronecker 

delta. 

Again, 6
kh 

can be treated aa unity and scaled later. The analy

sis is as before div~ into two load cases; case 'a' involves deter-

- 1 k mining the axial force increments {6Py } due to ~h - 1.0 with 't' plas-

tic hinges introduced in the structure, and case 'b' involves applying a 

uni t moment at each of 't' hingea, one at a time to determine {.f}~, 
L k G k 

{p }j and {p }j' ,--
Equation (3.12) is solved for 6~j with ~h - 1.0, then scaled 

using Equation (3.11) and substituted into Equations (3.9) to obtain the 

internal force increments {6P}k, {~}k and {6MG}k • 
. " 

• 

I 
I 
I· 

\ 
! 

, 
I 

-I 
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L k L1 k .. k {pL}kj 
{llM} - ~h {ll~} + ~h lIMpj (3.13) 

G k G1 k k G k 
{llM} - ~h{llM y} + ~h lIMpj {p }j 

These values are then added to the corresponding internal forces 

th 
obtained after the (k-1) increment, i.e. 

L k L k-1 L k 
{M} -{M} +.{lIM} (3.14) 

G k G k-1 G k 
{M} - {M } + {lIM } • 

It should be pointed out that when a member has axial force less than 

\ -
the value of cP its moment capacity i8 assumed to be M alld a hinge 

y p 

along with H is introduced at its end. The constraint Equation (3.12) 
p 

is not applicable in this range sinceP/P and KIM are independent of . y p. 

each other. When there is a hinge- at one end of a 1I8mber and a new I 
I' . '. • 

hinge is about to form at t~ther end of the S811111 member, the 1I8mber 

will have the same r4\io for (H/Mp)i at both ends and the two points 

will coincide on the yield limit line. 

3.2.2 Plastic Limit Load Failure of a Kember 

This type of localized failure is also based· ,;)0 the simplified 

• m-p interaction diagram. illustrated in Fig. 3.2(a). As the loading on 
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the truss increases, axial force in all members will' increase accord-

4r 
oingly except when a joint failure by shear occurs. If, a second hi]ge 

has already formed at the other end of a member, the pOin~desCrib1ng 

pip and HIH at the two ends will coincide on the yield surface (Figure 
y p 

3.2(b». Hence, during the load increment, the two will move together. 

In the case where P/P
y 

reaches unity, this member must be ~oved an~ 

replaced by the axial load capacity Py at the end joints. The overall 

sti~fness of the truss, therefore, decreases due to the equivalent 108s 

of this member. The incremental load factor S for member removal has 
km 

to be determined before either the formation of the next hinge elsewhere , 

in the truss or yielding of a shear spring described in the next sub

section. This factor is calculated for increasing axial load in the ith 

member in the following manner. 

• (3.15) 

~;f!: i 
Again smallest of Skm governs fnd gives the load increment ~{P~} at 

which the corresponding member muat be removed • 

, 
/I 

3.2.3 Modelling of Shear Behaviour at Connections 

The shear behaviour of a connection is modeJled by incorporating 

an elastic-plastic shear spring which connects two neighbouring joints 

(Figure 3.3(a» at' the centerline of a connection. These two joints , 

have the same coordinates, the same displacement along the chord and the 

same rotation. The spring has the stiffness and strength characteris-
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tics which simulate shearing action of the chord portion of the~nnec
tion between intersections 'of centerl1nes of the diagonals(with the 

chord centerline. A sketch of the shear spring model and the neighbour-

ing arrangement are given in Fig. 3.3(a). The-Pro~erties of the ~hear, 

spring depend on the propert:1.es of. the connect~~,,: which include the 

maximum allowable shear force ~d the allowable displacement. 
I, ' 

In the case of the standard K-connections, the distribution of 

shear forces across the critical section by the 1nner and outer webs of 

the chord members is different. This is due to the inefficient transfer 

of forces across the flanges of the chord members. The inner webs 

resist larger proportions of the shear forces than the outer webs at the 

same load level. For analytical modelling, the inner webs are assumed 

'to be 100% effective while the ou~er webs' et~ctiveness is a prescribed 

fractio~ of the former. This ratio is estimated by comparing the maxt-

mum shear strains at the outer ,and inner webs at loads initiating yield

ing and causing a possible failure., The combined effect of the outer 

snd inner webs as illustrated by the forceLdisplacement relationship for 

the shear spring, is shown in Fig. 3.3(b). 

In the case of a double chord rectangular hollow section, the 

area provided to resist shear is' 

A - och t 
w 0.0 

where hO - height of the section 

to - the web thickness ' 

, . 
(3.16) .. 

.. 

" 
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and K - a constant that depends on the type of double chord gap joint 

(see Table 3.1).' 

~ 
In the case of tlle back-to-back connection, all four webs are 

effective in resisting shear and rherefore K is ta en as 4.0. On the 

other hand the outer webs of the standard conne tion are mch less 

effective and their contribution depends on joint ccentrici y, i.e. the 

gap spacing bewtween the diagonal membet's. This configurati lowers 

the value of K to reflect the actual contributio~f ~ll four we~ 

Where a stiffsning plate is u8ed, a8 for a back-to-bsck 

tion, a·parabolic shesr'stress distribution through the thickn~s mey be 
. ;I 

aS8.Ullled. All 8uch, the equivalent sres of plate that rl!lIists shear 1& 
.Jc. 

(3.17) 

". 

. where b - the width of stiffener - the thickness of stiffener • • 
s 

Th.srefore, the.. fully pld ~ic sbear V as given by the Von Hises p. . 

yield criterion in a rectangular hollow 8e"ion (21) with a stiffening .---

plate is r .( , .,1' 

V - i (A + A ) - ~ [Kh t +'~ b t J../""" 
p ./'3 w s '.fj 0 _~ s s . 

. ""'" 
(3.18) 

'" The alSUllption of an elastic response for shear streas versus .J 

shear 

displace~ 

( 

provides s basis for. calculating the relative , .. 
connection prior to ·yielding. It is, therefore, 

• 
, , -.' 

-------~-.. - . 

Jr 

-' 
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, ~. ,... , 
'given by / 

/ 
T I. 

I 

\ 
to - Y I. _.J:....£ 

c y c G 
(3.19 ) 

• 

~
Where\_- length of a ahort member on either side of the ahear spring 

',~ 

4 _ 
, Y shear strain when yield just begins 

T - yield stress in shesr 
y 

G - shear modulus of elasticity., 

The shear spring stiffness <:) 

, 

k is then given by w 
sp 

Since the shear spring 

y-direction,the _mber stiffnes matrix 

'computer program 1s'.given by 

t 
.. 

[k] -, .p 

0 

0 

0 

0 

0 

0 

-~-"---'-""--'-----~-' ---.~:: -~--=---=--::"--=---,---- ' 

• 

0 

k 
sp 

0 

0 

--k 
sp 

0 

'0 0 0 

0 0 -k 
ap 

O~ 0 0 

0 0 0 

0 0 k 
sp 

,0 0 0 

• (3.20) 

freedom only in the 

the 

0 

0 

0 
, ' 

0 

0 

0 

) 
AI 

.. 
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Note that there are three degrees of freedom (two translations 

and one rotation) at each joint (Figure 3.3(a» while only the degrees 

of freedom that correspond" to the y-direction have non-zero entries in 

[Ie. I 
sp 

It is assumed that the combined action of a diagonal member in 

tension and the other in compression at a connection produces shear 

force in the spring. Axial forces and bending-moments were not observed 

to be as important for the 63.4° angle for the diagonals tested. There-

fore, for simplicity, these effects are neglected and the vertical dis-

placements of the shear spring, gives the relative displacement at the 

ends of the web members. The shear force V at a given joint is given by 

the linear force-relative displacement relationship as 

v - Ie. lJ. sp c 
(3.21) 

, where Ie. - stiffness of shear ¥pring, and lJ. - relative displacement of 
sp c 

shear 'spring. A check is necessary in order to determine where a shear 

; spring has reached the elastic limit, i.e. V - V'. This is accomplished 
p 

in the following manner. 

th th ' " 
When the i shear spring experiences the Ie. load increment, ... 

• 
the increase in ,shear for,ce required to cause yielding is given by 

(3.22) 
• 

1e.-1 th 
where Vi - shear force in the i spring 

th 
at the (1e.-1) load inc~e-

ment and Vpi - fully plastic .hear force for 
th 

the i shear spring. The 

.> 
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"-../ 

load factor B~s that ~ould cause yielding of the ith shear spring is 

therefore given by 

(3.23) 
, 

where ~Vilk • the change in shear force in the ith spring at the kth 

load increment when B
ks 

• 1.0. The shear spring with the smallest ~s '. 
governs the next lo~? increment which will cause yielding of this 

spring. Of ~ourse, it must be compared with the smallest Bkh value for 

the possible next hinge formation and thesmalles~ ~m value for member, 

removal. 

3.2.4 SUIIIIII8ry 

The three types of mechanisms have 'been discussed and either one 

of them can control the next load increment Bk {P y}' There may be a 

number of hinges about to be formed .. members ~eaching P to be removed , y 

and also cert'ain number of shear springs about to be yielding. This may 

occur at different levels of load incrementa. Hence, to determine the 

correct B
k

, the smallest of the individually. determined smallest B
kh

, 

Bkm and Bks for hinge formatioll; member removal and shear spring yield

ing respectively, govefrns • 

. 
The fl~ chart for the computer program developed is shown in 

Fig. 3.1. The three types of yield mechanisms are incorporated which 
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can cause localized failures while the truss can fail either due to 

excessive deflection or formation of an overall mechanism. 

3.3 Modelling of Various Trusses 

Different,arrangements of joints and members of the trusses can 

greatly enhance their behaviour under various loadings. With reference 

to their properties, the simulation model for each truss to be analyzed 

by the compter program is presented in the following sections. 

All chord and diagaonal, members were taken as rigidly connected 

and hence referred to as the ·Pix-Pix· type. Por best simulation of the 

rigid connections as in the case of gusset plates and overlapped joints, 

slll811 rigid members of cross-sectional ares and !DOment of inertia of 

2 8 4',' I 
7000 mm and 4.2 x 10 mill were used, respectively. The value of area 

chosen was the average of chord and web members, while the !DOment, of 

inertia was about fifteen times that of the chord member. 

3.3.1 Back-to-Back Truss BBST 

A shear spring was incorporated at the joints of this truss to 

reflect the influence of a 19.05 mill stiffening plate. Therefore, higher 

V and k values were obtained than was the case when the stiffening 
p sp' 

plates were omitted. The values can be determined from Equation (3.18) 
It 

and Equation (3.20)', respectively. In addition, short rigid members 

were used to account for the positive eccentricity that occurs at the 

connections'which join the main diagonal and chord members to the shear 

) 
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I 

spring joints. 

Loads were applied to the top eight panel points with half of 

each jOint load on each of the shear spring joints as indicated in Fig. -

3.4. The intra-joint member dimensions are also shown. 

3.3.2 Back-to-Back Truss BBOV 

..:i;..-,-~ 
A system of small rigid members were incorpora~at the joints 

. ~ 

to simulate rigid connections that result from overlapping the ends of 

the diagon.1 members. No shear springs ~re used in these connections. 

Loading was to act 0~midd1e joints of the rigid connections 

on the top panel points. These~crangements are shown in Fig. 3.5. 

3.3.3 Standard Trusses S1 and S2 .. 

Shear springs were incorporated~ the connections of these 

types of trusses to simulate joint behaviour as in the case of Truss 

BBST. The V and k values computsd for each truss are shown in Table 
p sp' 

3.1. Short rigid .... bera were also used to connect the diagonal and 

chord members to the shear spring joints. 

Loading was applied as before to the top panel points (half on 

\ 

each aide of the shear spring). The details are illustrated in Pig. / 

3.6. 

• 

\ 
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3.3.4 Bolted Truss BO 

A system of small rigid members was incorporated at the joints 

to reflect the influence of the gusset plates in providing additional 

rigidity. No shear springs were used in these connections. Figure 3.7 

shows the loading and small member dimensions assumed for this case. 

A ta~e that summarizes all of the computer program input char-
(' '1 

acteristics for the~orig1nal trusses appears in Table 3.1. 

; 

' . 

• 
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Data I Modify global stiffness 

matrix according to type 
of previous yield mechanism I--
for the next load increment 

I 

Elastic Analysis 
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Check for types 

of yield mechanism 

Yield at "shear Member removal at Hinge formation at 
connection, load limit load Py ' load end of member, load 
factor aks fsctor alan factor akh 

-Determine the smallest load 
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Check for excessive . 

deflection or mechanism NO 
formation to ~ause truss 

• failure 
, 

YES L 

( STOP) . 
• 

r <I .. 
Figure 3.1 Flow Diagram for the Computer Program to Perform the 

Elastic-Plastic Analysis 
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+ (MFa), 
t 

V p(kN) • ksp (kN/mm) Truss ay oe 

* 
/ ¥oJ 

BBST 394.9 4.00 1691.6 10104.0 

, , 

taBOV 401.2 
II , N/A ., 4.00 896.6 , .... 

Sl 370.9 2.60 537.9 3426.3 C'\. 

, S2 J90.1 2.88 627.7 2494.1 

, 
BO 374.a' 4.00 836.8 N/A 

• 
* Equivalent area of plate4ftat resists she~r~ A . - 3543.3 mm2• 

~ .. 8. 

+ Yield stress for chord member obtained from tensile tests. 

t 
.1' 

oe values were obtained from truss test strain rosette·measurements 

(Chapter 2). 

J. 

Table 3.1 Computer ·Program Input Characteristics' for Various Trusses .. 

• '!" 

" 

• 

" 

l 
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CHAPTER 4 

/ 

RESULTS OF EXPERIMENT AND ANALYSIS 

forces, 

In rePorting the experimental and ,the analytical repults', ~he 

reinforcing, hinge fo~"tion 'and strains reported fo~ various 
. 

members should also be interpreted for their symmetric'parts. 

4.1 Back-to-Back Trusses 
, . 

In testing, increments of 90 kN were applied on each of the two 

jack: up to tbe elastic ~; while readings of strain gauges and 

rosettes were taken. These increments 'Were reduced substantially after 

pronounced yielding or joint shearing was observed. 

• 4.1. L Truss BBST 

For this truss possessing gap jOints and stiffening plates, 

failure occurred by combined local'and overal~ling of the top chord 

mesber at center span (member,7-7 in Fig. 2.1) at a total load of 2535 

kN. The failure IIOde is sbown by tbe pbotograp!t in Fig. 4.1(a). 

• 

Table 4.1 sbows the rati~ of the applied load to truss failure 

load when yielding,was observed to w:cur at the extreme fibres of'vari-
'-' ' 

ous critical mesbers. It is evident~ha~Yielding of,~he extreme fibres 

at joint 2 of meskr 2-3: had begun when the ap~l1ed load was 52% of the 

ccilllCiares • 
hll~« load. This to a predicted value of 64% fros the analy-

• 

" 

- 63 - \ ,. 
" 
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tical solution. Somewhat later, joint 1 of members 1-2 and then 0-1 

,yielded when the appUed-- loading was 64\.and 85% of the failure load 

respectively~ These values compare with computed values of 10% and 
" 

73%. • 

Des'pite early yielding, the, presence of stiffe~g plates sig-

nificsntly stiffened and strengthed the connections.. As a consequence, 

the truss was able to resist a4dltional loading before excessive plasti-

fication caused ultimate, failure. ,To provide an indication o~the joint 

deformations occuring during load application, strain rosettes mounted, 

along the centerline of the connection on the chord web faces were used 

to determine maxiDa1111 shear stresses. Because of the large' 8II\Ount of 

data so obtained, this inforu,tion is contained in Appendix II. I As 
, 

observed frolll load-shear strain, curves for connections 1 and 2, the 
" 

maxillUlII shear .train developed was 1.2 times the yield strain, i.e. 

3400 x 10-6 .. / ... This value is small when compared with the results 
" . 

from other joint types. . Evidently, the stiffening plates played an 

important role in. transferring large portiona of shear forcea frolll one 

... web ~lIIber to the other. • 

• 
. , 

The ezper1lllental and analytical'vertical diaplacement curves for 
" ' 

the mld-:apan top chord deflec~ion are shown in Pig. '4.2. ~e experi-

mental curve begins to dev1at~ frolll the analytical curve when the total 
, , 

load ob the truaa reaches about 1650 kN. This is due to yielding that 

occurred in the actual truas. It ia~dent as well that at a load of 
•• d .. ' 

1646 kN, foraation of plaatic hinge at the higher,.tre.se~ end (Joint 1) 
• • u . 

'o~ _lIIbe.~ 1-2 takee place but doe. not re.ult in a _jor 10 .. in stiff 

. ,. 
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ness. The same phenomenon occurs for members 2-3 and 0-1 at total loads 

of 1779 kN snd 2019 kN, respectively. Failure is predicted to occur at 

2575 kN, which is 1.6% higher than the experimental value. Twenty-eight 

plastic hinges were predicted to have formed tpus leading to formation 

of a mechanism. The sequence of hinge formation is illustrated in the 

load-deflection curves in Fig. 4.3. Failure of member 2-3, however, ,is 

observed when the loading reaches 2553 kN and results in pronounced loss 

of stiffness. The analytical curve then is seen to more 'closely approx-

imate the experimental curve. 

In order to determine how well the analytical model predicts 

member forces during loading, strain gauge measurements taken near the 

ends of members framing into their respective joints have been. used. 

'Appendix III gives theoretically derived relatioQships for moment-

curvature-axial force applie~ to "prismatic" members. Therefore, at a 

• 
prescribed point at which strain gauge readings 

gra~ent thrOUgh~he th11knes~ and the average 

were taken, the strain 

strain can be c0'!IPuted 

and used to determine the axial force and moment at that section. The 

bending DIOment so obtained is considered to be an experimental quant-

ity. 

.... 
The load-moment curvel from both the experimental results and 

the analytical lolut~n as found for the most highly stressed locations 

are shown in Fig. 4.4 to Fig. 4.7 inclusive. It is noted that as' the 

• 
loading on the ~~ss increases, the analytical ,olution gives a general 

moment reducUon pattern for ~hose members which ba\l4! plastic hinges 

formed at tbe ends; .similar behavi~ur is observed froai the experimental 

, 
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curves thus confirming th. trends exhibited by the analytical solution. 

It is noted that ,the actual bending moments are lower than those pre-

dieted by the analytic,l solution for ends of members 0-1 and 1-2. This 

is like1Y due to a combination of factors -- partial moment release at 

the junctions with the stiffening plates and a,localized stress distri-

butio~ that may not be linear in the neighbourhood of the jOint in the 

actual structure. However, there is good agreement between analytical 

and experimental moments for the other jo~nts. More refined modelling 

of the behaviour of connections would perhaps provide better correlation 

between the experimental,and analytical results. 

TruIS BBOV 
'I 

An i dequate design detail vas detected at the end support 
• 

this tru.s during te.~. It va. ob.erved that crippling of the 

middle vebs of the bpttom chord members was occurring at the end.. The 
, 

reason is simply insufficient web areas needed to resiBt force from the 

end diagonals (0-1) and ~eacti?n. from the support. The truss va., 

theref?re, unloaded after reaching a load of 2224, kN when ,crippling of 

the chord-v&b. began. Since ~he objective was to determine the.overall 
• 

capacity rather than a l:oc~ failure, wooden blocks were in.talled in 

the ends of the bottom chord. member. ThiB permitted improved transfer 

of forces from the ~iagonal member to the support, thus avoiding a local 
, , , 

failure ... In future designdetalling, a .t1f~en1ng plate similar to that 

for Tru.. BBST at joint 0 would help to diBtribute the end diagonal 

forces to four web. and alleviate the problem. ~ter making the neces

sary adju.t_nte the trus. va. re-loadecr.· The strain gauge. indicated 

• 
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that loading proceeded very closely to the unloading line. As such, the 

load ~formation relationshiPs,were based on the original loading curves 

assumed to continue in 'the re-test after reaching the previous maximum 

, load. In this case, fsilure took place at a total load of 2553 kN. The 

.. 

~ 
mode of failure wss combined local and overall buckling of the center 

top chord member (member'7~7) as shown in the photograph of Fig. 4.1(b). 

The experimental and analytical vertical displacement curves for the 

mid-apan are shown in Figs. 4.8 and 4.9. 

It is evident thst the analytical model gives a good prediction 

of load-deflection relationships up to the elastic lialit of 2376 kN. 

There is subsequently a progressive formation of plastic hinge~at vari

ous locations until members 7-7 and 6-8 riach their load carrying capa-

"-cities. This occurs at a total load of about 2670 kN. The 1088 of 

these meabers greatly reduce~he overall st1ffneaa 

formation of four other plastic hinges thus lea.ding 

and leads to the 

to the failure of 

the truas at 2687 kN due to excessive deflection. The criterion used 

for deflection was five times the elastic limit value. A larger mid-

span deflection is not only excessive from the viewpoint of serviceabil-

ity but also violates assumption of the origina~ geometry being employed 
• 

for the analysis. The, analytical solution predicts a total of sixteen 

plastic hinges with a failure of three members. The ~failure load of 

2687 kN is 5.2% higher than the experimental value which is consid~ed ' 

to be in excellent agreement. , ' , r 
Froa Table 4.2 which of applied load to trusa 

failure load f.or yielding a extre .. f1br~of ?ri~ .. abers, it, 1& 

• 
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noted that the center of ~ber 7-7 starts to yield when the loading on 

,the truss reaches 87% of the experimental failure load. This compares 

t'\ 93% for the analytical"lolution. 

tdtruss failure load except member 

Al~other members remain elastic up 

0-1 ~~ich has just started~o yield. 

The partial overlapping of web membews at the connection here tended to 

reduce the bending moment at the ends of the members which consequently 

led to higher yielding loads as compared to the previous Truss BBST. 

Using the at-,4 interac~ curves for the crftical members, 

presented in Appendix IV, the load-moment curve. from the experimental 

results and the analytical solutions for the most highly stressed loca-

\ tion are shown in Fig. 4,10 to Fig. 4.13. There is reasonable correla-

-tion between the experimental add analytical results for all connec-

• tions, except for member 1-2 at joint 1. Analyt·ically, a complete loss 

of IIOment resistance is predicted for both enda of the mid -span top 

chord member (due to hinges~rming) at ~ilure where .. experimentally 

.. this did not happen. Furthermore, yielding of member 7-7 occurs under a 

total load of 2652 ~.vefsus the experimental value of 2553 kN • 
• 

The at-p interaction diagram was introduced in Chapter 3, it 

vo1!id be appropriate to further investigate the behaviour of various 

membera under end loadings. From the strain gauges mounted along the 
e "\ ' , 

membera, it is possible to determine the relationship between axial 
> 

force and bending moments ~t4the member end •• e values for members 

0-1 and 1-2 are plotted along with the analyt determined values' 
, 

as shown in Fig. 4.14 and F1g. 4.15 for Tr BBST and Fig. 4.16 and 

• 
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Fig. 4.17 for Truss BBOV. A better correlation is observed for the 

experi~ntal and analytical curves for Truss BBOV while the deviation 

for Truss BB5T follows the same 
'''' previous section. 

reasoning as has been explainecl in the 
J 

,1 

A SUlllJlUlt'y of both the experimental' and the analytical results 

"-
for the two Back-to-Back trusses 'is presented in Table 4.3. Close cor-

respondence between~rimental and analytical failure loads is evident , 
except for the failure IIIOde differences. It is expected because the 

analytical IIIOdel excludes a check on buckling of 1II8111bera. Rapair and 

retesting were not undertaken for these trusses because 1IIAjor failure' of 

the top chord occurred for both cases. This precluded the possibility 

of reteating ~rus~es exh\biting;properties consistent with the original 

trusses • 

./ 4.2 ,-'--~Srta~ndard Truases 

The load increments uaed for these trusaea were aim1lar'eo thoae 
,. G, ' 

used for the' Back-to-Back casea, i.e.~ load was ~lied in,90 kN incre-

lIIents and then reduced ... s yielding progressed. Rasults for the two 

standard type truues are discussed separately in the following sub-

sections'. 

4.2.1 Truss 51 

, 
There are two features of ~1s truss different frolll those',of 

Truss 52. 'Firstly, the diagonal ends were angle cut in ~tus. 51 *hich 
"!" 

• 

I 
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permitted a smaller eccentricity than thae of Truss S2. Secondly, the 

chord ends for Truss S1 were open, while for Truss S2, the top chord 

ends were'capped. The reason for end capping ,for Truss S2 was due to 

observed premature failure of Truss S1. 

During testing, when Truss S1 was being'loaded beyond 1710 kN 
,. I 

(where readings were taken), a sudden failure occurred at a load of 1727 
~ " 

kli with a middle span deflection of about 70 DIID. _ examination it was 

found th"at one of the chord end connections (j oint 1) haa fallec/. by 

shearing and large' end "nIilli:1ng. In fact,' due to shearing action 'a 

rupture occurred in the chord'lI inner webs. This failure mode is shown 

in Pig. 4.18. Significant d1lltortion of, corresponding joint 1'- had alllo 
I 

developed on the right hand lIide of line of symmetry. 

• 
" 

..-J 
Th1ll . pre_ture joint failure 111 evident from Table 4.4 where 

only the extre. fibres of member 0-1 at joint 0 start to yield at 97% 
/ 

,fi the expertlllllntal failure load. The other lIIII .. bers ~e still within 

the elastic r:Dge when trus. failure .occurs. These results predict 

high!r yielding values as compared to the analytical.solution. 

, \ 

\ 
rosette readingll for shear strains acro.s the 'After testing, the 

critical section at joint 1 were analyzed. ~ It was found that the shear 

strains, developed in the .,!nner webs Of~ chord IIIIImbers were IIIlch 

larger than tho.e in the outer web.. TtJj difference in shear strains 

increased from about three in the elastic range to.more than ten tillllls '. 
when the last readings 'were recorded. This ~uggestll that the outer web. 

were IIIlch les. effective than the inner webs in resisting shear. Th~ 

" ') 
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plots for load versus strains are given in Fig. 4.19 and Fig. 4.20 for 

joints 1 and 2, respectively. The numbers- on the curves in Fig. 4.19 

and Fig. 4.20 refer to the identified rosettes located across the sec-
• 

tions of the chord webs (see Fig. ~8). Note that the curves cluster to 

the left side of the plots pertaining.to outer web shear strains whereas 

the two to the right are for the inner webs. 

-\., 
\ 

The efficiency of the outer webs can be estimated by comparing 

their maximum average shear strain just prior to failure with a computed 

plastic shear strain y value. The value so obtained by the test for 
y 

the two joints is about 30% of the value yy - 28501 10-
6 

based on a 350 

MPa yield iIi tension. Therefore, only about 30% f each of the outer 

webs was effective in resisting the shear force n ar the failure load. 

For analitical purposes, however, the inner webs were assumed to be 100% 

effective in resisting shear. ~other way of interpreting these resul'ts 

18 that 65% of the total four webs was effective in resisting shear 

forces across the section. 

Strain gauge readings on various me~bers showed ttt strains 
• • 

eve loped along the length of (he members were below the eld value 

when f~ilure of the truss occurred. This further indicates the weakness 

of the connections in resisting shear' forces which led to a premature 
• 

·failure. 
• .. ,.. 

Because ~~ctual contribution of the outer webs to the overall 

truss behaviour i. to some degree u~certain, analytical load-de!\ection 

-. 

• 

• 



, 

- 72 -

curves employing 75% and 100% effectiveness of the four weba are also , . 

used for comparison: 
(".,

These are plotted along with the curve that used 

65% effectiveness as obtained from the test and compared with the exper-

!mental load-deflestion curve in Fig. 4.21. 

A general pattern of major reduction in stiffness is observed ..... 
with the occurance of shear failures at critical connections. The 

plastic hinge numbering'and the jain, failure sequences are presented in 

Table 4.5 and Ffg. 4.22. Note that the failure load increases signifi-

c~ntly as the effectiveness of the outer webs increases. 'The stiffness 
, 

of the truss decreases considerably'once a jO.int suffers shear yield~ A 

reduction in joint shea; capacity leads to, an early joint failure which, 

in' turn, results in a lower overall load capacity. Therefore, as the - . 

overall web effectiveness decreases from 100% to 75% and then to 65%, 

the failure load' drops from 2217 kN to 1754 and then to 1581 kN, 

re.pectively .... 

Apparently, tbe 65% effectivene.s curve ~btained from tbe analy

tic model give. a lower bound wbere .. tbe '100% effectivene •• curve gives 

an upper bound solution. The best correlation witb tbe experimental 

result is obtained with the 75% effectiveness case. However, there ia 

some uncertainty' a. to what percentage is appropriate and hence A more 

detailed study of the shea~ resisting capacity of the' outer webs is 

nece •• ary to predict the capacity of the connections and hence to more' 

a~ely ascertain the response of the truss. Since the 65% effee-
~ 

tiveness of the ~otal four weba is the . value assumed to be applicable: 

based on the load-atrain curves, an analytical solution for this ca~ i. .. . 
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used for plotting the load-moment curves for presumed critical locations 

with their experimentally obtained counterparts. These,are shown in Fig. 

4.23 through to Fig. 4.26. 

The analysis predicts a shear tailure .at joint 1 at 1317 leN. As 

• can be observed from the load-moment curves for the diagonal members at 

joints 0, 1 and 2, a signifi~nt increase in bending mo,ments takes place 

at these critical sections due to redistribution of forces throughout 

~ the truss. Joints 2 ~nd 3 also experience shear f~ilure at loadings of 

1521 leN and 1539, respectively. Thus a mechanism was imminent which 

finally led to overall failure at 1581 leN. Twelve plastic hinges had 

also formed along with failu~es of joints,2 and 3 in shear during ,the 
• 

analysis. In general~a resonably good agreement with the exptrimental 

load displacement ~rve~ evident for the 65% and 75% effectivne.as 

cases. However, a 70% effectiv\ne.as curve ,could have provided a better '(0 

correlall>1on. -J 
~e test results 'of Truss s-r. it is noted that failure of 

joint 1 due to shear, vas the cause of failure for the whole truss. The 

prillary objective was to continue testing until all joints or connec-

tiona bad failed. This, therefore, led to the retesting .of 'huss 51 

,with joint 1, reinforced by welding two 610 ~x 305 mm x 11.1 mm.guaset . . 
plates onto both webs' of the diagonal members at that 'connection. With'. 

,. 
this aa:rangement undertaken, the tru.as 

The SaDe loading and measuring procedur~ were re-applied until 

failure. Joint 2 of Truss 51A failed,under a total loading of 2108 leN. 

, 
• " 

I 

) 
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The failure mode was different from that of Truss Sl in that torsional 

dis torsion was prevented due to the continuity provided by the chord 

extending to joint O. Excessive shear force~ from the diagonal members 

caused failure at the connection. In-plane sbear distortion, as shown 

pictorally in Fig. 4.27(a),. led to the failure of the truss. By incor-

porating the gusset pl~tes at jo'int I, the failure load was ini!reased by 

22.1% compared to that of Truss Sl without any reinforcement. 

'" '·For analytical purposes, the gusset plates at joint 1 were pre-

sumed to provide sufficient stiffness that small members baving an area 

A - 7000 mm2 and moment of inertia I - 4.2 x 108 .. 4 were incorporated. 

The resulting tbeoretical load-deflection curves using 65%, 75% and 100% ., 

r:. effecti;eness' factors for tbe fou; webs were computed and Plot~ed with 

, 

~ ~ 

the experimental curve in Fig. 4.28. The 65% and 100% effectiveness 

curves again gives respectively a lower and upper bound solution. . , 
sitivity is also bigb as tbe failure load increased from 1762 EN to 1913 . ' . . 

r 
~nd to 2452 kN as tbe cbord webs' efficiency increasingly improved 

from 65% to 75% and tben to 100%, respectively • -
I' 

The analytical solution using 65% efficiency predicts joint,2 to 

yield plastically in sbear at a load of 1459 EN. • Eventually, twelve 

plastic binges ~d for.ed to create a mechanism at' a total load of 1762 

]tN. In tbis case it 18 noted that an analytical cu~e having.a web 
'. • • 

efficiency of about 85% would give a very good 10ad-deflecUon relatio~ 

sbip witb t~e experimental curve. Again, it is clear tbe truss failure 

load is very senl1Uve to the shear rel1str~e offerred by tbe 'entire 

cbord.cross section. 

f 
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Truss SlA was agsin reinforced with 11.1 mm thick gusset plates 
t 

on both sides of joint 2. ," This truss is referred to aa Truss SiB. It 

was then re-te8~ed to ultimate load. The mode of failure was plas~ic 
• 

shearing of joint 3 as shown in Fig. ~27(b), at a total loading of ,2393 , 

!tN. The failure load increased by 13.5% over that of Truss SlA, Joints 

1 and 2 of the analyticaL model were now stiffened as during the,actu41 

testing of the ,truss. The analytical solution using the 65% efficiency
't 

of the four webs in r~sisting shear predicts a she~r failure at joint 3 

under a load of 1761 kN. !lie slope of the load-deflection curve then 

decreases as the overall stiffness of the,truss is'reduced. ~ A mechanin 
~ -: 

~inally dev~l~he ,structure when a total of twelve plastic hinges 

had forme,d. . • ("" 

The analyt1~al lOaci-:eflection.'· curves nlploying 65%,' 75% and , C 
,~ , 

100% effectivenau of the four web. are a~ ,in P~,,~ '~.29. 'Art1f1c1a~ 

... bera rapiacing the guuat plate. vera again a~loyed: BeJ:e, 7,5%. ~,nd 

100% aff.!lctivenaaa curve'. give lower and upper 'bounds ~1I, the exper1.en-' 
,r- .... ~"":' 

The predicted failure load.increa.es froll 1995 t~!. cuorve, 'ra(Rectiveiy • . ~ 
kN to 2.169 'kN and' to 2668. kN aa the ',effidency increaae. ~roll 65% t,o.1 5%; , 

and tllen to .100%, r';;pectively. ' Again, .an efficiency of abou-t 850% Wl!14..d 
• • I I .. . .'. 

provid, a good correla~on With the experimental curve~ 

'. \ , 
• 

, The aY~fII!l~ic reinforcement of connec-ti'0D8 va. then continued' . 

," Truaa SiC- vas 'formed ~ weldillg additional gusaet platea ali the web 
• • r' . '. .' '. . 

facea of joint 3. It 1& noted at this conjuncture that jolnU:l, 2, and , , , 

3 of Trusa SiC were all reinforce~ with additional guaa~t plates. lbe 
, -" 

• " 
• 

, \ 

't', 

I 

.' , ' 

" 

" 
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• 
truss' wss then loaded by employing the, ~ proced~re. When the loading 

,on the truss reached 2420 kN, local buckling occurred at one end of 

member 7-7 as shown in Fig. 4.27(c). This fai·lure iOlld represented an 

increase of 1.1% over that of Truss SlB. With all the critical connec-

tions reinforced to prevent. a joint shear failure, the failure mode was 

thus transferred to member 7-7. This suggests that joints 1, 2 and 3 

r ought to bEl reinforced to ensure a member failure (in this case the top 

chord). The analytical solution using 65% efficiency of the webs in, 

resisting she~r predicts a shear failure at jOint,4 under a loading of 

2206'1tN. Eventually, a sufficient number of' plastic hinges have formed 

to cause a'mechani8!D which leads to a failure at 2539 1tN. 

The analytical load-deflection coe=ves using 65%, 75% and 100%,. 

efficiencies of the four webs are plotted against the experimental curve 

as shown in Fig. 4.30. Sensitivity with web efficiency of the curves is 

not as high as those of the previous trusses. The failure load 

increases from 2539 ItN to 2564 ItN and then to 2666 ItN as the effective-

ness of, the webs in resisting shear increases from 65% to 75% and to 

100%, respec~ively. All three of these analytical cuves give an upper 

bound solution in contrast to the previous cases. Once again, the anal-

yticd mOdel does not checlt bucltling of a member and the higher failure ,. , 

loads above sre, perhaps, due to shear failure of joint 4 instead of 

buclt1ing of member 7-7. 
\ 

No further repair work was attel!lPted since damage to the top , 

chord during local and overal~.buclt1ing wa~ substantial. 
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4.2.2 Truss 52 

As discussed in the' previous section, the inefficient transfer 

of shesr forces to the outer webs of the chord members is 'worsened if 

continuity across a joint is terminated. One method of improving this 

condition is to weld end plates onto the ends of the top chord,members 
~ . 

as shown in Fig. 4.:'1. Therefore, for efficient transfer of shear 

forces, joint 1 was reinforced with end caps and prevented from chord . , 
\ , 

distortion as observed during the previous truss test • 

• w. the above adjustments made, load increments of 90 leN on 

each of the two ja~s were appl:i.ed while readings on ,strain gauges ,and 

rosettes were recorded. When the total load on the truss reached 2045 

kN, again a ahear failure occurred at joint 1. The geometry of the 
• 

chord members at the connection was distorted but td' a lesser extent 

than that for the' previous test which is also evident from the photo-
~ , 

graph in.Fig. 4.32(a). 

1 
Table 4.6 indicates the ratio of applied load to truss failure-

l:oad when yielding occurred at extreme fibres of various members. It is 

evident that the extreme fibres of members 1-2 and 0':'1 at joint I 

started to yield 'when the applied load reaches 66% and 78% of the exper-

imental failure load, respectively. This corresponds to the predicted 

values of 79% and 87% from the analytical solution. The early yielding 

attributed to the shear failure at joint 1. 

The effectiveness of the outer webs in resisting shear forces 

.. --



- 78 - <. 

across the critical section is estimated by the same procedure as out-' 

lined in the previous section. The efficiency of the four webs is very 
". 

different for the two joints where strain rosettes were located. From 

Fig. 4.33 and Fig. 4 .• 34, it; is found that the outer webs are only"'14%, .,.. , 

effective for joint 1 as compared to 44% for joint 2. . A possible . , 
explanation for this large variation of effectivness of the outer webs 

to ,resist shear i;orces at joints 1 and 2 is now suggested. The large 

eccentricity at the connections resulted in a large gap between the 

diagonal members. 
1-

Joint 1 was loaded by the spreader beam system 
. t • I 

directly onto a pad plate of width 152~. The combined action 

pressive forces from member 0-1 and tension force from member 

of cillt" 
1-2 had 

the effect of shifting the joint,tOwards the centre of the truss. This' 

tended to cause a change in the stress pattet;t at the gap due to the 

appare,nt change in load.ing position. The lo~yzed stresses embracing 

compression from the pad plate and those stresses from the joint itself 

complicated the distribution of stresses at joint 1.' 

For joint 2, where the forces ,were more regularly distributed, 

• 
one would' expect a more uniform di"stribution of stresses across the 

section. As such, the results from joint 2 - are considered to be more 

..-
reliable than those of joint 1 in postulating connection behaviour of 

this 'truss. Furthermore, since end-capping of the top chord members 

tended to produce the same effect on both joints 1 and 2, the study of 

the efficiency of outer webs of chord members.in resisting shear forces 

based on joint 2 would then form 'a more realistic basis for analysis. 

For purposes of predicting strength and deformation of, the 
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truss, the eff,iciency of the outer webs of the chord members in resist-

ing shear is therefore taken as 44%. Since the inner webs are assumed 

to be 100% effective in resisting shear, the overall efficiency of the , 

webs in resisting'shear is then ,72% of the theoreticsl plastic shear 

capacity for four webs. Two other values, namely .. 85% and 100% were 

use4 to investigate the sensitivity of effectiveness of the total web 

thickness in resil!'ting shear on the overall behaviour of the truss. The 

experimental and analytical load-deflection curves for these cases are 

shown in Fig. 4.35. As the effectiveness of the four webs in resisting 

shear increases from 72% to 85% and to 100%, the failure load increases 

from 1613 leN to 1842 leN and to 2097 leN, respectively. All of these 

cases predict shear f4ilure at ,Joint 1. 

The analytical model (plane-frame analysis pro,gram), using 72% 

effectiveness of the fpur webs, predicted joint 1 to fail under shear at 

a load of 1415 leN. As more plastic hinges formed in the truss, joints 2 

and 3 also failed by shear at loadings of 1548 leN and 1601 leN. A mech-

anism then formed with a total of sixteen plastic hinges which caused 

failure of the truss at a load of 1613 leN. The failure sequences for 

Truss 52, inc~!1ding all three cases of web effectiveness, are shown in 

Fig. 4.36, and the'plastic hinge progression appears in Table 4.5. It 

'is noted that with an improvement in the effe=~veness of the outer webs 

in resisting shear, the load level for joint shear failure increases. 

The 72% and 100% effectiveness curves give lower and upper bound solu-

" 

tio,ns, respectively, whil'e a closer correlation, with the experimental' 

curve would be obtaineCl if 95% effectiveness were used for ~he four 

webs • ... 
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The analytical load-moment curves using 72% effectiveness of the 

four webs and the ~xperimental load-moment curves for the members with 

most highly stressed ends are shown in Fig. 4.37 to Fig. 4.40 inclu-

sively. I~ is observed that the bending moment at joint 0 of member 0-1 

• increases rapidly as the loading reaches 1415 kN. This load COincides 

with the load level at which joint 1 fails in shear, resulting in 

redistribution of the forces throughout the truss. Other members also 

react to this sudden loss of stiffness but to a lesser extdnt. 

For similar reasons as were presented for Truss 51, Truss 52 was 

reinforced with 610 mm x 305 mm x 11.1 mm gusset plates at the failed 

joints to provide the,needed joint strength and'stiffness for retesting.' 

Th~truss is identified as Truss 5ZA. The truss was retested following 

the same procedure as for the original truss. In this instance, joint 2 

of Truss 5ZA failed at a loading of 2162. kN. The failure mode was by 

shear at the connection as shown in Fig. 4.32(b). It was not possible to 

release the load quickly enough to avoid the substantial distortion of 

the double chord section at the joint. Major rupturing of the inner 

webs resulted and consequently it was decided ,that re'pair work would 

seriously alter the truss' configuration and hence, was not undertaken. 

The failure load of Truss 52A was 5.7% higher than the ultimate load 
\ 

attained by Truss 52. It is also to be not)d that by reinforcing joint 

1 of the truss, the'failure mode was tran/ferred to joint 2 as was the 

case for Truss 51. 

The analytical load-deflection curves using 72%, 85% and 100% 
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efficiencies of shesr transfer of the total four webs in resisting shear 

are plotted along' with the experimental curve in Fig. 4.41. The experi-

mental cqrve is bounded by the 85% effectiveness and 100% effectivene~s 

s·olutions. The failure load for the 100% effectiveness solution is 2212 

!tN w~ile ,he 72% and 85% effectiveness curves are at lower levels of 

1717 ~d ~947 !tN, reapectively. H1g~ sensitivity to~ this variation 
.C 

in shear resistance at the joints is once again demonstrated. 

Using the }2% effectiveness factor for' the four webs, .the a~ 

• ysis predicts joint 2 to fail at a loading of 1512 !tN. Sixteen plastic 

hinges we.re. identified throughout the structure culmin,ating in a failure 

mechanism formation of the truss. As observed from the load-deflectio~ 

curves, a joint effiCiency of nearly 100% would. ap~ar to provide the 

best match to the exper~ntal curvej 

The analytical and experimental _p interaction diagram for 

members 0-1 and 1-2 are plotted in Fig. 4.42 and Fig. 4.43 for Truss Sl 

and Fig. 4.44 and.Fig. 4.45 for Truss'S2. As Truss Sl experienced pr~ \ 

mature joint failure at an early stage, the experimental curves tend to 

give lower values than the analytical cuves. The complex distribution 

of stresses at the connections during the testing of Truss S2 tends to 

cause. a disparity between the experimental and analytical curves for 

both members. A summary of the principle results for both standard 

trusses is presented in Table 4.7. 

The analytical results cited are for shear efficiency factors of 

65% and 72% for Truss Sl and Truss S2 respectively. These values were 
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..... 
obtained from strain rosette readings and represent lower bound solu-

tions to the experimental results. Better agreement would result with 

higher values, since the ultimate strength of the truss is sensitive to 

individual joint resistance in shear. 

• 

4.3 Bolted Truss BO 

As was done with the previous trusses, load increments of 90 kN 

at each jack was applied to the tI1'ss wllile strain gauge readings were 

taken. The truss failed at a total load of 2528 kN by local buckling of 

the central top chord member (member 7-7). Fig. 4.46 shows the small 

" '" buckle that formed when the truss reached its ultimate l?ad carrying 

capacity. 

" From the experimental load~strain .curves given in Appendix II, 

the ratio of applied load to truss failure load when y~lding occurred 

at extreme fibres of meebers is shown in Table 4.8. It is noted that 

yielding of the extreme fibres of the end and center of member 7-7 has 

begun at an average of. 82% and 92% of the truss failure load, respe~t-
-. 

ively. This compares very well with the analytical values of 84% and 

93%. Member 0-1 was in the elastic rang~ when member 7-7 failed during 

th.Q exper:1m!int. 

From observations made throughout the testing program, there WaS 

no duress of the connections or the members· framing into them. The tie 

plates conne·cting the chord members effectively transfered the diagonal 

member forces, thereby preventing the chord members from displacing 

• 
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relative to each other, From the strain readings on the tie plates, it 

can be concluded that the tie plates transferred about 33 kN in tension 

and compression near the ultimate ,load, from one' chord member to the 

other. The provision 'of the tie plates and the gusset plates had the 

effect of increasing the rigidity of -the connections arid the overall 

stiffness of the entire truss. , 

The experimental and computed vertical displacement curves for 

mid span are shown in Fig. 4.47. Very good agreement is evident between 

tne two curves. The'analytical curve is linear up, to a total loading of 

2162 kN wi,th' the formation "of the initial plastic hinge in member 2-3. 

A signficiant'decrease iII' slope does not take place however until f&1l-

ure' of member 7-7 occurs. This is shown by the detailed load-displace-

• ment curve in Fig. 4.48. After a substantial loss in overall stiffness, 

• a msxiDUm loading of 2624 'kN cir 3.8% higher than the experimental fail-:-

ure load is obtained when. a specified msxiDUm deflectiol). of 278.0 mm 

(five times the, elastic deflection) is reached. The analytical model 

predicts member 7-7 to reach its l~ad carrying caRacity at 2589 kN. As 

load'ing iilcreasea to 2612 leN, members 6-8 a~so reach their load capa-

c~ty. Excessive deflection occurred as ,the load reached 2624 kN. A 

total of twenty-eight hinge\! had formed at this stage. The failure 

sequence is shown in Fig. 4.48. It can be observed that there is good 

cO,rrelation with the. experimental values throughout the loading pro-

cess. 

... 
From the nr,":p interaction curves of Appendix IV the experimen-

tal load-moment curves for the most highly stres~ed members are 'plotted 

,,' 

, 
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along with the analytical curves as shown 'in Fig. 4.49 to Fig. 4.52 

inclusively. Good correlation is obtained for all the cited members, 

except member 0-1 at joint 0 which shoWs disparity. This Is probably 

due to the lack of continuity at the connection. 

An additional test was 

establish the effective moment of 

undertaken·t. the bolted 

inertia of t top chprd for 

truss to 

resisting 

top chord buckling. The truss was laid horizontally onto four blocks 

that rested on the floor. Each was located to support each end of the 

top and bottom chord. Two loads were applied to the inner most joints 

of the top "ih?rd to cause out-of-plane bending while top and bottom 

chord deflections were measured. When comparing measured top chord. 

deflections with those obtained by assuming top chords as a single' 

integrated unit, it was found. that the latter gave predicted deflections 

of 96%.of the measured values. It would, therefore, seem reasonable to 

; 
state that the effective moment of inertia of the top chord'as a single 

I 

unit ray be assumed to. be that obtained by elementary beam theory; that 

is, plane sections remain plan~ for the ~omp~)Qents of the chord sectio'll 

when bending out-of-plane. 

about 

~ completed the original test, a decision had to be made 

re~~ir1ng the top chord sufficiently and yet without altering the 
\ 

behavioural characteristicA unduly. Because of the cross ties obstruct-

ing any possibilty of, attaching reinforcements to the chord's flanges, 

the. truss was reinforced by welding 127 mm x 15.8 mm external side 

plates along the top chords ,of tpe three middle panels and also across 

the two middle panels of the bottom chords. It 'was felt that such. a 
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truss would provide s better basis for establishing the joint strength 

than was the case with Truse BO. This reinforced truss is referred to 

as Truss BOA. 

On testing, buckling occurred in member 2-3 when the total load-

ing reached was 3176 kN •. The failure mode is shown in Fig. 4.53(a). 

Ab.out 5 I11III of slippage of the bolts was observed at the bottom end of 

member 2-3 at failure. This was, however, the first si,gn of any bolt, 

duress. It is noted 'that by reinforcing the top and bottom chords, the 

truss failure load is increased by 25.6% while tne failure ~~,s 

transferred to the next critical member. For analytical purposes, the I 

64 2 
and A values of 5.41 x 10 I11III and 4032 I11III , respectively; for the side 

" 
"-

pla,tes are added onto the original values of the various mem~ers to 

simulate the addition of side plates. 

The experimental and analytical load-deflection curves for Truss 

BOA are shOwn in Fig. 4.54., Member 1-2 reaches its axial load carrying 

capacity at a loading of 2847 kN. As loading progresses, member 2-3 

also teaches its loading capacity at a load of 2927 kN (7.8% lower than 

the experimental value). Member 4-6 also reaches its capacity at a 

loading of 2980 kN when the truss failed under excessive deflection. A 

tocal of twenty-six hinges had formed in the analysis. Close agreement 

with the experimental' result is again obtained using the analytical 

model for the t~ss. 

Following testing of Truss BOA, it was decided to reinforce 

member 2-3 with 114. ~ I11III x 18.8 IDIII plates on both sides (webs) along 
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, their full lengths. This reinforced truss is referred to as Truss BOB. 

It was tested as before and sustained a total loading of 3327 leN at 

which time local buckling 'of ,member 5-7 occurr·ed in the side .all of th~ 
chord at joint 5 where the chord side plate was terminated. The failure· 

mode is shown in Fig. 4.53(b). It is evident that if the end plates had 

been extended beyond the panel points a short distance, this local buck-
• 

ling failure would have been prevented. As was the case for Truss BOA, 

the properties of the side plat!!!! are incorporated in member 2-3 to 

• simulate the reinforcement in the modelling of the truss. The experi

" menttl and analytical loa~deflection curves for Truss 'BOB are shown in 

Fig. 4.55. The analytical soluUon' predicts members 1-2 and 4-6 to 

reach their axial load carrying capacities at loadings of 2838 leN and 

2998 leN, respectively. Of course, plastic hinges had formed earlier in 

these members. The effect of limiting member stre~gth is to reduce the 

overall stiffness of the truss significantly. ,ThiS sugge~s sensitivity 

of truss stiffness to the plastlc limit load for the members cited. 

When the total load on the truss reacWed 3060'IeN and twenty-six plastic 

hinges h~d formed, the m4d-span deflection reached the limiting value of 

five times the elastic limit value and led to ultimate failure by exces-

sive deflection. Another attempt was made to restore the truss' integ-

rity by reinforcing the truss with· 30 cm long plates welded along the 

chord webs to extend those installed for Truss BOA. This truss, identi-

fied as Truss BOe, was altered in another way. From the previous tests, 

there bad been little indication of an ensuing joint failure. It was 

felt tbat the joints bad been over-designed anll therefore one row of 

inner bolts fastening the gusset plates was removed on both sides of 
~ 

each end of all members. The truss was then reloaded in the ususl 
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manner. This time, numerous cracking sounds were heard with bolt s~p-

pages occuring until the total load on the truss reached 31;l3 kN when 

local buckling of member 2-3 at joint 3 was. observed. About 3 mm of 

slippage had occured at the bottom chord end of member 1-2. ~e failure 

mode is shown in Fig. 4.53(c). 

It, was expected that with the addition of side plates to the top 

chord members, somewhat,higher ~trength coul~ be achieved. In fact, the 

experimental failure load for Truss BOC is 6.9% lower than the experi-

mental failure load of Truss BOB. Although the inner row of bolts was 

removed from all gusset plates, the failure ~oad is still 18.3% higher 

than that Truss BO where al,l bolts were present. -Since failure occurred 

in the vicinity of the re1llO,ved bolts, this suggests that the bolts can 

significantly affect the localized stress distribution at the connee:-
.. 

tions. If the bolts had been present during the.tes~ng of Truss BOC, 

local buckling would not occur while a higher failure load would be 

obtained. In order to silll1late the extension of side plates to the 

chord members, the properties of these side plates are added to membe~ 

~5 for modelling of the truss. 

The experimental and analytical load-deflection curves for Truss 

BOC are shown in Fig. 4.56. The analytical solution predicted member 1-

2 ,to fail by yielding at a load of 2866 kN. Loss of stiffness is indi-

cated by a major change in slope of the load-deflection curve. As 

members 0-1 and 4-6 also reach their load carrying capacities at 2989 kN 

and 3069 kN, respectively, and together with various plastic hinges the 

truss finally failed at a losding of 3123 kN due to excessive deflee:
" 
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tion. A total of twenty-six plastic hinges were associated with fail-
-" .,----, 
ure. Better agreement with the experimental curve resulted, for this 

truss than for Truss BOB • 

1-2 for Truss The ~p interaction diagrams for members 0~1 and 

BO are presented in Fi~4.57 and Fig. 4.58, respectively. 

cal solution suggests :~gher bending moment values over .the 

Th~ 
experime~tal 

results and consequently predicts both members ~o reach the failure 

envelope. As explained in the previous section, these higher v~lues are 

a result of the upper bound values given by the' analytical solution. 

However, close agreement between the experimental and analytical results 

1& obtained. 

A summary of the princ1ple results for the bolted truss is pr~ 

sented in Table 4.9. The experimental failure load of the tru88 gener-

ally increases as more reinforcement8. are incorporated. The onset of 

premature failure at the joint which led to a 6 .. 9% reduction 'in total 
... 

'load capacity for Truss BOC a8 compared with Trus8 BOB i8 probably due 

to removal of a row of ~lts which, con8equen~ly, reduce the stiffness 

of the connection. 

I 
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(a) Truss BBST 

• 

(b) Truss BBOV 

FIGURE 4.1 FAILURE MODE OF BACK- TO- BAC K TRUSSES· 
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W!Wmax 
Strain Gauge 

Member Joint Number Experimental 'Analytical 

o - 1 0 1 

2 

1 3 

4 

1 - 2 1 5 

6 

2 7 

8 

2 - 3 2 9 
, 

10 

7 - 7 7 20 

21 

Centre 22 

Span 24 

-
Note: W - Total load on truss 

W - Failure load of truss 
malt 

Yielding is based on a - 394.4 MFa 
-y 

* indicstes ratio exce~ds 1.0 

0.93 
0.92 

* 

* 0.73 
'0.85 

0.64 
0.60 

* 
* 0.62 

0.72 

0.52 
0.64 

* 
1.00 

0.85 
0.85 

1.0 
* 

1.0 

Table 4.1 Ratio of applied load to Truss BBST failure load for yielding 

at extreme fibres of members 
• 

I 
J 
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, 

Strain Gauge 
W/Wmax 

Member Joint Number Experimental Analytical 

o - 1 0 1 

2 

1 3 

4 \. 

1 - 2 1 5 

6 

2 • 7 

8 

2 - 3 2 9 

10 

7 - 7 7 20 

-21 

Centre 22 

Span 24 -

Note: W - Total load on truss 

~ - Failure load of truss max 

Yielding is based on a - 403.3 MFa 
y 

* indicates ratio exceeds 1.0 

" 

0.96 

* 
* 

0.94 
0.93 

* 

* 
* 

* 

* 
* 

* 
* 

* 
* 

0.96 
0.86 

* 
0.87 

0.93 

* 

r Table 4.2 Ratio of applied load to Truss BBOV failure load for Yielding 

at extreme fibres of members 



Truss i!Jcper1aental. lna¥1cal 

. No. of 
W

IIBX 
(leN) Rdlure Mxle WD8X (leN) Rdlure MxIe hinges forne:i 

B8ST 2535 IWdJ.ng of 2575 H!dlanisn 28 
III!IIIber 7-7 

IIJl(7l 2553 IWdJ.ng of W37 I2flection 16 
III!IIIber 7-7 

• - - - ----- ----- --

'Il1ble 4.3 &.mDazy of Results for I!ack-to-Back Trusses 

RI1lure location 
(It3Jiler No.) 

c-3 

7-7 

-

\ 

,~. 

..... 
'" VI 



-
) 

". 

-126 -

W!Wmax 
Strain Gauge 

Member Joint Number Experimental Analytical 

o - 1 0 1 0.97 
0.91 

2 * 
1 3 * 

0.92 
4 * 

1 - 2 1 5 * 
* 

6 * • .. 
2 7 

.~ * 
0.87 

8 '\. * 
2 - 3 2 9 * 

0.85 
10 * 

7 - 7 3 20 * 
* 

21 * 
Centre 22 * , * 
Span 24 * 

Note: W· Total load on truss 

W • Failure load of truss max 

Yielding is based on a • 380.8 MPa 
y 

* indicates ratio exceeds 1.0 
• 

Table 4.4 Ratio of applied load to Truss Sl failure load for yielding 

at extreme fibres of members 

" ! 
, 

_'t. •.•. 
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Plastic hinge formed st 
Hinge N!>. ' 

Joint Member 

1 2 2-3 

2 2 1-2 

3 1 0-1 

4 0 0-1 

5 3 2-3 

6 2 2-4 

7 1 1-2 . 
8 5 4-5 

Note: Refer to Fig. 2.1 for joint numbering system. 

/ 
Table 4.5 Plastic Hinge Progression for Standa~d Trusses 

.. 
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" 

, ' 
, W/Wmax 

Strain Gauge 
Member Joint Number Experimental 

0-1 0 1 

2 

1 3 

4 

1 - 2 1 5 

" 
. 6 

2 7 

8 

2 - 3 2 9 

10 

7 - 7 7 20 

21 

Centre 22 

Span 24 

Note: W. Total load on truss 

W • Failure load of truss 
max 

Yielding is based on a • 375.4 MFa 
y 

'" indicates ratio exceeds 1.0 

'" 
'" 
'" 

6.78 

0.66 

'" 
'" 

0.70 

0.69 

'" 

'" 
'" 
'" 
'" 

Analytical 

0.92 

0.87 

0.79 

0.83 

0.83 . 

'" 

'" 

Table 4.6 Ratio of applied load to Truss S2 failure load for yielding 

at extreme fibres of members 
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joint 1 
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2045 9lear failure at 1613 H!dmdBII 16 
joint 1 

2162 9lear failure at 1717 H!dIIIIIiBII 16 
joint 2 

'IIIble.4.7 lbmmy of Results far StsoIard fu-

" 

.q 

HUlure IDeation 
(.bint No.) 

1. 2 & 3 

2 

3 

4 

1. '2 & 3 . 
2 

/' 

~ 

i 
I 

I 

) 

I-' 
N 
\D 
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Strain' Gauge 
W/Wmax 

Member Joint Number Experimental:· Analytical 

o - 1 0 1 * 
0.86 

2 * 
1 3 * 

0.91 
4 * 

1 - 2 1 5 0.89 
0.84 

6 * . 
2 7 * , 0.83 - 8 0.86 . 

. 2 - 3 2 9 0.83 . 
I 0.78 

10 * 
7 - 7 7 30 0.75 \ 

. 0.84 
31 0.93 

Centrt!! 32 0.86 
0.93 

Span 34 0.97 

, 

Nott!!: W - Total load on truss 

W - Failure losd of truss 
max 

l'ielding is based on a - 398.0 MFs y 

* indicatt!!s ratio t!!xct!!t!!ds 1.0 

Table 4.8 Ratio of applied load to Truss BO failurt!! load for yit!!lding 

at extrt!!me fibrt!!s of membt!!rs 
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ElqlerlDental ,Inslytical 

No. of 
Waax (leN) RdJure' MxIe W (leN) RI1lure MxIe ~ fuIlllld aax , 

2528 Ib:Id.1ng of 2624 O!flect1oo 28 
III!IIber 7-7 

. 
3176 Ib:Id.1ng of 2980 D!f] ea! CI1 26 

III!IIber 2-3 

3327 lDcal bJCI<11qJ :niO O!flect1oo 26 
of III!IIber 5--7 at 

• joint 5 

)J96 lDcal bx:Icling 3123 O!flectlOll 26 
of III!IIber 2-3 at 
joint 3 

• . 

'IlIble 4.9 fiDmy of Results for Bolted Trusses • 

~ location 
( r No.) 

6J 
6-8 
7-7 

1-2 
2-3 
4-6 

1-2 
4-6 

0-1 
1-2 
4-6 

N 

-............. 
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DISCUSSION nNO COMPARISON OF TRUSS TYPES 

f...-. '~ 

r----.-_W!ti th r~ference to th~xper~ntal and analytical results ,of the 

) 
various sses as presented br~~ription of the 

original and reinforced failure 

loads is given in Table 5.1. Discussion and comparison of the various 

trusses are presented in the following sections. 

5.1 Experimental Program 

. In the case of the Baclt-to-Baclt truss with gap joints (Truss 

BBST). the provision of 19.05 mm stiffening plates at connections was 

sufficient to prevent a jqint failure despite the fact that there was 

visually apparent shear distortion at the end joints prior to ,the 

attainment of ultimad load. This result confirmed the findings by 

Chidiac on joints [2J which concluded that a stiffening plate of lesser 

thicltne,ss (12.7 mm) was inadequate while one of 31.75 mm was overly,_ 

conservative. The analytical IIIOdel confirmed that shear ~ross the . ' 

section of the connections of ~russ BBST was not critical. but did pre-

diet a significant increase in the overall loading capacity of the truss .. 

as compared to the case where no stiffening plates were used. The~e-' 

'fore. stiffeners are essential Jor the gap joint type double chord 

configuration. However. by ove'rlapping the web members at connections. 

stiffening plates are generally not required. From the test on Truss 

• 
B~V. there was an effective 

to the other. 

transfer of forces fro'm one diagonal member 
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Therefore. the chord section and the junction where the diagonals met 

the chord face was largely spared of the high stresses which otherwise 

might greatly reduce the truss' capacity. One important design detail 

which needs to be emphssized is that high stressed generated at a 

reaction (joint 0 in the case of Truss BBOV) needs to be taken into 

account. It was observed that the inner webs of the double chord 
-''Ii 

dire.ctly above the suppclrt were prone to web crippling. o One possible 

solution is to provide stiffening plates at the end connections aimilar 

to Truss BB5T. This would provide a more uniform distribution of stres-

ses to all four webs thus alleviating the problem. As was evident from 

the analytical results. none of the web members reached its load carry-

ing capacity. The diagonal member forces were therefore effectively 

transferred from one to the other thus maintaining integrity of the 

chord members. This resulted in a high load carrying capacity for the 

truss. 

,The two 5tandard trusses 51 and 52 with no reinforcements were 

shown to be susceptible to high shear forces developed at the connec-

tions. Particularly at the end joints of the top double chord where 

resistance was low due to twO factors - the diagonal forces were the 

highest and a lack of cOlltinu1ty of the chord section past the joint~ 
. 

This latter deficiency was particuarly noticed in Truss 51. Both in-

plane shear and shearing action on the chord members themselves combined 
~ 

to cause an unexpected failure at one of the end joints. . It was clear, 

that either end-capping the chord section or extending the chord beyond 

the joint would have provided additional strengthening. Therefore. 

prior to testing of Truss 52. the ends of the top chord members were 
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.. 
. 

capped which resulted in 15.6% increase of total truss load carrying 

capacity as compared to Truss S1~ The end caps transferred some of the 

shear force developed at the connection to both tfie inner and the outer 

webs of the chord members, thereby providing a higher shearing capacity 

than when only the inner webs were effective. For the interior joints 

where continuity is not a problem, it was found that the effectiveness 

of the outer chord webs in resisting shear for Truss S1 was only 30% as 

compared to 44% for Truss S2. Thus it is evident· then that the effect 

of eccentricity on the behaviour of double chord Standard trusses needs 

further investigation. Recent studies at the University 'of New 

Brunswick [8J suggested that when two diagonal members meet a single 

chord T-section very near to, each other, i.e. e is small, a high stress 

'concentration or bridging action tends to occur. Furthermore, welding 

at the toes of the diagonals tends to introduce residual stresses across 

the gap between them. For the double chord configuration, assuming the 

same combination of effects may occur, and can conse'luently lead to a 

crack development in ·the inner webs and a lower ultimate failure load of 

the truss. This, in fact, was observed from the tests. By reinfo~cing 

the joints of Truss S1, after the joint failures had oc~rred, it was 

confirmed that the joints themselves without reinforcement were weak as 

they failed one after another moving progressively inw8F4B' until a top 

chord buckling failure prevented further testing. 

Although enel-cutting of the diagonal members can "reduce the 

eccentricity (as in Truss SI), the facts mentioned above have to be 

carefully considered before the best design can be achieved. End prep-

arations for the diagonal members of this type of truss is much less 

, 
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expensive than for the Back-to-Back truss. Hence it is a viable option 

for the Standard type trusses. 

The analytical load-deflection curves in Chapter 4 revealed that 

the shear capacity of the connections and, consequently, the truss fail

ure load was relatively sensitPve to the effectiveness of the outer webs 

in resisting ·shear. The model predfcted that the systematic reinforce-

ment of various critical connections would subsequently lead to failure 

of the next critical location which was also ·confirmed by the test 

results of Truss S1. It is clear that before thi~t~pe of truss can be 
\ 

recommended for practice, a further study should e undertaken on the 

I 
design of the connections. It would seem important to s~~~wo aspects 

of the problem -- the effect of eccentricity on sharing the joint shear 

force between inner and outer webs at a connection, and to determine the 

optillllm angle cut to be used on diagonals f·or purposes of efficiently 

transferring diagonal member forces. 

For the bolted truss, ~e nUlllber of bolts per connection, the 

provision of 9.5 mm thick gusset plates and the tie plates across the 

chord lllembers were mor.e than adequate in ensuring that the strength of 

the connections surpassed that of the individual members. Compression 

buckling of the top chord member was the failure mode for the original 

truss. Despite systelllStically reinforcing the chord and web members 

following the truss failures, joint failure did not occur. Minimal bolt 

slippage was observed while the gusset plates remained secure throughout 
• 

the testing. With reference to the bolts, it is evident from Table 5.2 

that their nUlllber per joint for Truss BO was more than that required. 
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~ber is based on the bolt resistance provisions of CSA S16.1 -

1974. It was.·th!M'-eJ:ore decided to remove one row of bolts from each 

connection after reparations were made to Truss BOB. After Truss BOC ... 
had been tested, it was observed that a local 

J 
occurred in the flange of the end of the third 

where the row bolts had been removed. The overall 

plates to chord and web members and, at the same 

of bolts at each connection was to increase the 

--" 

buckling failure had 

diagonal adjacent to 

effect of adding side 

time, removing the row .. 
truss failure load by 

18.3% over the original truss configuration. However, there was a loss 

of strength of 7.5% as c'"amp~red to Truss BOB. ~ 5.2 s_s the .,. 
nWllber of bolts required to be slightly more than those provided for 

Truss BOC. The low performance factor (i.e. 0.67) used in the calcula-

tion suggeses.that an avoidance of bolt shear failure is likely. No~e

theleaa, it was evident in testing that a "redistribution of stresses 

occurred locally with the' removal of the bolta which caused failure 

before it was expected. Therefore, while no bolt failures occurred, a 

\ 

* 

,more conservative desi.gn of the connections had the effect of sustaining 

higher member forces. For the original truss, it is concluded that the ~ 

connections were over designed. ,...,--.. 

As revealed by the dial gauges mounted on the side of the top' 

chord member, minimal lateral deflection was ob,erved.during the testing 

of the itove trusses. This is further confirmed by the lateral loading 

of Trus.s BO as explained in the pre~eed,ing clulpter. It is, therefore, 

suggested that high lateral rigidity can be obtained from these double-, 

chord trusses so ss to minimize lsteral bracings • 
• 

..... 

. ,;,-
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5.2 Analytical MOdel and Limitations 

• .~ , ~ 

The overall gross behaviour of the trusses, as predicted by the 

analytical model, was presented in the form of load-deflection curves 

in the previous chapter. Good agreement with the experimental curves is . 
noted throughout the loading process; especially in the elastic range 

where excellent correlation was obtained. In the testing of the 

Standard trusses, it is evident from the load-deflection curves. that the 

overall behaviour of the truss is sensitive to the effectiveness of the 

webs in resisting shear at the connections. Whe.n comparing-'rruss. Sl 

~ith assumed chord web efficiencies of 65% and 100% and Truss S2 with 

72% and 10~, the truss failure loads· increased by 28.7% and 23.1%, 

respectively. The model would predict the overall behaviour very well 

if the web efficiencies were increaaed. Whether the model needs refine-

ment or t!at further tests on joints of this type ought to be conducted 

in order to determine web effectiveness more precisely is desirable. 
.) o 

When comparing the losd-moment curves predicted by the analyti-

cal model with those obtained from the expe~iments"excellent correspon-

dence is obtained .in some cases (Fig. 4.5) while there is considerable 

disparity in other instances (Fig. 4.37). Nonetheless, the general 

,hape of the curves is consistent. This phenomenon also occurs in varl-

ous m-p curves. A possible explanation for this discrepancy is tha~ the 

experimental results were limited by the data obtained from the strain 

gauges and rosettes -- partcularly in placement of these devi~es. 

Unexpected localized stress distribution can significantly alter 

computed force resultants in the members. In a.ddition, these readings 
~' 
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are always susceptible to possible experi_ntal errors, for instance, 

instrumental defects or improper_ functioning of gauges. This is further 

complicated by the complex stress distributions due to different joint 

configurations. The analytical model which is based on idealized joint 

behaviour, does not take into account the effects of residual stresses, 

localized yield, strain hardening and large deformations. Considering 

the limitations, the model does appear to be capable of predicting the 

overall t.uss behaviour very well and to provide an incite into failure 

modes, hinge formation sequences, resultant member forces and joint 

displacements. 

5.3 Performance and Cost Comparison 

"-
Previous joint test results [2] were used as a basis in compar-

ing with those obtained from the truss tests. By examining the strsin 

readings along the web and chord members framing into the failed _connee-

tion, the failure load for joint 2 of Truss SlA was found to be 26% 

lower than the equivalent isolated joint failure load. A consistent 

discrepancy of 15% was- also observed for Truss S2A where larger gap 

joints were used. The difference can be explained by the fact that both 

axial force and bending moments were introduced to the joints in the 

truss tests whereas only the former was present during the individual 

joint tests. This result also seems consistent with the tests conducted 

at the University of Nottingham [6], as revealed in Section 1.1. 

The stiffnesses of the various trusses computed from their 

load-deflection curves in the elastic range are shown in T~ble 5.3. The 

. _.- :"'--1---
b' 
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analytiCal solutions show a consistent trend of "increase in stiffness 

when the various trusses were reinforced. Truss BBST with stiffening 

plates had a higher stiffness ,ti1all Truss Sl which possessed similar 

joint eccentricity but s gap joint. This further confirmed that the 

total number of webs for a chord member in resisting shl\ar had an effect 

on the· truss' stiffness. As expected, Truss S2 which had a larger gap 

than Truss Sl yielded lower stiffness. The results of the bolted 

trusses indicated that reinforcing of the original truss could increase 

its stiffness by a significant amount. Nonetheless, good agreement with 

the experimental results was generally evident. 

The" load capacities of the various trusses and their ratios with 

respect to Truss S2 are also shown in Table 5.3.· Truss Sl, which exper

ienced a premature joint failure, was the only truss that showed lesser 

capacity than Truss S2. The rest of the trusses all showed promising 

load capacities, in particular the reinforced bolted trusses. 

From Table 5.1, the starred values indicate the capacities 

representative of the various truss types. It is evident that Trusses 

BBST, BBOV and BO all sustained about equal ultimate loads. On the 

other hand, the Standard trusses Sl and" S2 were also quite close 

·(perhaps even more so if end capping had been done for Truss Sl rather 

than the use of gusset plates) but their capacities suffered due to 

~esirable connection failures. 

A comparison among the various trusses themselves would not be 

"-complete without considering the associated fabrication co~ts. Despite 

\ 
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efforts to convince fabricators to provide cost data, only the informa-

tion provided by one firm and quoted in earlier work [2J has been 

obtained to date. This information related only to the joints and not 

the trusses themselves. The relative costs between joints will be pre-

sented to discount the effects of inflation since the time the data was 

procured. 

The most economical truss to fabricate is Truss 52 straight 

end cuts and fillet welding. Assume its cost to be the bench mark for 

comparison. The,Truss 51 is slightly more complicated because of angle 

cuts to the diagonaL member ends. For the connection itself, Truss 51 

was found to be 7% more costly than Truss 52 "- not an unreasonable 
, /'"1 

additional cost for a better performance. However, it is difficult to 

draw conclusions from just two tests. It would seem thst the end cuts 

ought to have been made to form parallel edges at the joint thus facili-

tating' the transfer of disgonal forces. This may have resulted in 

significantly higher strength particularly if an optimum gap (or eccen-

tric1ty) had been applied. If the gap is too small, the outer chord 

webs are not effective in carrying shear, while too large a gap causes 

undelirable relative di~placements at the joints and causes non negli-

gibl~ secondary moments. Alternatively, snug fitting of the parallel 

end cuts of the diagonals before welding necessitates care to be taken 

in,cutting and fitting up which results in somewhat higher costs. These 

~d furt~er investigation. 

Of the other three, Truss BBOV appears to be considerably less 

costly to fabricate than the other two. It is only 34% higher in cost 
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than Truss 52 while. Trusses BB5T and BO are 94% and 120% higher, 

respectively. However, the bolted truss could not be ruled .out because 

of the other factors involved. It can be an economical alternative for 

large spans where field erection procedures IIIlSt be followed. , Con-

straints on transportation will often necessitate some form of on-site 

assembly hence making this type of truss viable. The Back-to-Back 

trusses are relatively costly due to the amount of end preparation for 

the diagonals requi~ed. This would involve the prec~se cutting at the 

ends of the diagonal members in order to ensure proper fitting. Further 

treatment of the ends for weldment is also necessary. In conclusion, it 

is necessary to consider the above factors in order to arrive at the 

best design ~rom the point of view of both strength and economy. 

" -. 
, 



Group Truss Description 

Back-to BBST Original configuration with stiffening piates at joints 
-Back iBOV Original configuration with overlapped diagonals 

Sl Original configuration with e - 108 mm . 
SlA Gusset.plates welded to joint 1 

Standard SlB Gusset pla,es welded to joints 1 and 2 
SlC Gusset plat~s welded to joints 1, 2 and 3 
S2 Original configuration with e - 178 ad and top chords end-capped 
S2A Gusset plates ~elded to joint 1 

Ie " 

BO • Original configuration with all joints bolted 
Bolted . BOA Side plates welded·to.llellbers 5-7, 7-;7 and 6-8 

BOB Side plates welded to members 5-7, 7~7, 6-8 and 2-3 
BOC Side plates welded to members 5-7, 7-7, 6-8, 2-3 and 3-5 

-- -

Note: W denotes experimental truss failure load. 
~x _ -

Truss designations A, B or~ indicate progressive reinforcing before testing. 
Refer to Section 2.1 -for details of' trusses. 
Refer to Figure 2.1 for joint numbering system. 

* Caps~ities representative df truss types. 
, 

• 

Wmax(kN) 

2535* 
2553* 

1727 
2108* 
2393 
2420 . 
2045* 
2162 

2528* 
3176 
3327 
3095 

Table 5.1 Experimentsl Program for Original and Reinforced Trusses 

" 

% difference with 
analytical values 

+ 1.6 
+ 5.2 

- 8.5 
-16.4 
-16.6 
+ 4.9 
-21.1 
-20.6 

.\:: 
+ '3.8 I\) 

- 6.2 I. 

- 8.0 
+ 0.9 

-. 
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Joint 

0 

1 

2 

3 

4 

5 

6 
" 

7, 

Note: 

'I 

.r;;.,lt· Details 
, 

Member A( .... 2) Fv(kN) Grade Fu(Hfa) 

-0-1 1668 A490 4265 1034 
, , J .... 

1-0 4265 1668 A490 -? 1034 
1-2 2961 1165 

2-1 2961 116~ A325 827 
2-3 . 2961 1165 

3-2· 2961 1165 A325 827 
3-4 2961 1165 ' 

4-3 2961 1165 A325 827 
4-5 2961 1165 

5-4 2961 1165 A325 827 
Ie 5-6 2277 894 

" 

6-5 2277 894 A325 827 
6-7 2"277 894 

7-6 2277 894 A325 827 

---
A - Cro,s-aectional area of member 
Fv - ~ximUID axial force baaed on 0y - 392.7 HPa 
Ab - Area of bolt - 285 mm2 

Fu - Tensile strength of bolt -' 

Vr - ~hear strength' of bolt - 0.6xO.67x~xFu (22) 
* based on C5A 516.1 (1974) 

NlDDber of bolt s , 

Vr(kN) Required * Provided by BO Provided by BOC 

118.8 14 16 12 

118.6 14 16 12 
10 16 12 

94.8 13' 16 12 
13 16 12 

94.8 13 16 12 , 
13 16 12 ~ , 

94.8 13 16 12 
13 16 12 

94.8 13 16 12 
10' 16 12 

94.8 10 12 8 
10 12 8 

94.8 10 12 8 
10 12 8 

') 

~ ) 

\. 

Table 5.2 Compsrison of Bolt Requirements with Bolts Provided for Truss BO and Truss BOC 
" 

• 

I 
I 

.... 
-/>., ..... 
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,- J 
Stiffness t (kN/mm) Cspsci4 

Strength 
Group , Truss Experimental Analytical 'W ~kN) 11 

max ' Ratio 
" ,-

-&3'5 • Back-to- BBST 34.,8 36.2 1.240 
Back ,. 

BBOV 38.8'- 39.3 2553 1.248 , 

Standard S1 32.1 ' 35.7 1727 0.844 

S1A 37.3 35.9 2108 1.031 . 
S1B 39.3 _ 36.1- 2393 1.170 

S1C 35.9 36.3 2420 1.183 

S2. 32.8 34.5 2045 1.000 

S2A 33.7 34.7 2162 1.057 

Bolted BO 38.8 38.9 ~ 2528 1.236 
. 

BOA 42.3 44.4 3176 1.553 

BOB 47.0 45.1 3327 1.627 

BOC 45.2 46.8 " 3096 1.514 

Note: t Baaed an truss load and mdd-span deflection in the elastic 
range 

11 Based on Wmax of Truss S2 

Table '5.3 COmparison of Truss Strength and Stiffness 

" 
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CHAPTER 6 

-
SUMMARY AND CONCLUSIONS 

6.1 Summary 

The purpose of this tnvQ3tigation was to study the behaviour of 

HSS double chord trusses under in-plane static loading. Such a concept 

has been shown to offer great, potential in lo~g s an Warren truss appli-

cations. The experimental program:onsisted of these trusses 

with dif.ferent joint arrangements, namely Standard and 

Bolted. Of the two Back-to-Back trusses, one the type in 

• which the diagonals were fully overlapped at the j The other 

model'led a stiffened· gap joint type configuration. The t~p Standard 
, .... - ',~' 

t.ruases p·ossessed different .joint eccentricities'.tone with~aight 

skewed ends to pe"rm1t a .. n~ fit diagonal end cuts" the other having 

so as to reduce eccentricity. a Bolted truss wss tested which· 
, ' 
w~re incrementally loaded until 

• 
can be assembled on-site. ·,These 

failure. In ~he event of- LOC9.Ll.l 

ing was undertaken when possible and 
~ I 

at a connection, reinforc:- ,. 

tests,resumed thus'providing a. 

maximum amount of information on the trustae themselves and .their co~

nections. In total, twelve tests were undertalten far the five truJees. 
. ""',' -.f . \.. 

It was found that the joints that failed in the truss tests haa. lower 

failure loads than the isolated joint failure loads obtained from pre-

vious testa. [2J. 

An an~lyt1cal model was de~loped which incorporated the m-p .. ' 
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interaction diagr~nd yielding of connections in shear. ~ existing .. 
t elastic, plane frame analysis p~ram was extended to include the analy-

tical 

plane 

IIIOdel and allows 'one to perform an elastic-plastic analysis of 

fra~ under incremental loads. Three types of yield ~chanisma 
were i~roduc;,ed to 

• 
predict individual member end and connection ~ehavi-

ou these are plastic hinge formation at an end of a member, localized 

~fal1ur.e due to plastic limit load of a member with plastic hinges at 

both ends and shear yielding at a connec;,tion. Various simulation models 

for m-p interaction and shear springs at the connections were chosen for 

the different", :jpes of trusses tested so as t~ more accurately model r 
their behaviour. The analytical model did not include localized buck-

ling of individual members as this would be avoided in design of the '. trusses discussed. Furthermore, 'the individual members are assumed 

stocky enough .fot to undergo huc 

The c01llpari~on be tween !p:llllrrual and analytical results .. 
led to a reasonably good agreement in general. Finally, some d.sign .. 
rec01llllll!ndations are proposed and the need for further wo~fied •. 

6.2 Conclusions 

It Is evident from the results that the c:\oubl, chord- concept 

provides higher overall load capacity of the trusses ss well as a high 

lateral rigidity, thus minimizing the use of bracing. However, ~he '. 
perfor.ance of· a double chord truss does depend on the truss' type add 

joint arrange_nt • For example, the Back-tO-BJck trussU" showed good 

• strength and stiffness characteristics. By providing stiffening plates 
< • r 

... 
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(Trusjl BBST) or overlapping the diagonal members at the connections 
"," 

(T~ss BBOV), the chord members were largely relieved of high stresses 

at the joints thus achieving a high stiffness and an overall truss load 

carrying capacity. 

The failure mode of both trusses (BBST and BBOV) was combined 

local and overall buckling of the top chord which confirmed the adequate 

strength inherent in the connections. In the case of Truss BBOV,' web 

crippling of the chord members ove~ the supports may occur unless some 

form of reinforcing is used to prevent a possible localized failure. In 

I 
general there was very good agreement between the exper~mental results 

and the analytical solutions for both trusses. 

The mode of failure for both Standard trusses (Sl "and S2) with 

'? 
original configuration was shear distortion of the chord member at the 

critical connnection (Joint 1). This was dU,e to a number of reasons: 

(1) diagonal forces were the highest at thia location; (2) there was a 

lack of continuity of the chord member, and (3) only the inner webs of 

.the chord section were fully effective in transferring sh~ar. By end-

capping t?e ends of the top chord members (Truss S2) a higher capacity 

was achieved. This design detail tended to prevent shear distortion of' 

the square cross sections, thus offering more joint resistance. 

Purthermore the outer webs of the chord members were used more effee-

tively in transferring the diagonal forces. Por the case.witb no end 

capping, only the inner webs were effective. The shear~pa~i~y of the 

connection and thus the total truss capacity was shown to be sensitive 

to the effectiveness with which the diagonal forces are partitioned to 

H 
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the four chord webs. End-cutting of the diagonal members permits a 

reduction in the eccentricity at the connection but appears to have the 

effect of concentrating the shear forces in the inner webs of the double 

chords. A further complication is the stress concentration occurring at 
..... 

the toes of diagonals which would be compounde~ by the welding residual 

stresses in the gap. A detailed study of the above factors is necessary 

to fully understand their effects on the behaviour of the trusses. 

Further retesting of the Standard trusses, after progressively reinforc-

ing the failed joints, confirmed that these joints were under-designed. 

Therefore, these should be reinforced so that the final failure would be 

the result of progressive hinge formations in the !IIe1IIbers themselves 

thus leading to a collapse mechanism or the predicted Pl~C buckling 

of the top chord member at~d 8p~n. Indeed, a higher truss stiffness , 
was obtained from both the analytical and experimental results when 

these joints were reinforced. 

The Bolted truss also showed promising results while large joint 

stiffness was obtsined by e,mploying gusset plates and tie plates. The 

mode of failure was combined local and overall buckling of the top chord 

member. Systematically reinforcing the failed members transferred the 

failure to the next critical member and resuited in higher truss stiff

ness. The failure' IIIOde for Truss BOe, with one row of bolts relllOved 
I 

from each connection, vas local buckli~g of a diagonal member adjacent 

to whers the bolta were removed. No joint failure was observed through-

out the testing of the original and reinforced trusses. Again, it was 

revealed that the connections for the original truss were over-designed. 

It still re~ins at the discretion of, the designer to determine whethe£ 

" 

H 



• 

- 149 -

the number of bolts and the thickness of the gusset plates used are 

economically viable. 

6.3 Suggestions for Future Research 

Based. on the promising result.s from the preceeding sections, the 
" 

following suggestions are made for future research in order to achieve a 

better understanding into the behaviour of individual connections as 

well as the Averall truss. 

Further investigation ,into the fully-overlapped end gap joint 

with stiffening plates of Back-to-B!,ck trusses should be performed, 

possibly by using finite element techniques. For the Standard truss, 

where the gap joints are under high shear forces, the effectiveness of 

the outer and inner webs in resisting shear as well as behaviour of 

flanges of the chord members should be further investigated. The stress 

concentrations and residual stresses due to welding at the connections 

should also be studied so that an improved joint model and consequently 

a better design could be achieved. Also, more information regarding the . 

optimum number of bolts per connection and the thickness of the gusset 

plates should be,acquired for use in designing a bolted truss to achieve 

maximum capacity at a minimum cost • 

Finally, it is proposed that further refinements be made to the 

analytical model and the computer program developed in this investiga-

tion for application to standard connections. In lieu of the simple 

shear spring mec~anism used it would be desirable to include the inter-

• 

! 

! 
j 
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action of shear force, axial force and moment and their influence on the 

joint stiffness at a typical connection would help sillUlate a better 

model to predict behaviour of joints at interior supports for multi-span 

r 
trusses. It is also possible to extend the model to incorporate curveQ 

interaction (m-p) diagrams and checks on localized or overall member 

buckling. Once the above has been accomplished, this will form a com-

prehensive computer program for analysis of, large span, double chord 

Warren trusses. 

1 

.. 

• • 

... 
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APPENDIX I 

LISTING OF ELASTIC-PLASTIC COMPUTER PROGRAM 

The program was written in Fortran IV language for use on the 

CYBER 170 computer at McMaster University. The basic logic snd general 

analysis procedur~s for the computer program have been presented in" 

Chapter 3. A listing of subroutines and a brief description of ,s:heir 
" , 

funct'ions are presented below. q \ 

r" 

1) ASSIGN 

2) BANDWH 

3) CHANGE 

4) CLOAD 

5) CONl'OR 

6) ESORT 

7) EXPAND 

• 

Assigns values of axial force increments obtained from 

the case where Bk - 1.0 and the case where unit moments 

are applied.t the various hinges formed which are then 

placed in the appropriate matrices. 

Computes the "half bandwidth of the" stiffness matrix. 

Adds a rotational degree of freedom at the joint where a 

plastic hinge has formed and subsequently changes the" 

degrees of freedom at the rest of the joints • 
• 

RAiads the values for the loads at ehe joints" and com-

putes the load vector. 

Converts forces into their absolute values. 

Sorts out the minimum load factor Bk and the locations 

where either a shear failure or a plastic hinge forma-

tion or a member removal occurs. 
• 

IlIUnts out nodal displacements according to the joint 

numbers • 



8) EXTRACT 

9) FBAND 

10) lMTER 

11) INFORC 

12) INTER 

13) LAYOUT 

14) MSTIFF 

15) PRESET 

16) PSET 

17) SBAND 

. 18) SETUP 

19) SOLVE 

20) STIFF 

21) SUMP 
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Extracts the local degrees of freedom from the global 

degrees of freedom for a member. 

Carries out the Cholesky decomposition of the stiffness 

matrix. 

Uses the axial forces, shear forces, and bending moments 

of each member end after the previous load increment and 

the present load increment to compute the ratio Bk for 

all members. 

Computes member forces from joint displacements and puts 

into storage for subsequent computations. 

Computes the ratio 6
0 

for each member to determine the 

elastic limit load. 

Reads all data for joints and member properties of the 

structure. 

Computes the global stiffness matrix. 

Initializes two-dimensional array. 

Initializes one-dimensional arkaY. 

Performs forward and backward substitution to solve for 

the displacements called from FBAND. 
, 

.Groups all member stiffness matrices into the one-dimen-

sional global stiffness matrix •. 

Solves various incremental limit moments at the hinges 

by employing the Gaussian Elimination method • 

Computes member stiffness matrices. • 

Computes jOint displacements and member forces in .the 

plastic range by add1n~ the incremental values to the 

prec~eding values. 

.,. 



22) SUM! 

~ 
... 

~. 

./ 
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• 

Sums up forces in members due to the case where a
k 

~ 1.0 

and the case where incremental limit moments are applied 

at the vari'ous hinges. 

\ 

• • 

,/ 

'-', '. , 

, 
.... 



c 
c 
C 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
E 
E 
c 
c 
c 
c 

~~ 
c c c 
c 
c 
c 
E 
E 
c c 
c c 
c 
c 
c 
c 
c 
c c 
c 
~ 
E 
c 
c 
c 
c 
c c c 
c c 
E 
c 

~CME~ClATl'CE ............. 

All 
e! 

~" C 
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E 
C 
C 
C 
C 
C 
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C 
C 

C 
C 
C 

E 
c 

F~ 
~~ 
TF 
TO; 
T ITLt 
)I (!) 
Y II) 
YS 

- 155 -

ALlQ.A~LE FtAS1IC SHEAC FC~CE AT C(~NECTIC~ 
~L~~TTr A»)tl Fc~rF 
THIC~~tSS CF ST!F~ENI~( FLATE 
TrIAL THIC~~ESS CF SECTIO~ IN ~ESI~TI~G SPEAR 
P"CJEt:T t\HE 
)I CCC~r!~A'E Of l~E ! JCI~T 
Y Cr,C~CT~A'E OF IPE I JCI~l 

>7HLr qI;E~~ 
~ 

CIME~Sle!l A(~SROI. E(~~C).!X(4eQ).JXI~80)tX~I1201.YMI120).Al(i20), 
1J~Lq2[) ~~t'TYDIlC() tFEA'11201 FI112e) )ellEO) YllEC) FfYI~O) 
? F 1; 'J( I < 0 ) • ~ Y ( 120 I ,H H h ) • 1 J ( I': I • ~ IE. E) • F! ( E ) • t: S lz 0 ) • U ( E I • J ~ ~ ( dO) • 
:! TIT l" ( e ) • 1 C I 40) • f I (10 L 1E I • C I I 1111 ~ 4) • ~ F I 1C ) • N I>H 13 0) • t' E (30) • B F 130 ) • 
4 HI:> 0 • ~ 0) • OM I :! 0 ) • .; 1 I H 0 ) ,1'1 I 1 a ) • J! I 1C I • I' P I ( 10) • M S I I 10 ) • LL F ( 120) . 

REAC IN a,c .PTTE au' CO~ST~~I"'S Cf FReE~E" 

REAO (~!:>J'''PS,t<~,H.Elel.YS ~ 
READIS. 7ILF1,LF<,'S.~~.TS.TF.F.F 
!'EAC Is.n lYTLE . 
FEAnIC;.~)DV.GI'.Al[ . 
FV=(HS·TS+2.0·TP·EF/3.0)·YS/ISr.FTI3.C» 

t~tt~i~:;INRS.TITlE.NJ.N"'E.G,..C.YS.fV.AV.TS.AlO 
LAyellT All T~E I'EMeEF FRCFE~lIES 

CAL L L t Y CUT (lI ; Y • n ,J)( ,IN t. IN G • ~"t' T VP • t C;:: A , B I, A 1 , )(,. • Y" ,L J , 
l"CEr"~~AT.NJ.t\M,F,,FM,~S'''S.IC,Jl.LKI ' 

II>ITIALI7E vtlUES 

Lf-~ 11-
Y1.0 
1=0.0 ... 1<;=8 a' T J~;: • 

C 
C 
C 

~"=O CA'l=2. ~ 

Ha~~~fEG 
CALL PSET(LLF,N~1 

- Ea~t ¢!E~I~~;I3V) 
cell F~~TIJI.1O) 
CALL 1'~!,T(lH.10) 

CO~FUTE T~E ~I?E OF ,~!' FC;CElE~ 

SOE 

-/ 



C 
c 
e 

C 
C 
C 

e 
C 
C 

C 
C 
C 

C 
C 
C 

1'< 
1~ 
1E 

eC~F~TE ~'IFFNF.SS H~'FI~ 

"EwIH 11 
OLL ,P~ET (A.r-;Vl 
r.C 1:! 1"=1.N~ 
IF (J~. n:. C1 GC TC :Ie 
rc 1'< 1r:"1.JK 
!F1I1".~!:.~F(!G11 (C TC 1'< 
A"EAIT~)=[.O 
VF=O.O 
C:C TC 1F 
CeNTIME 
VF=PV 
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CALL ~ST!CFILJiJ~,E'NV,LEANO,~,I~,JNL.JNG,HE~TYP,AL,JI",Y~,8I,AREA, 
1S1AVlr,~ .VF,ALC 
w~ITt!111(LJ(I),1=1,E),((S(I.Jl,!=1,E),J=1.E) . 

11 ceNTIME 

CQMFUTF A~r .RITE CUT Lotr ~~T"I' 

1:!8 "HIC=O .1E-1' 
~1L( FeANr(A,e,NrE~'NE'Ll,RA1IC,CET,~CN,Z) 
~~H~Eh; ~~l r.E-d'; tcF 
TFtOET.LF.O.Ol W~IlE(€.2E) 
IF(nET.LF..O.Ol r,C lC ~gg 

WRITE OUT JriINT CISF~tCE~E~l! 

CALL E)FA~0(P.'NMA1,JX,U,NJ,3,LF1,LP2,Cl,C2,LZ.IO,CS,~~,CAC,OI,IR. 
1L FI S, 

Tf.(L:?H.l) r:c TC 1~1 
c= 101+(2112. 0 
IU'lTEtE.1'<311J 

CO~FUTE A~C .RITE OUT ~E~eE" FO~CES 

1:!1 

,7 
EIl1 

.1.. ______ ' _ .~.:.:_._, __ 
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SUPPCUlINE ASSIG"·(HIV.FI'.HE.Fl.AF,EF,NJ,NI'I . 
rr I'E" ~ I Cti RF (301 • n ( ,F ~ (11 ," E (11 ,F I (11 , IF (:3 0',301 • E F (11 , TU 14l 
~E\oI!H iF 
rc 1 T~l.~H 
';1: II 1 ~ r • f! ~.p Y (ME ( I 1 l/ FI' I I'E II 1 1 
CCNTlIi!:E . 
IlC 2 I~l,~H rc "3 J:l. ~H 
IA=14·~E(Jl-:n+i4·tJ-ll·I!") 
A" 'II, J, =F 1 (! A' 
IFI!.tiE.JI GO TO : 
AFHtJI=AF II.JI HF III 
CCNT ~lE 

CCNTIHE-~ rc " t<:1.~ 
CC S IC=1, J 
f;EAOC1E)A,P.,-C 
CCNTlHE 
rc 6 J=l.~1' J REAO(1EI(TU{hl.N=1 
IF(ME(t<I.~E.~1 GC C E.' 
EF(KI=-TUf1) . 
GC TC 7 
CCNTIHE 
RE WI"~ 1E 
Cr.NTIHE 
"ETURN 
HO 

, 

o 

. . 
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1 CCNTHlf 
/lE=NF+3 
~ETU"" no , . 
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14 

11 
13 
12 
2U 

21 
22 

f 
.'3 

C 
C 

c 
c 

8 

" 7 

1 
2 
3 

" c 
6 

5 
E 

1 

·2 

C 

3 

" 
~ 

'SUBRCUllhe CCt;FO~CI.el,E~) 
IF-(A)t. 2," 
~=-A 
!F(eA)~,4,,, 
&A=-84 
IF(BP)~,E.E 
EE=-e~ 
"ETUPt; 
HO 
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. ~ 
SUB~CUlI~E ESClll IH ,I,"I'H,Nl,ICC.t'I,Jl) 
rIHHSICt; JH1l.I'llillPEI21 . 
IF(PF.III.lE.O.O) (C TC " 
"=PE (! )-I'toni 
!Ft~H,E.E 
F=-P 
!FIIl.l~.O.0021 GC lC ! 
!F("E(ll.ll.Ft'!~1 GC lC 1 
GC TO " . 
I<C=1 1''' I I';:P f (!l 
"HI(~)=T 
JIII(C)=n 
1«=1<'(+1 

• I<ETUIlN 
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71 
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~UAqCU'JNE E~TRACllJ,JJ.~1.~2) 
dHE~S1Cf\ lJ(1I.J)(11 
~-1 
~=N1 

1 Jl=~'lk-i' J2=3' ~- ) 
rc 2 I=l.~ 

2 lJCI+Jl)zJX(I+J2) 
~=1(+1 
N=N2 
IF{K.lE.2) GC TC 1 
I;E TUH 
on 

I 

SUAI;>CUlINE FPAN{) (t,E.~ .I'.l T.~A1IC.CE1.Nr." ,Z) 
C1NE~SICf\ A(1).E~11 

T~IS QOUTI~E ~Cl~ES !'!TEI' C1' EC~!. IIJzE ~HE~E II 1~ +TVE DEFINITE 
SY~I'ET"IC ~A~O I'ATPI). F.~ C~CLESKY'S I'ETHCO. 
LCWE~ H If ECNO CNL' IINClUCING T~E CIIIGC~Al) OF II IS,STC~EO 
CeLVI'M EY CClUI''' If\ t 1 rII'E~SlCf\Cl A~Rt" 
SOlUTIO~S J t"E I;ETlF~En1II A~RCY E. 
~ - CROfR C~ I'ATI;I~ t. 
~ - lENGT~ OF LC~Eq ~tL1' E~~r. 
CETER~INII~T J(F A = rET'UOHNCN). ,1.E-1~<!OEl!<1.E1S 
LT=1 IF C~LV 1 P VEC1C~ C~ IF Fl~ST CF !EVE~lL. IT NCT = 1 FCR 
SU~SEOUE~l E VEC10~!. 
RATlC = S~lIllEST PATIC OF 2 ElE~E~T5 CN 1'11111 DIAGCNAl CF 
TRANSFORI'EO t »1.E-7. 

3 0 0 l' 
C 
C 
C 
C 
C 
C 

r 
1~ 

'TPAN!FOR~ATION (f A. • 
A IS TRIIN~~O~NEO INT( ~ LC~E~ T~IANGUlA~ I'AT~IX 
(IT=TqA~s·cse CF l.). IF Y=ll.X lHE~ l.1=B. 

'E!;H" IlETt'''N TA~E" 1~~AnS<3.E-7 . 
1(1':-=2 A 
NCN=C 
CE T= C. 
l' Ae=1l II no ' 
IfIA(1).GT~0.) GC lC 1~ 
N~OW=1 

J<AnC=t(1) 
GC TC EO 
CET=A(l) 
1I(1)=3.fSCRT(II(1» 
EIGl =11 01 
SI'L=A(l) 

/ 

II (21=A /21'lIt11 
TEfOP:AII'P l-11121'al<! . 
IFIT~"'F.l"'O.O) ~Pi!C=TE~t: 
IF Tc"'F.EC.O.CI ~t ]O~C.C 
IF(T""F.GT.!J.OI GC Tn. 21 
~~ow~2 ' v 
tc TC fC 

1 C 1, r E T= 1. 
NCN=O 
CC 102 I=1,N 

" 

/" 

l SUCH T",AT A=l.LT 

/ 
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PCSITl~E CEFI~I'~",~), 
IN .(11-,14) 

'II. 

Ii 
r. 
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r' 
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E2 
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11!1 
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~URRCU'!~E l~FC-C IE.U.Fl.S.lJ.)~.Y~.tl.J),N~,0!Py,P~,P.I,FV~L2. 
lFFX.FF,.~FMTYP.CS,tLC.TS,J~L.J~G.~J,F!.h~,NO,CAP.~~H,D.HE.~AC,NlJ. 

26 i ~~ ~ ~ ~ e ~ ~ ~ ( ~ ~; ~ 1 ! ~ ;i= r 1 i \ ~ s ~ ~! ! i ~ E j ~ i i ~ ~ ~ ~ 11 ,Y I' III ."., 11) ,1'11 11 ) • ~ I I 
11 I • F n (11 J "I''' T Y P ( 1 I ,A t ( 1 ) • J X 11 I • FF X ( 1 ) .0 S (11 ,~P J (1 C I ,C I} ( 1 0) ,I' F ( :t.l , 
2 J ~ U 1 ) ,J tq, ( 1 I • F I I 1 ) ,,, ~" ( 1 ) • to' E ( 1 ) , /'l ( 1 ) ,J I 111 • PEl 12 a ) , PI S I ( 10 ) ,lll~[ 
31) 

CAll PSET IPI; .""1 
REWHr:' 11 
!F(17.~E.ll roc TC 7~ 

"1::1~ 
"'2:110 

i~n~!~E:~1 r:C TC ~C 
J;EWIM' ~1 
KK::1 
I'''IN::~ (0. ( • 
P~ON::~(O.C ~ 
[0 2 1=1..... . -
" F. A ~ (111 (l J I J I • J = ! , El • I[ S (t • J I .t = 1 , EO I • J: 1 • F.l , - . 

~C 182 , 
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. TF{IF.er..foo) GO lC 2 

1~1~~~IJ!~~!!~~5!l)(8cT~c125 
TFIAF1.Er..O.O) GC lC , 
CALL CO'FCR 'Hlt~~1,e~2) 
IF(LF.EC.ll foC C, 

1 
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CHECK FC~ HI~GE rOP~1110~ 

2 
f( 

E1 

76 

74 

CALL H T!:~ (I.e, p~, H, H 1. E!'11.!'~ 2 ."NL ,JNG, FE. NL ,LF, LLF' 
ctLL ~~C"'(~E,I,F~l~,~l.~C,~l,~I) 
GC TC 5 
CHECK FC~ SHEAR FtIlUFE 
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RfIHI\!: 1'2 

APFlY lett: FACTCP TC COI'FUTE JC1~T OISFlACE~~NTS 
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H7 

C 
C 

1J~2-=1Jf'1 
IF(~E~1V~I!A).N~.E)' GC TC 187 
r:c 1P!' TV=1.J~ 
IFtH.H.~F IIY)) (( TC 18E 
VF1=I'V 
IJF2=P\J 
GC TC 1R7 
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CCNTIHE '_ 
~hITFlf%~IIA%~F11\F1.6~1.~f2.VF?P~2 
1~(N ... h.C) uO Tl ~~ 
~~IT~(11)~F1.V~1.E~1.F.~2 
GC Tr. ,2 
HtTE(~tlH1.V~1.nf.F.1'2 
CCNTJ~lF -
IF(eAT.Er.p~JNI (( 10 1~ 
!;I<ITI.: (f .1231 EAT 
rc TC 11, 
~~lTE Ih124) EH 

APPLY lete FACTCQ TC CO~PUlr NE~ lCAeI~GS 
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~~epCU1INe PSET(~,~) 
rn'.=""'1(,1'( AllI 
DC 1 f~l." 

1 ~n)=o.co 

I:ETUCN 
E~O ~ 

. " 

- 171 -

• 

~¥~~~VI~RE~'~f:QI~le.~.~) \ 
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DETERMINE T~PF. OF ~]~lD ~(C~A~I~~ 

Iff P 51'E.e:C.10.0)· l'1: TC 2:' 
If (P PU ( .l T • F c:: '«'l f eTC ,~ 
IFCP~I~.lT.FSHt (C TC ,= 
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12 

2:! 

27 

,11 
1~ 
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C 
C 
C 

2S 

iEO 
21; 

40 

2 

F.AT=F~"E 
CC 12 .is=1.JF 
~F(JK • .!~'=~~l(JS) 
CCNTIHc 
H TC 1:! 
IF [P~H.l l' .PEUC) (C T~ 2~ 

tPHI'~S=!.JI' 
1'1' (JH.;71 =~PI IJZ \ 

"CCNT HlE 
'JK=JF+.!K 
CALL P~FTI~I.1<P' 
CAL~ p~eT(JI.KD) 
1" =100 
K 1'= 0 "" 
GC TC H 
1: AT:''''''?> 
CA~L P!ET(I'Pl,JI'1' 
CALL F!ET(MSI,JF) 
"I-H=""iKF 
r.C 11'0 LV=1,ICP 
I'ECN"+LV)=~I{lV' , 
~~=f'~~.V)=JIILVl 
!Fr~1~~21~0,42.41 

1'1=14 

GE=H £2 

~gH 
PEWHl) 1E 
REW!ND 1"1 

"EWH~ 1'2 
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APPLY lceD fAC1'OR 1'( CC~FU1'E JCl~T OISFtACEtENTS: 
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44 
43 

80 
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EO 
E1 

E4 

1'5 
E50 

EE 

Ell 

Fe; 
71 

70 
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22 
1~ 
14 
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APPENDIX 11 

LOAD-STRAIN CURVES FOR VARIOUS TRUSSES 

The experimental load-strain curves for the ~esting of the ,five 

trusses BBST, BBOV, S1, S2 and BO are presented in the following fig-

ures. The arrangements' of strain gauges and rosettes for the above 

trusses have been described in Chapter 2 •. 
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APPENDIX 111 

PARAMETER FUNCTIONS FOR .... <j>-p INTERACTION DIAGRAMS 

Chen and Atsuta [6J proposed a set of parametric functions such 

that the moment-curvature-thrust ( .... <j>-p) relationships for most hollow 

structural steel, sections subjected to combined unaxial bending snd 

compression can be closely approximated. The material is assumed to 

have an elastic-perfectly plastic stress-strain relationship. 

Three domaines are defined a~ limiting elastic, primary elastic 

and fully plastic as shown in Fig. 111.1. Non-dimensional initial yield 

moment, secondary yield moment and the ultimate flow moment are, repre-

sented by the moment functions ~, ~ and mpc ' respectively as shown. 

The following non-dimensional parameters are also defined for 

deriving the m-<j>-p relationships. 

Ii 
m -M 

y 

For square hollow structural sections without residual stresses, the 

following parametric equations are a~l functions of thrust p, and are 

defined for its appropriate ranges. 

,< 

I 
'i 
I 



For 0 < P < 0.~67 

For 0.467 < P < 1 
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ml - 1 - P 

~1 - 1 - p 

2 
~c - 1.20 - 1.60p 

2 mz - 1 + 0.9p - 3.25 p 
1 ------"----::-

1 - 2.5p + 4. 17p2 

2 
m - 1.51 - 1.31p - 0.2p pc 

mz - 1.40 (1 - p) 

~2 - 2.50 (1 - p) 

Using the equations above, the following constants are defined in order 

to determine moment-curvature relationships at various stages of 

loading. 

mz - ml 
. g - ---=---=---

1/ ~ - 1/ ~ 

': 
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r 

d - S/Z 

-... .... 2 
f - (m . - m)~ pc 2 2 

The moment-curvature-thrust relationships are then given by 

a~d (~ < ~l Elastic) 

-m - (b - gI$")d (~l < ~ < ~2 Primary plastic) 

- 2 (m - f/~ )d pc (~2 < ~ Fully plastic) 

After the thrust p has been determined from test results and/or 

numerical computations for a particular shape of crOBS section. 

1.5..--------------, 

1.0 
a.1c?' 

Co 

o.s 

o 

FIGURE ill. 1 

... -mpc 

0.5 1.0 1.5 
~ M 
m= My 

mop INTERACTION DIAGRAM FOR SHS 

\ 
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APPENDIX IV 

m-t-p INTERACTION DIAGRAMS FOR CRITICAL MEMBERS OF VARIOUS TRUSSES 

Axial forces determined for the critical members, namely, member 

0-1, 1-2, 2-3 and 7-7 during the various _~tages of loading of Trusses 

BBST, BBOV, Sl, S2 and BO were substituted into the appropriate para-

metric equations in-Appendix III to obtain the interaction diagrams in 

the following figures. 
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