
NOTE TO USERS 

The original manuscript received by UMI contains 
broken,indistinct, andlor light print. All efforts were made to 

acquire the highest quality manuscript from the author or 
school. Page(s) were microfilmed as received. 

This reproduction is the best copy available 

UMI 





University of Alberta 

AN .m.4LYSIS OF THE CYCLIC BEHAVIOUR OF STEEL GLTSSET PLATE 

CONNECTIONS 

Scon Walbridge O 

A thesis submined to the Facule of Graduate Studies and Research in Partial fulfillment 

of the requirements for the degree of Master of Science 

Structural Engineering 

Depanment of Civil and Environmental Engineering 

Edmonton. Alberta 

Fall 1998 



Nationai Library Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services sewices bibliographiques 

395 Wellington Street 395. rue Wellington 
OtîawaON KIAON4 OttawaON K1AON4 
Canada Canada 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or seU reproduire, prêter, distribuer ou 
copies of this thesis in microfonn, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/nlm, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protege cette thèse. 
thesis nor substantial extracts fkom it Ni la these ni des extraits substantiels 
may be printed or otherwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



ABSTRACT 

This report summarizes a numerical investigation of the cyclic behaviour of gusset plate 

connections conducted using the finite elernent program ABAQUS. This numerical 

investigation consisted of two phases. In the fust phase. models were constructed of 

previously tested gusset plate connections. incorporating fiaming rnembers. nonlinear 

material behaviour. initial imperfections and bolt slip. In the second phase. the gusset 

plate models developed in the first phase were modified to include brace members. A 

pararnetric study was then conducted to examine the interaction benveen the gusset plate 

and the brace member and to determine the effect of load sequence on the behaviour of 

these models. 

Based on the results of this investigation. conclusions are presented regarding: (1)  the 

effects of various parameters on the cy l i c  behaviour of gusset plate connections. and (3 

the potential of the "weak gusset plate - strong bracing member" concept proposed by 

Rabinovitch and Cheng (1 993). 
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1. INTRODUCTION 

1 .  General 

Several lateral load resisting systems have been developed for steel structures including 

concentrical1 y braced fiames (CBF's)' eccentncally braced fiames (EBF 's). moment 

resisting frames (MW's) and shear walls. Of these. concentrically braced fiames 

(CBF's) are among the most comrnonly used due to their structural efficiency and the 

relative ease with which the) ma? be designed. consrnicted. and repaired (Redwood and 

Jain. 1992). During the life of a structure. the laterai load resisting system ma- be called 

upon to dissipate energy impaned to the structure by earthquakes or strong winds. 

Although generally considered inferior to EBF-s in terms of their energy dissipation 

potential. CBF's can be designed to dissipate significant arnounts of energ .  CBF's 

consist of bearns and columns for resisting gravit'. loads. braced with inclined lateral 

bracing members that can adopt several configurations including diagonal bracing. cross- 

bracing. or chevron bracing (see Figure 1.1 ). Gusset plates are commonly used in CBF's 

to connect the lateral bracing rnembers to the beams and columns (ser Figure 1.2). 

Due to the complex behaviour of the gusset plate in this type of systern. the design of 

gusset plate connections has traditionally involved highly simplified methods (see 

Whitmore. 1952: Hardash and Bjorhovde. 1984; Thomton. 1984). Although these 

methods have proven to be adequate. it is believed that the factor of safety associated 

with rheir usage is highly variable (Kulak et al.. 1987). Up until recently the majority of 



the research on gusset plates has focused on elastic mess distributions or the inclastic 

behaviour of gusset plates Ioaded monotonically in tension. Relativelu little attention has 

bern given to compressive or cyclic behaviour. 

Typically. CBF's are designed to dissipate energy through yielding or buckling of the 

brace rnembers. ï h e  remaining rnembers and connections are designed to c q  the 

forces thar are present in the structure at the load level that causes the brace member to 

yield or buckle. This design approach ernbodies the philosophy of capacih design 

(Redwood and Jain. 1992). A recent study of gusset plate behaviour carried out at the 

University of Alberta (Rabinovitch and Cheng. 1 993) showed that under cyclic loading 

the tensile capacity of the gusset plate remains stable and the post-buckling compressive 

capacih of the gusset plate. although less than die ioad required to buckle the gusset plate 

initiaily. tends ro stabilize after a few cycles. Based on rhese obsen.ations. a design 

approach that would take advantage of the e n e r g  dissipation potential of the gusset plate 

was proposed. This approach. referred to as the --weak gusset plate - strong brace 

member" concept. consists of designing the gusset plate as the rveak element rather than 

the brace member. 

A better understanding of the cyclic behaviour of gusset plates uill facilitate the 

developmenr of gusset plate design guidelines that better reflect their tme behaviour. 

T h i s  ma) allou- for the design of gusset plate connections with a more consistent safety 

index than is generally associated with the current design approach. It is d so  felt that a 

better unders~anding of the energy dissipation characteristics of gusset plate connections 



under cyclic loading may lead to an alternative CBF design approach that takes advantage 

of the energ? dissipation potential of the gusset plate. 

1.2 Objectives 

The objectives of the numerical inve~igation presented in this report are: 

(1 ) to develop and vaiidate finite element models that accurately predict the behaviour of 

steel gusset plate comections under monotonie and cyclic loading: and. 

(2 )  ro cspand the finite element models developed in ( 1 ) to indude brace rnernbers and to 

use rhese subassembly models to snidy the effects of gusset plate - brace member 

interaction and load sequence on the behaviour of steel gusset plate connections under 

cy l ic  loading. 

1.3 Scope 

The scope of the work presenred in this report has been lirnited to the study of steel gussei 

plates geometrically similar to those tested previously at the University of Alberta. niese 

gusset plates were corner gusset plates. either 500 mm s 400 mm or 550 mm x 450 mm. 

ranging in thickness fiom 6.18 mm to 13.3 mm. The factors afEecting the behaviour of 

gusset plate connections that are the focus of this investigation include gusset plate 

thickness. matenal properties. bolt behaviour. and the usage of gusset plate edge 

stiffeners. In the iater part of this investigation (the parametnc study). load sequence and 



the eKecr of gusset plate - brace member interaction are dso examined. The aspects of 

the connection behaviour that are the focus of this snidy include general behaviour (both 

pre- and post-buckling) and energy dissipation characteristics. 



a) Diagonal Bracing 

c) Chevron Bracing 

Figure 1.1 - Various configurations for concenuic braced frames. 



Figure 1.2 - Typical concentric b r ~ c r d  frimes. 



2.1 Eiastic Behaviour of Gusset Plates 

In 1952. Whitmore reponed the results of an esperimentai investigation in which he 

studied the stress distribution in a gusset plate connection detail comrnonly found in 

Warren truss type bridges. The main objectives of Wliunore's investigation were ro 

determine the location and magnitude of the peak stress in the gusset plate. and to 

develop a practical method for estimating this peak stress for use in structural design. 

\h'hiunorefs experimental investigation primarily involved the measurement of strains in 

quarter scale aluminurn gusset plate models loaded in the elastic range. Wlitrnore also 

studied stress distributions on masonite and bakclite gusset plate models using stresscoats 

and photoelastic methods. He determined that the location of the peak stress in the gusset 

plare usually occurs near the last row of fasteners in the gusset-10-brace connection. He 

also determined that die direct. bending and shear stress distributions across critical 

sections of the gussrt plate did not compare well with values determined using the 

previously popular beam method. The beam rnethod did. however. provide a 

consenpative estimate of the peak stress. 

Based on the results of his investigation. Whitmore proposed a merhod for predicting the 

peak stress in a gusset plate for a given brace load. He proposed that the peak stress 

could be cstimated by taking the bracr load and dividing it by an area equal to the plate 



thickness times what later became kno\m as the "Whïtrnore effective \Gd*. The 

mitmore effective width is defmed as the distance benveen two lines radiating outward 

at 30 degree angles fiorn the first row of bolts in the gusset-to-brace connection dong a 

line running through the last row of bolts (see Figure 2.1). Whitmore showed that the 

resulting stress corresponded wel1 with test results. 

In 1957. Inan carried out a similar investigation with an aluminum mode1 of a double 

gussct plate Pratt truss connection detail. Once again. his investigation showed that stress 

distributions computed with the beam method did not match well with test results. Iman 

proposed a method of determining the peak stress that was sirniiar to the Wliünore 

method. 

Hardin ( 1958). Davis ( 1967). Varsarelyi ( 1 97 1 ) also investigated the stresses in gusset 

plates loaded in the elastic range. Hardin's experimental investigation confirmrd In-an's 

conclusions regarding the bearn rnethod and supported Inm's method for dstermining 

the magnitude of the peak stress in the gusset plate. Da\is and Varsarelyi cmied out 

finite element investigations of the elastic stresses in gusset plates. In general. diese 

investigations confirmed the findings of the experirnental investigations regarding the 

stresses in gusset plates loaded in the elastic range. 



2.2 Inelastic Behaviour of Gusset Plates 

2.2. I Mon otorr ic Loading 

Chhabarri and Bjorhovde (1983) studied the behaviour and strength of gusset plates 

loaded beyond the elastic range. in rnonotonic tension. Current design practices 

(including a yield criterion based on the Mitmore rnethod) were evaiuated usine test 

resuIts. 

The test program conducted by Chakrabarti and Bjorhovde invol~ed sis gusser plate 

specimens loaded in rnonotonic tension. Two gusset plate thicknesses (9.6 mm (3i8 in.) 

and 3 -2 mm ( 1 !8 in.)) and three bracr angles (30.45 and 60 degrees) were tesred. Due to 

limitations of the testing equipment. only the 3.2 mm specimens were loaded to failure. 

Chakrabani and Bjorhovde found that the primary failure mode for the test specimens 

was tsaring of the gusset plate across the lasr row of bolt holcs in the gusset-to-brace 

comection. Tearing of the gusset-to-frame fasreners was found to occur in specimens 

where the Whitmore effective width intercepted the boundaries of the plate. Based on 

their test results. Chakrabarti and Bjorhovde concluded that a yield critenon based on the 

Whitmore method (Le. with yield occuning at the brace load that causes the Whitmore 

peak stress to esceed the yield suength of the material) was appropriate for the design of 

gusset plates. Recommendations for fume  work included further study of the influence 

of plate boundaries. including the use of stiffeners dong the free edges. 



Hardash and Bjorhovde (1984) developed an ultimate stren-mh design procedure for 

gusset plates loaded in monotonic tension. Based on the results of tests on 42 gusset 

plate specimens tested at the University of Arizona the University of Illinois and the 

University of Alberta a block shear mode1 was proposed. It was found thar the ultimate 

strength cari be taken as the surn of the ultimate tensile nrength of the gusset plate 

between the bolrs in the last row of bolts and the shear svengh along the comection 

lenpth. This can be espressed as: 

where F,, is the ultimate tensile strcngth of gusset plate marerial. Sn,, is the net width of 

gussrr-to-brace comection as s h o w  in Figure 2.2. L is the length of gusset-to-brace 

comec~ion (sec Figure 2.2). t is the gusset plate thichess. and Fe, is a uniform effective 

shear stress given as: 

where F, is the yield strength of the gusset plate matenal and C, is @\-en as: 

C, = 0.95 - 0.047L (with L in inches) 



The mode of failure that k v a s  found to be most prevalent in dus test program was tensile 

tearïng dong the 1 s t  row of bolt holes. 

In an article published in 1984. Thomton took an in-depth look at a steel ysse t  plate 

comection design example. demonstrating the application of an intuitive. lower bound 

solution rnethod for determining the ultimate capacie of the connection in tension and Ui 

compression. Thornton defmed a lower bound solution as one in which: (1) equilibrium is 

satisfied. and (2) ail stresses are below yield. He quaiified this definition by adding that 

membsrs must be stocky enough to preclude buckling. 

Thomton uscd the block shear method in his example to check the tear-out strength of the 

gusset plate comection and proposed a lower bound method for determining compressive 
C 

strength of the gusset plare. Thomton's proposed method for determining compressive 

strength uses a unit strip with a characteristic length equal to the largest of L 1. LZ. or L3 

(see Figure 2.3) and an effective length factor. k = 0.65. from which the eiasric buckling 

capacity of the unit strip is calculated. Multipluing this capaciry by the Whitmore width 

gave what Thomton said should be a conservative estimate of the compressive strength of 

the gusset plate. ïhomton suggested that a shorter effective len_@ (such as the average 

of lengths LI .  LI. and L3) might be more appropriate for approsimating the buckling 

strengh of the gusset plate. 

Using simple starics. Thomton dernonstrated that it may not be critical for the centerline 

of the diagonal brace to pass through the center of the beam-column connection. 



especially in high-rise structures where diagonal braces c a r q  primarily laterai loads and 

are typically much smaller than the beams and columns. This means that under certain 

conditions e s e t  plate connections c m  be designed to be more compact (see Figure 3.4). 

Williams and Richard (1986) performed analpical and espenmental work to develop 

design procedures for gusset plate connections in diagonal braced frarnes. ïheir work 

focused on the distribution of forces in the gusset-<O-frame and gusset-to-brace fasteners. 

A finitc element analysis of several CBF connections was performed to study these 

forces. A procedure for developing two dimensional fastener elements was developed. 

The procedure involves the follouing steps: 

( 1  ) isolate the fastener from the real structure. 

(2) design fastener tests to duplicate the forces and deformations that occur in the rea1 

structure. 

(3 ) pêrform fastener tests to obtain force-de formation data. 

(-4) fit curves to the test data. and use the fined curves as input parameters for nonlinear 

spnng elements. 

The nodinear behaviour of the gusset plate material \vas modeled in this investigation. A 

linear-elastic material mode1 was used for the framing rnembers. however. to ensure that 

yieiding was confined to the gusset plate and fasteners. 



Williams and Richard found that fiame action had a signïficant effect on the gusset-to- 

frame fastener force distributions. A cornparison of models that included the frame 

members and models that did not suggested (according to Williams and Richard) that the 

frame should be incorporated in finite element models of this type. 

Factors that were found to have little effect on fastener force distributions included: 

compressive versus tensile brace loads. brace configuration. beam and column properties. 

gusset-to-fkarne fastener h p e .  and brace eccentricity. Factors that were found to have a 

significant effect on fastener force distributions included: gusset plate aspect ratio. brace 

load. and brace angle. Gusset plates were found to cause beam-to-column connections to 

act rigidly. Fastener force distributions were found to be more uniform in the more 

compaci gusset plates. where srnail arnounts of in-plane eccentricit~ were permitted (Le. 

the centerline of the diagonal brace was no1 made to pass through rhc center of the beam- 

to-colurnn connecrion). Fastener force design equations were proposed. 

Williams and Richard d s o  included linear elastic buckling in their investigation. -4 

method for estimating compressive capacity was proposed in which the buckling load is 

calculated using Thomton's unit sûip approach in conjunction with column design 

equations. This buckling load is then compared uith the yield load predicted using the 

Whiunore effective width and the lesser of the two is taken to be the compressive 

capacity of the gusset plate. To increase compressive capacity. it was proposed that 

gusset plate thickness be increased, gusset plate dimensions be reduced. or gusset plate 

fiee edge stiffeners be incorporated. 



Gross (1 990) presented findings fiom rnonotonic Tests on three variations of a particular 

gusset plate c o ~ e c t i o n  detail. The tests were conducted to study: 

(1 j the influence of framing members on the strength and behaviour of the gusset plate 

connection: 

(2) the effect of in-plane comection eccentricity on the gusset plate capacity and on the 

forces transferred to the framing rnembers: and 

(3 the difference between a gusset plate connection made to the column fiange as 

opposed to one made to the column web. 

Gross found that the yield load determined using the Whitmore method seemed to 

correspond well with the observed yield load. Thomton's method for estirnating the 

compressive strength of the gusset plate uras found to be sufficiently consen-ative when 

an effectiw length factor. k. of 0.5 was used. He also found that his compact specimens 

(with in-plane eccenuicity) had a higher buckling load than the less compact specimen 

(designed to have no in-plane eccentricity). The orientation of the colurnn (i.e. gusset 

plate comectrd to column flange vs. gusset plate connected to column web) had linle 

effrçt on the buckling load. 

Hu and Cheng (1987) and Yam and Cheng (1993) carried out tests to study the buckling 

behai-iour of gusset plate connections under monotonic compressive loading. These tests 

are described in section 2.3. 



2.2.2 Cyclic Loading 

Cornpared to the information that is available on the cyclic behaviour of the brace 

members in braced fiames. the amount of work that has been done to investigate die 

cyctic behaviour of gusset plates is quite small. 

Jain Goel and Hanson (1978) studied the effect of gusset plate bending stiffhess and 

bracing member len-gh on the cyclic behaviour of bracing membea. The focus of their 

investigation \vas on the behaviour of the brace member. however some obsenations 

were made regarding the interaction between the brace member and the gusset plate. 

Thrir investigation included 18 tests on differenr gusset plate - brace member 

combinations. In al1 cases the brace member was a 25.4 mm s 35.4 mm s 2.76 mm steel 

hollow structural section. Three different gusset plates were used and the length of the 

brace member was varied. Figure 2.5 shows a typical gusset plate - brace member 

specimen tested by Jain. Goei and Hanson (1978). Al1 of the gusset plates were designed 

to have a yield strength greater than the yield strength of the brace member. The flexural 

stiffness \vas computed for al1 gusset plates and brace members. and the ratio. R. of the 

gusset plate flexural stiffness to the brace member flexural stiffness was computed for 

each specimen. as well as an effective brace member slenderness (kL/r). Jain. Goel and 

Hanson concluded that there is no adïantage in making the flexural stiffness of the gusset 

plate greater than the flexural stiffness of the brace rnember (Le. R > 1 .O). However. for a 

given brace member length. the effect of increasing the flexural stiffhess of the gusset 

plate is to decrease the effective brace member slendemess. by deneasing the effective 



t e n d  y factor. k. This has the same effect as reducing the brace member lenLg& which 

results in an irnprovement in the cyclic behaviour of the brace member. 

-4staneh. Goel and Hanson (1981) studied the cyclic behaviour of brace members 

connected to gusset plates. Again. the focus of their investigation \vas on brace member 

behaviour. In-plane and out-of-plane buckling of the brace members was investigated. 

Figure 2.6 shows a typical specimen. As can be seen in this figure. the brace members 

were composed of back-to-back double angles tied with stitches. Astaneh. Goel and 

Hanson expressed concems regardhg the current code design procedures. Practical 

design procedures for improving brace member ductilih and energy dissipation 

characteristics were proposed. For brace members that buckle out-of-plane. they stress 

the importance of designing the gusset plates so thar the). accommodate the formation of 

plastic hinges. allowing brace buckling to rake place without tearing of the connection. 

Their test program involved 16 specimens with gusset plates connected by bolts and fillet 

weids- 

Rabinovitch and Cheng (1993) canied out tests to study the behaviour of gusset plate 

connections under cyclic loading. These tesrs are descnbed in the nest section. 

2.3 Tests at the University of Alberta 

This secrion presents the results of three esperimental investigations conductrd at the 

University of Alberta to study the behaviour of gusset plate connections. Hu and Cheng 



(1987) investigated the buckling behaviour of thin corner gusset plates Ioaded 

monotonically in compression. Yam and Cheng (1993) carried out a similar investigation 

with thicker gusset plate specirnens that exhibited inelastic behaviour prior to buckling. 

Rabinovitch and Cheng (1993) extended the Yam and Cheng test prograrn to include the 

effect of cyclic loading on the behaviour of corner gusset plates. Some of the results 

from the investigations of Yam and Cheng (1993) and Rabinovitch and Cheng (1993) 

were used to validate the finite element mode1 developed for this report. These results are 

swnmarized. 

2-3.1 Hu and Cheng (1987) 

Hu and Cheng ( 1987) studied the buckling behaviour of gussct plate connections loaded 

monotonically in compression. Their test prograrn focuscd on the effects of plate 

thichess. geometry. boundary conditions. eccentricity and reinforcement. This test 

prograrn included 1 1  tests on six thin gusset plate specimens. A parametric studv \vas 

subsequently perfomed using rhe finite element method. 

Hu and Cheng found that thin gusset plates tended to buckle at a load much lower than 

the yield load predicted using the Whitmore effective width. In general. either s- or 

local buckling modes were obsened depending on the out-of-plane brace restraint 

conditions. The parametric study indicated that an increase in the stifFness of the gusset- 

to-bracc splice plate should result in an increase in the buckling suength of the gusset 

plate up to a splice plate thickness of wo to four times the gusset plate thickness. It w s  



recommended that gusset plate connections of this type shouid be designed so that the 

distance benveen the end of the splice plate and the gusset-to-frarne boundaries is kept to 

a minimum. It was aiso recommended that the interaction between the e s e t  plate and 

the brace member be investigated. 

2.3.2 Yam and Cheng (1993) 

Yarn and Cheng (1993) presented the results of a test program designed to study the 

compressive behaviour and ultimate strength of gusset plate connections. The parameters 

studied in this investigation included: gusset plate thickness and size. brace angle. out-of- 

plane brace restraint conditions. moments in the framing members and out-of-plane 

eccenuicity of the brace load. The specimens tested by kam and Cheng were stockier 

than those tested by Hu and Cheng. and. as a result. tended to show significantly more 

inelastic behaviour pnor to buckling. Figure 2.7 shows one of the test frames used by 

Yam and Cheng wirh a typical specimen in place. 

Yam and Cheng found that the compressive capacity of the specimens rhat the)- tested 

\vas almost directly proportional to the thickness of the gusset plate. They also found that 

the effect of beam and column moments on the compressive capacit? of the specimens 

was srnail. although these moments did have some effect on the measured strain 

distributions in the gusset plate. Yarn and Cheng found Thomton's method to give a 

consenative estimate of compressive capacity. They recornmended that a paramevic 



nudy be performed to determine "important design variables" so that a rational design 

procedure may be developed. 

Some of the results of the gusset plate tests done bp Yam and Cheng were used to 

validate the finite elernent models developed for the numerical im-estigation described in 

Chapter 3. The test results for these specimens are summarized in Table 2.1. Axial load 

venus out-of-plane displacement plots for these specirnens are presented in Figure 1.8. 

2.3.3 Rabiizo vitch and Cl. eng (1 993) 

Rabinovitch and Cheng carried out a test prograrn to study the cyclic behaviour of steel 

eusset plate connections. The effects of gusset plate thickness. geometry. edgr stiffeners. 
C 

and bolt slip u-ere studied. The test frame used by Rabinovitch and Cheng \vas intended 

to mode1 a CBF connection for which the gusset plate \vas designed to buckle before the 

bracs membrr. The beam. column and gusset plare subassembly was free to slide out-of- 

plane whiie the brace membsr \vas restrained. It was assumed that infinite rotational 

restra.int Kas provided by the brace (Le. the brace \vas assumrd to have a much greater 

bending stiffness than the gusset plate). This meant that yielding and buckling of the 

gusset plate dissipated al1 of the energy introduced by the cyclic load. The beam and 

colurnn forces. which would be present in an actual fiame. were ignored. Figure 2.9 

shows the test frame used by Rabinovitch and Cheng with a typical specimen in place. 

Five full-scale specimens were tested. 



Rabinovitch and Cheng found that cyclic loading causes the compressive strength of the 

eusset plate to drop to a stable post-buckling Ievel. but has little effect on the tensile 
c. 

strength. The addition of edge stiffeners kvas s h o ~ w  to significantly improve the post 

buckIing compressive stren-d and the encre dissipation characteristics of the gusset 

plates tested. .4 parametric study was recornrnended to improvc edge stiffener design. 

Some of the results of the gusset plate tests performed bu Rabinovitch and Cheng were 

used to validate the finite elernent mode1 developed for the numerical investigation 

described in Chapters 3 and 4. The test results by Rabinovitch and Cheng that were used 

for the validation of the finite element mode1 are summarized in Table 2.3. Axial Ioad vs. 

aUal deflection hysteresis plors for these specimens are presentrd ir. Figure 2.10. 

2.4 Current Design Practice 

As mentioned previousl>.. CBF's are typically designed to dissipate energ? impaned to 

the structure rhrough yielding or buckling of the brace members. The remainine 

mernbers and connections are designed so thar they are able to carry the forces that are 

present in the structure at the load Ievel that causes the brace mrmbers to yield or bucHe. 

Thus. gusset plates in a CBF are typically designed to resist a tensile load equivalent to 

<he load required to yield the lateral bracing member in tension. This forms the b a i s  for 

plate thickness selection. The nurnber of bolts required in the connection is usually the 

main factor determining the in-plane dimensions of the gusset plate. Under compressive 



load an approach such as the one proposed by Thomton is typically used to ensure that 

the gusset plate does not buckle before the lateral bracing member. 

Clauses pertaining to the design of gusset plate connections in CAWCSA-S 16-1-94 - 

Limit States Design of Steel Stntctures (1995) are for the most part performance onented 

rather than prescnptive in nature. Several clauses in CANKSA S16.1 (1995) are. 

however. worthy of nore: 

Clause 13 -43  recommends that the tensile resistance of a gusset plate should be 

determined using the CANKSA S 16.1 ( 1995) block shear formulas. These formulas 

are essenriaIl>- a variation of the block shear fomulas proposed by Hardash and 

Bjorhox.de ( 1983). 

Clause 27.4.4.1 recornrnends that eccentncities in bracing connections be minimized. 

This is good engineering practice. although Thornton (19811 shou-ed that it is not 

essential to eliminate eccentricity ail topether. 

Clause 27-4-12 recomrnends minimum strengths for brace connections in tension. In 

zones rvith heai-y seismic activity (velocity and acceleration related seismic zones of 

3 or higher). the minimum strength is govemed by capaciry design. Le. the factored 

resistance of the connection must esceed the yield strength of the brace member. In 

lighter seismic zones. this criterion is relaxed somewhat. 

Clause 27.4.4.3 recommends thar gusset plates be detailed in such a manner as to 

aïoid bnnle fracture when the brace member buckles. either in-plane or out-of-plane. 

The recommendations of this clause (and the associated comrnentary) fa11 in Iine with 



the recommendations of Astaneh. Goel and Hanson (1981). Rabinovitch and Cheng 

(1993) suggest that these recommendations may not apply for corner gusset plates 

such as the ones the- tested and in fact. that detailing comer gusset plates in 

accordance with these recomrnendations may actually hinder their performance. 

CANKSA-S 16.1-91 recornrnends that seismic design of structures be done in accordance 

wirh the National Building Code of Canada (NRCC. 1995). C.4NKSA-S16.1-91 

provides cnteria for classifj4ng CBF's inro three ductiliry categories: ductile. nominaIl>- 

ductile. or a third category for which no special provisions are made for ductiiity. These 

categories affect the design seismic Ioads assessed in accordance with the National 

Building Code of Canada. 

The National Building Code of Canada (hTRCC. 1995 ). section 4.1.9. gives guidelines for 

seismic design of s t ruct~~es.  Most of th is  section is related to the assessmenr of the 

lateral design loads for the seismic design of structures. The magnitude of these lateral 

loads depends on. among other things. the ductility of the strucrure and the earthquake 

zone in which the structure is located. A discussion of how this building code and others 

handls the seismic design of CBF's cm be found in Redwood and Jaïn (1  992). 
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Figure 1.4 - Expianation of in-plane comection ecccnuici~y. 
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3. FINITE ELEMENT ANALYSIS 

3.1 Introduction 

In the nrxt 3 chaprers. a numerical investigation of the behaviour of gusset plate 

connections. perfomed using the finite element program XBAQUS ( 1995). version 5.5. 

ni11 be descnbed and the results of the investigation presenred. The investigation was 

comprised of two phases. In the first phase. finite element models were developed to 

predict the behaviour of gusset plate connections under monotonic and cyclic loading. In 

this phase. the models were validared nith data from the experimental investigations of 

Yam and Cheng ( 1993) for gusset plates under rnonotonic compressive loading. and 

Rabinovirch and Cheng (1993) for gusset plates under cyclic loading. Ln the second 

phase of the investigation. the finire elernent models were expanded to include brace 

members and a pararnevic study was conducted. using these subassembly models. to 

nudy the effects of gusset plate - brace membçr interaction and load sequence on the 

behaviour of steel gusset plate connections under cyclic loading. 

Tnis chapter focuses on the development of the finite element models used in the first 

phase of the investigation. The validation of these models will be presented and 

discussed in Chapter 1. The parametric study is presented in Chapter 5 .  The basic steps 

involved in the first phase of the investigation were as follows: 



(1)  .4 Iinear elastic mesh study of a gusset plate comection was performed to determine 

the level of mesh refmement required to ensure convergence. 

(2) Inelastic behaviour was incorporated in the gusset plate comection models fiom ( 1  ). 

and the rnodels were ioaded monotonically in tension \el1 beyond first yield. In this 

step. the effects of mesh refmement matcrial main hardening. h i n g  rnember 

stiffness and fastener (bolt) model were studied. 

(3) The gusset plate comection models fiom (2) w-ere modified to model the behaviour of 

the gusset plate connection loaded monotonically in compression. In this step. initial 

imperfections were incorporated in the model and the effects of mesh refinement. 

material strain hardening. fiaming member ni  fhess and fastener (bolt ) model were 

studied. 

(4) The gusset plate comection models from (3) were used to rnodel some of the cyclic 

loading tests conducted by Rabinovitch and Cheng (1993). In this srep. a simple 

fastener model was drveloped that incorporated boit slip. and gussct plate edge 

stiffeners were added to some of the models. 

Since no rnonotonic tension test results were available for the gusset plate connections 

modeled in the first phase of the investigation. the models in (2) were validated by 

comparing peak tensile loads from the analysis with peak tensile loads fiom the cyclic 

loading tests conducted by Rabinovitch and Cheng (1993). The gusset plate models in 

(3) w r e  vdidated against results fiom the monotonic compression loading tests 

conducted by Yam and Cheng (1993). Since in-plane displacements were not measured 

in the early tests conducted by Yam and Cheng. axial load vs. out-of-plane displacement 



behaviour is used as a b a i s  for cornparison. The models in (4) were validated uith 

results from the cyclic loading tests conducted by Rabinovitch and Cheng (1 993). 

3.2 Linear Elastic Mesh Study 

The main purpose of the linear elastic mesh nudy was to determine the level of mesh 

refinemenr required to ensure convergence. In this sep. four different fuùte element 

meshes were used ro mode1 Rabinovitch and Cheng (1993) Specimen A2 (see Figure 

3.1 ). For each mesh. the ABAQUS shell element S4R was used to model the gusser plate 

and the splice members. The bolts were modeled as rigid links. connecting the nodes in 

the gusset plate and the splice members that corresponded m i t h  the bolt locations. Linear 

elastic material properties were assigned to al1 gusset plate and spiice member elements. 

The modulus of elasticity used in the linear clastic matenal mode1 xas 206000 MPa. 

based on resulrs of material tests perfomed by Rabinovitch and Cheng ( 1  993) (see Table 

2.3). The framing membrrs were assumed to be infinitel! rigid in this step. Thus. 

rotational and translational degrees of freedom at the nodes along the connected edges of 

the gusser plate mcdel were full!- restrained. The load was applied through the nodes 

along the loaded e d p s  of each splice member. In order to model the @id brace member 

b o u n d q  conditions assumed in the Rabinovitch and Cheng ( 1  993) tests. fu l l  rotational 

restraint was imposed at the loaded splice member nodes. A tensile load: equal to half of 

the yield load predicted using the Whitmore method. was applied to each gusset plate 

comection model. Figure 3.2 shows a typical gusset plate model used for the linear 

elasric mesh study. The splice members are s h o w  in Figure 3.3. Looking at the 



coordinate system in Figure 3.2 it cm be seen that the gusset plate lies in the 1-2 plane. 

In di is  report. %-plane'* displacement refers to displacement in the 1-2 plane. "Out-of- 

plane" displacernent refers to displacement in the coordinate 3 direction. ï h e  same 

system is used to refer to restraints. For each analysis in this step. displacements of the 

loaded nodes. the peak principal stress in the gusset plate. and contour plots of principal 

stresses in the gusset plate were obrained. The models that were consmcted for the limar 

elastic mesh study were given designations from MSI to MS4. Descriptions of these 

models can be found in Table 3.1. 

3.3.1 iMonotattic Tension Loadi~zg 

For this portion of the analysis. nonlinear material behalriour was taken into consideration 

so that the behaviour of the gusset plate could be investigated beyond the elastic range. 

Elastic-perfect plastic and isotropie strain hardening material models were developed (see 

Figures %(b) and 3 4 c )  for examples) based on results from tension coupon tests 

performed by Rabinovitch and Cheng (1993). Since m e  stress versus plastic strain 

material properties are used in ABAQUS. tension coupon test data had to be convened 

accordingl y. 

In order to investigate the behaviour of the gusset plate beyond the elastic range. the four 

gusset plate models developed previously for the linear elastic mesh study were modified 
L 



to incorporate the nonlinear material models described above. This resulted in eight mu. 

eusset plate models (MT1 to MT8 in Table 3.1 ): four levels of mesh refmement and nvo 
CT 

material models. In order to study the effects of mesh refinement beyond fint yield. 

models with the same matenal properties. but different levels of mesh refinement were 

compared. In order to study the effects of strain hardening. models with the same l e ~ e l  of 

mesh refinement but different matenal models were compared. In this manner. the effect 

of mesh refinement could be compared using either material model. and likewise. the 

effect of strain hardening could be determined for any level of mesh refinement. The 

boundary and loading conditions were the same as those descnbed in the previous 

section. 

Subsequent to the ixwestigation of mesh refinement and main hardening. the second 

finest mesh (Mesh 3 in Figure 3.l(c)) was adopted and modified to evaluate the effects 

of: ( 1 )  the assurnption of rigid framing members and (2) the rigid fastener model. To 

model the framing members more realistically. the beam and column assembl~ used by 

Rabinovitch and Cheng (1993) kvas modeled and artached to the previously developed 

gusset plate mesh (see Figure 3.5). The bearn and column assembly \vas modeled uith 

S4R shell elements. These elernents were assigned linear elastic material propenies to 

ensure that yielding was confined to the gusset plate. To snidy the effect of the rigid 

fastener rnodel. a more realistic bolt mode1 was developed using ABAQUS SPRINGl 

elements. The SPRTNG? element links a global degree of fieedom at one node uith a 

global degree of fieedom at another node. For this model. wo springs were required (one 

for sach in-plane displacement degree of fieedom) to link each of the two splice members 



to the gusset plate at each bolt location. The spring stiffness assigned to the SPRMG2 

elements for ùiis s e p  was taken from a double shear load-displacement plot presented by 

Wallaert et al. (1962). The stifiess value was taken as the initial slope of the '-typical" 

A490 bolt behaviour plot in this paper. This vdue was computed to be 253000 N/mm. 

-4BAQUS models that were constructed to study the behaviour of gusset plate 

connections loaded monotonically in tension were designated MT 1 to MT20 . 

Descriptions of these models can be found in Table 3.1. 

3.3.2 Moriotoit ic Compression Loading 

In nrder to conduct the analysis for monotonic compression loading initial imperkctions 

had to be incorporated into the gusset plate model. Since no rneasurements of initial 

imperfections were taken for any of the specimens tested by Yam and Cheng (1993) or 

Rabinovirch and Cheng (1993). it was necessary to use a trial and error approach to 

obtain an initial imperfection shape and magnitude that gave analytical resulrs consistent 

uith the espenmental results. Initial imperfections of various shapes and magnitudes 

were studied. so that the effects of varying initial imperfection shape and magnitude 

could be ascertained. As s h o m  in Figure 3.6. the three shapes that were srudied were: 

(1) a one quarter sine wave shape: (2) a full sine wave shape: and (3) a shape consmcted 

by takinp the buckled configuration fiom a rnonotonic compression analysis performed 

with shape (1) and scaling it down to achieve the desired initial imperfection magnitude. 

Initial imperfection magnitude \vas defined for this study as the mavimum out-of-plane 

initial imperfection of an! node in the gusset plate. The three initial imperfection 



magnitudes used for this cornparison were 0.05 mm. 0.5 mm. and 5 mm. No attempt i.as 

made to correlate initial imperfection magnitude with pusset plate thickness. For 

RabinoMtch and Cheng Specimen M. these magnitudes corresponded to 0.8-1. 8.1 and 8 1 

percent of the plate thickness (6.18 mm). For Yam and Cheng Specimen GP3. these 

magnitudes corresponded to 0.77. 7.7 and 77 percent of the gusset plate thickness (6.5 

mm). 

The other factor that had a significant e f fx t  on the behaviour of gusset plate comections 

loaded monoronically in compression mas the manner in which out-of-plane restraint was 

assumed to be imparted to the gusset plate by the splice members due to clamping. The 

t ~ o  cases that were considered for this study were: 

(1 ) no out-of-plane (clamping) restraint imparted by the splice members (Le. the out-of- 

plane displacements of the splice member nodes and the gusset plate nodes between 

the splice members were independent (escept at the bolt locations j). and 

( 7 )  full out-of-plane (clarnping) restraint imparted by the splice members (i-r. the out-of- 

plane displacements of the splice member nodes and the gusset plate nodes between 

the splice members were linked). 

Thrse cases were thought to be reasonable lower and upper bounds of the actual level of 

restraint taking place. Both cases were run wirh the quarter sine wave initiai imperfection 

shapr shown in Figure 3.6(a) at three imperfection magnitudes (0.05. 0.5. and 5 mm). 

The effects of initial imperfection shape. initial imperfection magnitude and the out-of- 



plane restraint imparted by the splice members were midied usine models of Specimen 

GP3 fiom Yam and Cheng (1  993). Since GP3 was alrnost identical to Specimen A2 from 

Rabinovitch and Cheng it was felt that the findings fiom the mesh snidy for Specimen A2 

could be applied to Specimen G E .  Thus. only one mesh was developed for Yam and 

Cheng Specimen GP3. This mesh was essentially identical to h4esh 1 shown in Figure 

3.1 (b). The boundary conditions in this s e p  were the sarne as in the previous bs, steps. 

Finire efement models of Rabinovitch and Cheng Specimen A2 were used to study the 

effects of mesh refinement. framing rnember stifiess. and fastener (bolt) model on the 

monotonic compressive behaviour of the gusset plate comection. An initial imperfection 

shape and magnitude was chosen (the quarter sine wave shape shown in Figure 4.6 (a) 

wiùi a magnitude of 0.5 mm) based on the results from the sud-  of Specimen GP3. Full 

out-of-plane (clarnping) restraint was assumed to be imparted by the splice members. 

Based on the results from the studies of Specimens GP3 and -47. models were constructed 

of Sprcimens GPI. GP2 and GP3 from the test program of Yam and Cheng (1993). 

quaner sine wave initial imperfection shape with a magnitude of 2.0 mm \:as assumed. It 

was also assumed that the splice members imparted full out-of-plane restraint to the 

gusset plate and flexible framing members were incorporated into the model. This 
h 

configuration closeiy predicted the ultimate buckling loads for each of the three 

specimens. The models that were constructed to study the behaviour of gusset plate 

connections Ioaded rnonotonicdly in compression were designated MC1 to MC27. 

These models are described in Table 3.2. 



This step involved ihe rnodeling of Specimens Al .  M. A3. and -41 fiom Rabinotitch and 

Cheng ( 1  993). These models incorporated the features that were determineci ro be critical 

in the rnonotonic Ioading studies. Cyclic loading sequences were imposed in order to 

mode1 test Ioading conditions. The elastic-perfect plastic material model was used in the 

gusset plate models developed for the cyclic Ioading study. 

To mode1 Rabinovitch and Cheng Specimens Al and -43- bolt slip had to be considered. 

In order to do rhis. ABAQUS SPRING2 elements. with nonlinear load-displacement 

behaviour were used at the bolt locations. Although ABAQUS dlows the user to give 

SPRING2 elements nonlinear load versus displacement amibutes. these elements cannot 

model inelastic behaviour. Thus. in order to model the cyclic bolt slip that took place 

during the testing of these specimens. the superposition of several spnng elementc was 

necessar) (see Figure 3.7). Essentially. the 3 Springs in Figure 3.7 were turned "on-' or 

"off' to force the effective spnng (the superposition of the -'on" springs at any given 

time) to follou- the desired load versus displacement path. This procedure is 

conceptualized in Figures 3 ( a )  to 3.8(d). In Figure 3.8(a). Spring 1 is "on": the bolt is 

loaded in the positive direction until slip occurs and the bolt bears up against the edge of 

the bolt hole. Note. that the positive direction is the direction corresponding to a positive 

(tensile) brace load. Once the desired positive gusset plate displacement is reached. 

1 

Spnng 2 is turned on. resulting in an *'effective" spring corresponding tu the solid line in 

Figure 3.8(b). The bolt is then loaded in the negative direction until the bolt slips again 



and bears againsr the opposite edge of the bolt hole (see Figure 3.8(b)). Once the desired 

negative gusset plate displacement is reached Spring 2 is m e d  "off' and Spring 3 is 

tumed *'on" resulting in die "effective" spring corresponding ro the solid line in Figure 

3.8(c). The bolr is then reloaded in the positive direction until one full cycle is 

completed. If desired. the cycle is repeated. The path of the '-effective.e" spring dirough 

one entire cycle is shown in Figure 3.8 (d). It was necessar). to design this bolt slip 

modeling procedure so that tuming springs "on" or *-off' would not result in any sudden 

changes in the "effective" spring force at the boit node. This model achieves this. as long 

as the sequence descnbed above is foIlowed. If a bolt does not slip or only slips partially 

(i-e. doesn't bear up against the edge of the bolt hole) in a given cycle then the procedure 

fails. The slopes of the elastic portions of the spring load versus displacemenr plots in 

Figures 3.7 and 3.8 have been reduced for clarity. Since it was determined at this point 

that the use of an elastic bolt did not have a significant effect on monotonie gusset plate 

behaviour. no attempt was made to base thesr slopes on measured load venus 

displacement behaviour. Rather- values much greater than those used in die elastic bolt 

rnodel werè chosen. essentially resulting in rigid bol< behaviour. As for the amount of 

slip which \vas allowed in the model. a trial-and-error approach was used to find the value 

which resulted in the best match between the overall model behaviour and the 

Rabinovitch and Cheng Specimen Al and A3 test results. A value of 7.5 mm nimed out 

to work the besr. This value c m  be thought of as the assumed average difference between 

the bolt diarneter and the bolt hole diarneter. Due to the tediousness of the bolr slip 

model procedure (described above) and the limitations of the procedure in its current 



form. only a few cycles of die Rabinovitch and Cheng Specimen A1 and A3 tests were 

modeied. 

Specimens -43 and A4 from Rabinovitch and Cheng (1993) were essentially identical to 

Specimens Al and A2 with the esception of the addition of gusset plate edge stiffeners. 

These edge stiffeners were modeled in ABAQUS wïth SIR shell elements. According to 

Rabinovitch and Cheng these stiffeners were fabncated from the same steel as the gusset 

plates. Thus. the shell thickness and material model assigned to the sriffener elements 

were the sarne as for the gusset plate elements. A typical gusset plate comection model 

with edge stiffeners is shown in Figure 3.9. The finite element models that were 

constructed to study the behaviour of gusset plate connecrions Ioaded cyclically were 

designated CL 1 to C L 4  Descriptions of these models c m  be found in Table 3.2. 





Table 3.2 - Surnmary of finite element models (part 2). 

1 initial Imperfection 
[ ~ o d e l l  Specimen 1 Mesh ( Material 1 Shape 1 (mm) SpeciaI 

f 6) - C~clic Luadim Models 

MC19 
MC20 

, MC31 
.MC22 
MC23 
MC23 
MC25 
MC26 
MC27 

0.05 
0.5 

5 
0.05 
0.5 
5 

0.05 
0.5 
5 

0.05 
0.5 
5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

shape 1 

shape 1 
shape i 
shape 2 
shape 2 
shape 2 
shape 3 
shape 3 
shape 3 
shape 1 

shape 1 

shape 1 
shape 1 
shape 1 
shape 1 

shape 1 
shzipe 1 

shape 1 1 

RK - Rnbinovitcii and Cheng s l q e  1 - qzlarrer sine rva~~e sllape 
Y/C - Yanz and Cheng shape 2 - fidl sine wmVe shape 

sflape 3 - brdled conjïgriration sfiape 

full splice member remaint 
full splice member restraint 
full spiice member restra.int 
full splice mernber restraint 
full splice member resuaint 
full splice member resuaint 
no splice member restra.int 
no splice member restraint 
no splice member restra.int 
full splice member resuaint 
full splice member resuaint 
fui1 splice member restrainr 

- 
- 

flexible framing members 
1 elastic bolt mode1 i 

Loading Models 
strain hardening 
suain hardening 
strain hardening 
main hardening 
strain hardening 
strain hardening 
strain hardening 
strain hardening 
strain hardenine 
straîn hardening 
strain hardening 
strain hardening 
suain hardening 
strain hardening 
strain hardening 
strain hardening 
stl-ain hardening 

1 strain hardening: 1 

- - V 

Conpression 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
1 
2 
3 
4 
3 
3 

fa) - 
MC1 
MC2 
1MC3 
MC4 
MC5 
MC6 
MC7 
MC8 
MC9 

MC10 
MC 1 1 
MC 12 
MC13 
MC14 
MC 25 
MC16 
MC17 

1 MC 18 
- 

Y/C- GPI 
YIC - GP 1 

YIC - G P Î  
YIC - G P Î  
YIC - GPZ 
YIC - GP3 
YIC - GP 1 
YIC - GP2 
YfC - GP3 

Monotonie 
YIC - GP3 
YIC - GP3 
Y/C - GP3 
Y/C - GP3 
Y/C - GP3 
YIC - GP3 
YIC - GP3 
Y/C - GP3 
YIC - GP3 
YIC - GP3 
YIC - GP3 
WC - GP3 
RK - A2 
FUC - A2 
R/C - A2 
WC - A2 
RK - -42 

1 R/C - A2 1 
- - -  

elastic-plastic 
strain hardenine 
elastic-plastic 

strain hardening 
elatic-plastic 

suain hardening 
main hardening 
strain hardening 
strain hardenine 

-- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

CL 1 
CL2 
CL3 
CL3 

shape 1 
shape 1 
shape 1 

shape 1 
shape 1 
shape 1 
shape 1 
shape 1 

shape 1 

R/C - A l  

RK - A2 
WC - A3 
R/C - .44 

elastic-plastic 
elastic-plastic 
elastic-plastic 
elastic-plastic 

3 
3 
3 
3 

shape 1 

shape I 
shape 1 
shape 1 

2 
- 7 

2 
2 

- 

1 

I 
1 
1 
1 

1 
2 
2 
3 

boIt slip 
- 

bolt slip, edge stiffensrs 
edge stiffeners 

- - -  

fi exi ble framing members 
flexible frarning members 
flexible frarning mernbers 
fle,xible frarning members 
flexibIe framing mem bers 
flexible frarniq members 
flexible kaming mernbers 
flexibIe fiarning members 
flexible framing members - 





Figure 7.2 - .4BAQLTS gusset plate connection model. 

. - rigid bolt link 

0 - Fully restrained nodt: 

f -  imposed load 

, - splice member - - 

fitll rorarionnl resrrairrr 
imposed at loaded 
splice nrember izodes 

- rigid bolt link 

/- imposed load 

Figure 3.3 - ABAQUS spiice member model. 
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(a) - Engineering stress versus su;iin behaviour from tension coupon test. 
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Figure 3.1 - Material models for Rabinovitch and Cheng (1993) Specimen A2. 
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Figure 3.5 - ABAQUS gusset plate connection mode! with flexible framing rnembers. 
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(a) - quarter sine wave shape 

(b) - full sine wave shape 

* shupes have 
been amplified for 

da r in  

(c) - buckled configuration shape 

Figure 3.6 - Initial imperfection shapes. 
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Figure 3.7 - Springs used in bolt slip mode]. 





Figure 3.9 - AB4QUS gusset plate connection mode1 with free edge stiffeners. 



4. VALIDATION OF THE FINITE ELEMENT MODELS 

4.1 Introduction 

The results of the first phase of the numerical investigation are presented in this chapter. 

The numerical models developed in the previous chapter are validated by cornparison 

with the experimental resuits fiom Yam and Cheng (1993) and Rabinovitch and Cheng 

(1993). 

4.2 Linear Elastic Mesh Study 

A mesh study was conducted usine a linear elastic rnodel IO investigate the stress 

distribution in a gusset plate and to determine the leïet of mesh refinement that tvould be 

required for modeling the gusset plate comection under monotonie and cyclic loading. 

For the linear elastic mesh study. a predetermined Ioad Las applied to each model. Axial 

displacement and principal stress output was compared for the various meshes. Axial 

displacernent output \vas used primarily. however. in selecting the suffiicient level of 

mesh refinement. 

As described in the previous chapter. four different meshes. with the number of shell 

elemenrs ranging €rom 206 to 596. were investigated. Table 4.1 and Figure 4.1 compare 

axial dis placements. U(in-plane)' and maximum principal stresses. SP(max). for the four 

Ievels of mesh refmement. The axial displacements c m  be seen to converge to a constant 



value as the level of mesh refuiement is uicreased. The third frnest mesh (Mesh 2 in 

Figure 3.l(b)) appears to be adequate for predicting displacements in the elastic range. 

Refinernent beyond this point appears to have linle effect on axial displacement. 

The principal stress contour plots for each level of mesh refinement. shown in Figure 4.2. 

indicate that the highest stresses and maximum stress gradients occur near the last row of 

bolts. Principal stress contour plots appear to match with experimental and anaiytical 

results fiom other researchers (Irvan. 1963. Yam and Cheng. 1991). 

In Table 3.1 (or Figure 4.1 ). SP(mau) c m  be seen to be increasing as the mesh is refined. 

In Figure 4.2 it is apparent that the principal stresses away fiom the bolts are converging. 

Since simple rigid links were used to model the bolts. it \vas felt that a precise value of 

SP(mau) (determined using this simplified bolt model) would not be a value that could be 

related directly to the stresses in the actual comection. Since it was the general load 

versus displacement behaviour of the gusset plate that was of most interest in this study. 

no anempt was made to refine the mesh to achirve convergence of SP(maxl. 

3.3 Inelastic Anaiysis 

4.3.1 Monotonie Tension Loading 

In order to investigate the behaviour of the gusset plate connection loaded monotonically 

in tension up to and beyond yield. the models developed for the linear elastic mesh study 



were modified to incorporate nonlinear material behaviour. At this Ievel. the effects of 

mesh refinement. material main hardening. framing member stifniess and fastener (bolt) 

mode1 u-ere studied. 

Figure 4.3 shows a rypicd deformed configuration of a gusset plate mode1 loaded 

monotonically in tension. As can be seen in rhis figure. most of the element distortion is 

occurring in the ekments just beyond the last row of bolts in the gusset plate. 

For the levels of mesh refinement inveaigated. the effect of mesh refmemenr on 

monotonic tension load-displacement behaviour appears to be small. Figure 4.4 shows 

that as the mesh is refined. the ultimate tensile capacity of the mode1 decreases slightly. 

The difference berween subsequent refinements appears to diminish as the mesh is 

refined. The second finest mesh (Mesh 3 in Figure 3.1 ( c ) )  was selected for the remaining 

rnonotonic tension analysis. 

In studying the effects of mesh refinement. framing member stiffness. and fastener (bolt) 

model. models with both inelastic material models were constructed. In Figures 4.1 ro 

4.6. the models that used die isotropie strain hardening matenal mode1 are shown as solid 

lines and the models that used the elastic - perfect plastic material model are s h o w  as 

dashed lines. Looking at any one of these figures. it can be seen that the effect of strain 

hardening on the load versus displacement behaviour of the gusset plate model is 

essentially an increase in ultimate tensile capacity. 



Cornparison of MT5 with MT9 and MT6 uith MT10 in Figure 4.5 indicates that the 

effects of incorporating redistic. flexible fiaming memben are: (1) a reduction in 

ultimate tende capacity. and (2) a reduction in tensile st if iess in the elastic range. For 

rnodeling the cyclic behaviour of p s e t  plates (see Section 3.3.3) and for the subsequenr 

paramehic study (see Chapter 5) .  ir was felt that these effects were significant enough to 

warrant the inclusion of flexible M i n g  members in the models. 

Figure 4.6 shows the effect of incorporating the elastic fastener (boit) model on the load 

versus deflection character-istics of the gusset plate model loaded rnonotonically in 

tension. A comparison of MT5 with MTI 1 and MT6 with MT12 indicates that the result 

is only a slight reduction in stifiess. The effect on the ultimate Ioad is negligible. The 

rigid bolt model was used in subsequent gusset plate models uniess othewise specified. 

Table 4.2 compares ultimate loads from the rnonotonic tension loading analpis with 

ultimate tensile loads from the cyclic tests conducted by Rabinovitch and Cheng (1 993). 

Table 4.2 shows a good correlation between the test and predicted ultimate load when the 

elastic-perfect plastic material model is used. When the isotropic strain hardening model 

is  used. the analpsis tends to overestimate the ultimate tensile capacity of the gusset plate. 

There are several possible expianations for this: 

1 ) In Table 4.2. the peak tensile load from a cyclic test is being compared with the peak 

tensile load from a rnonotonic analysis. It is possible that the tensile capacity of the 

cyclically loaded gusset plaie is reduced somewhat due to cycling. Although rhis may 



be part of the reason. results fiom cycfic anaiysis of the same gusset plate comections 

(see Section 4.3.3) suggest that cycling does not significantly reduce the [ensile 

capacity of the gusset plate. 

In this investigation. no attempt was made to model the tearing of the gusset plate 

obsen-ed in the specimens tested by Rabinovitch and Cheng (1993). .Again. although 

this rnay account for some of the difference. it is believed that tearing on& occurred 

in the later nages of the tests. afier the ultimate capacity of the gusset plate \vas 

reached. 

The anal>-tical mode1 used in this investigation did not take into account the gusset 

plate material removed at the boit hole locations. As explained in Chapter 3. the bolts 

in this analysis were modrled as either rigid or elastic links. and the gusset plate mesh 

\vas continuous at the bolt locations. The gross comection Ien_gh. L. for the 

Rabinovitch and Cheng ( 1 993) specimens was 330 mm and 21 mm (7/8") bolts were 

used. The net connection length was therefore only 221 mm (assuming 74 mm bolt 

holes). which represents a 33 percent reduction in the area along the shear planes used 

In the block shear mode1 proposed by Hardash and Bjorho\.de (1 984). It would seem 

reasonable to assume that this would result in the numericd mode1 overestimatin_o the 

[ensile capacity of the gusset plate. By accounting for this reduction in the gusset 

plate material with either an "effectiveie" yield stress or a reduced gusset plate 

thickness. a closer result would have been achieved with the main hardening material 

model. This aas accomplished indirectly with the use of the elastic-perfect plastic 

matenal model. and this may be the reason why the elastic perfect-plastic material 

mode1 gave better results. 



Figures 4.7 and 4.8 show axial load venus displacement plots for finite element models 

of Rabinovitch and Cheng (1993) Specimens Al to A4 (with and without strain 

hardening). In these figures. the envelopes fiom the cyclic tests conducted by 

Rabinovitch and Cheng are each represented with two lines: (1) a sloped line 

corresponding to the initial stifkess of the gusset plate specimen. and (2) a horizontal Iine 

corresponding to the ultimate capacig of the gusset plate specimen (in tension). In these 

figures. it can be seen that the initial stiffness of the gusset plate mode1 is Iess than the 

stiffness of the corresponding test specimen in al1 cases. It is suspected that this is parti)- 

due to the fictional resrraint between the splice members and the gusset plate. which \vas 

present in the test specirnens but was not modeled in the analysis. The horizontal lines in 

Figures 4.7 and 4.8 correspond nlth the test ultimate loads presented in Table 4.2. 

4.3.1 Monotonie Compression Loading 

In this part of the analysis. initial imperfections were incorporated into the model and 

rnonotonic behaviour in compression was investigated. The effects of initial imperfection 

(shape and magnitude). of mesh refinement. matenal strain hardening. framing member 

stiffiess and fastener (boit) model were investigated. 

Figure 4.9 shows the typicd buckled configuration of a gusset plare model loaded in 

compression. The out-of-plane deformation apparent in this figure usuaily occurs 

suddenly and is usuaily associated with a sudden drop in the avial load. 



As mentioned previously. it was necessary to adopt a trial and enor approach for 

modeling the initial imperfections since initial imperfections were not rneasured during 

any of the test programs. Figure 4.10 shows the axial load versus displacement plots for 

models MC1 to MC3. These are models of Yam and Cheng Specimen GP3. each w-ith 

initiai imperfection shape (1) (the quarter sine wave shape s h o w  in Figure 3.6) and 

initial imperfection magnitudes of 0.05. 0.5. and 5.0 mm. As can be seen in this figure. 

initiai imperfection magnitude has a significant effect on ultimate compressive capacity. 

In general. the larger the initial imperfection magnitude. the lower the predicted 

compressive capacity . Initial imperfection magnitudes of 0.05. 0.5. and 5 .O mm resulted 

in predicted compressive capacities of 850. 786. and 628 L;N respectively. The acnial 

peak compressive load achieved by Specimen GP3 was 742 khi. Although predicted 

compressive capaciry was quire sensitive to the assumed initial imperfection magnitude. 

this parameter resulted in only a slight reduction in the post buckling compressive load 

sustained by each of the gusset plate models. 

It was found that initial imperfection shape is much less critical than initial imperfection 

magnitude. Figure 4.1 1 compares the ef5ect of using different initiai imperfection shapes 

for three different initial imperfection magnitudes (0.05.0.5- and 5.0 mm). It c m  be seen 

that for a giwn initial imperfection magnitude. the difference between the axial load 

versus displacement plots for models with different initial imperfection shapes is small. 

As expected. shape (3) (the buckled configuration shape in Figure 3.6) tended to give 

slightIy lower predicted compressive loads. Shapes (1) and (2) gave almost identicai 



results. Unless othenMse specified. the quarter sine wave shape (shape (1)) was adopted 

from this point forth because it seemed to be a reaiistic initial imperfection shape and it 

was a fairly simple one to generate. 

The degree of out-of-plane (clamping) restraint imparted to the gusset plate by the splice 

members has a significant effect on the compressive behaviour of the gusset plate model. 

Full resuaint and no restraint cases were modeled. Figures 4. E (a )  and 1.12(b') show 

buckled configurations for the full resnaint and no restraint cases. It can be seen that for 

the no restraint case. the buckled gusset plate actuaily passes through the plane of the 

inside splice member. The buckled configuration for the full restraint case is much closer 

to what was obsened in tests. The axial load versus axial displacement plots for the 

models with full restraint and no resuaint are presented in Figure 4.13 for three initial 

imperfection magnitudes. A cornparison of the predicted capacities with the test result 

indicates that the ultimate compressive capacities of the models a i th  full restraint are in 

better agreement. For the full restraint case. the predicted capacities range fiom 628 to 

850 LN depending on initial imperfection magnitude. Even with a 0.05 mm initial 

impedection magnitude. the maximum compressive capacity achieved with the no 

restrainr case was only 554 hl. This value is significantly less than the actual 

compressi\re capacity of Specimen GP3 (742 khT). suggesting that the level of out-of- 

plane restrainr imparted by the splice members must have been significant. The full 

restraint case is used in subsequent monotonie compression and cyclic models. 



The effect of mesh refmement on the load response of the gusset plate is illustrated in 

Figure 4.14. Meshes 3 and 4 give aimost identicd results up to the peak load. indicating 

convergence. A relatively small discrepancy between the two meshes is observed in the 

post buckling range. This difference between the tivo meshes was not considered 

significant enough to warrant the use of the liner mesh. 

As shoun in Figure 4.15. the effect of incorporating the redistic. flexible fiaming 

members appears to be a slight reduction in the stiffness of the gusset plate connection 

model. However. the stiffhess of the framing members appears to have linle or no effect 

on ultirnare capacity . 

The effect of using an elastic bolt model versus a rigid one is a slight reducrion in the 

stiffness of the gusset plate connection model. as shown in Figure 1.16. Again- the bolt 

mode1 used does not affect the ultimate capacity. 

Load versus axial displacement response is presented in Figure 1.17 for models of three 

gusset plates (GPI. GP2. and GP3 fiom Yam and Cheng (1993)) analyzed with both 

inelastic material models. It can be obsenfed fiom Figure 4.1 7 that the effect of strain 

hardening on the capacity of the gusset plate model loaded in compression is small. 

However. the effect of strain hardening on the stiffness of the model once yielding begins 

c m  be significant depending on the gusset plate thickness and material yield strength. It 

appean that for thimer gusset plates. with h i e e r  material yield strengths, buckling 

occurs when most of the gusset plate is still in the elastic range. and therefore the model 



is less sensitive to strain hardening (gusset plate rnodels MC23 and MC24 in Figure 

4 7 )  For stocker gusset plates with lower material yield strengths the effect of strain 

hardening on the stiffness of the mode1 once yielding begins is more significant. 

A 2 mm quarter sine wave (shape (1)) initial imperfection results in a good conelation 

between analflical and experimental results for Yarn and Cheng (1993) Specimens GP1. 

GP2 and GP3. Table 4.3 compares the predicted dtimate capacities with the 

corresponding test results for these specimens. Figure 4.18 shows a cornparison behveen 

the analytical and esperimental axial load versus out-of-plane displacement plots for 

thesr specimens. As mentioned in Chapter 2. Yam and Cheng used MTS (test machine) 

head displacernent readings as a rnrasure of axial displacement during the tests. The 

MTS head displacement readings included displacements associated w i t h  portions of the 

test frame (as well as the testing machine itself) which were outside of the boundaries 

modeled in the analysis. For this reason analytical mial load versus axial displacement 

plots do not compare well with test results based on MTS head displacement. 

The effect of gusset plate thichess on the axial load venus displacement behaviour c m  

be seen in Figures 4.17 and 4.18. Test specimens GP 1. GPZ. and GP3 (with gusset plate 

thicknesses equal to 13.3. 9.8. and 6.5 mm. respectively) from Yam and Cheng (1993) 

were modeled. The figures show a reduction in stifiess and buckling resistance as the 

gusset plate thickness is reduced. As mentioned above. the thickness of the gusset plate 

is also a factor determining the arnount of yielding that takes place before buckiing occm 



(i.e. a stockier gusset plate will exhibit a greater amount of inelastic deformation prior to 

buclding ). 

In this s q .  the finite element rnodels developed above were used to model the cyclic 

loading tests conducted by Rabinovitch and Cheng ( 1993). A simple fastener model \vas 

developed that incorporated bolt slip (for Specimens Al and A3 from Rabinovitch and 

Cheng (1  993)). and edge stiffeners were added to the appropriate models (Specimens A3 

and -4.1). 

Specimen A2 from Rabinovitch and Cheng was the simplest specimen to model since 

rhere \vas no need to model bolt slip or edge stiffeners. Figure 4.19 presents a 

cornpaison between the predicted axial load versus displacement hystrresis (model CL2 ) 

and the rsperimental hysteresis for this specimen. As can be seen in this figure. the finite 

element model seems to predict the hysteresis envelope on the tension side uith each 

cycle quite well. On the compression side. the finite element model captures the buckling 

load and the subsequent d e c q  of the post-buckling compressive capacity with each cycle. 

Using combinations of nonlinrar spnngs to model bolt slip. a Iimited number of cycles 

were rnodeled for Specimens A l  and A3 fiom Rabinovitch and Cheng. The bolt slip 

model (descnbed in Chapter 3)  is based on the assumption that al1 of the bolts slip in each 

cycle. and therefore is not suitable for mûdeling the earlier cycles. Figure 3.20 and 



Figure 4.21 show a cornparison between predicted and experimental hysteresis plots for 

Specimens Al  and A3 from Rabinovitch and Cheng. Because of the limitarions of the 

analflical process. these test specimens were andyzed for only a few cycles of loading. 

A good correlation was found benveen the predicted behaviour and the test results. 

Figure 1.21 and Figure 4.22 show predicted and expenmental hysteresis plots for 

Specimens A3 and A3 from Rabinovitch and Cheng. Specimens A3 and -4-1 were 

identical to Specimens A 1 and A2 with the exception of the addition of edge stiffeners for 

Specimens A3 and A4. The effecr of edge sniffeners on cyclic behaviour appears to be a 

reduction in the rate of decay of the buckling load with consecutive cycles. This cm be 

observed both in the test results and the finite element analysis results. 

The manner in which the cy l ic  load is applied to the model appears to have a significant 

effect on hou. well the test resulrs are matched. For the initiai cycles. Rabinovitch and 

Cheng used load control to cycle the specimens between loads corresponding ro different 

fractions of the Whitmore yieid load. The finite element mode1 matches these cycles best 

when load control is ernployed. In this range. slight differences in the stiffness of the 

specimen and the model mean that the axial displacements for a &en axial load can be 

quite different. For this reason. displacement control was not appropriate in this range. 

Displacement control does. hoviever. work bener for the higher displacement cycles. 

Once the gusset plate yields (or buckles). srnall changes in load c m  lead to large 

displacements and therefore load control becomes difficult. On the compression side it is 



important to monitor the load versus out-of-plane hysteresis. as this seems to be a good 

measure of the extent of buckling that h a  taken place. 

Table 4.4 compares the ultimate tensile and compressive loads for Specimens A2 and M 

by Rabinovitch and Cheng with the ultimate loads predicted by the fmite element models. 

This table shows excellent agreement between rneasured and predicted ultimate capacities 

in tension and compression. with test to predicted ratios ranging frorn 1.03 to 1.08. 

Figures C 4 .3  and 1.23 compare the measured energy dissipated (per cycle) for Specimens 

A3 and .41 with the energy dissipated (per cycle) by the corresponding finitr element 

models (CL2 and CL-I). Figures 4.24 and 4.26 compare curnulati~e energy dissipation 

for the same specimens. The cumulative energy dissipation plots show that the finite 

element predictions are slightly greater than the measured values for both test specimens. 

This is likely due to the fact that the elastic - perfect plastic material mode1 was used in 

the cyclic loading study. As mentioned in the previous section. the effect of strain 

hardening on ultimate compressive capacity is small. Hoivever_ the effect of this 

parameter on the stifhess of the mode1 (in compression) once yielding begins is 

significant. For Specimen -A2 especially. it kvas found that larger displacements needed 

to be imposed on the compression side just to cause buckliq to occur as observed during 

the test. This meant that more energp was being dissipated in this portion of each cycle. 

Figure 1.23 shows that rnost of the difference bemreen the two cumulative cuves for 

Specimen A2 and mode1 CL2 occurs in cycles 3. 4. and 5 .  In these cycles. higher 

displacements had to be imposed on the compression side to cause the gusset plate mode1 



to buckle in the same cycle as the test specimen. In subsequent cycles. the enerE 

dissipated (per cycle) matches quite well. A possible solution to this problem would be 

to use the elanic - perfect plastic materid model with an "effective" yield stress that 

results in the model buckling ar the correct axial displacement. Cornparine Figures 4.14 

and 1.26 the benefits of using gusset plate edge stiffeners on energ? dissipation are 

apparent. 

Figure 4.17 compares out-of-plane cyclic behaviour for Specimens A2 and A4 and finite 

element models CL7 and CL4 In general. it can be seen that the finite element models 

did not displace as far out-of-plane as the test specimens did. This having been said. it 

appears that the finite element model captures the general out-of-plane behaviour quite 

well. including the '-residuai" out-of-plane displacement apparent in the post buckling 

cycles (Le. the small amount of out-of-plane displacement apparent eren when the gusset 

plate is yielded in tension). 

4.5 Conclusions 

The following conclusions c m  be drawn fiom the first phase of this investigation: 

(1) Monotonie and cyclic behaviour of gusset plate connections c m  be modeled 

reasonably accurately using the finite element method. The accuracy with which the 

gusset plate behaviour is modeled codd potentiaily be improved with the use of an 

effective material mode1 to account for factors. such as in-plane clamping friction. 



and the loss of gusset plate material at the bolt hole locations. that were not included 

in the gusset plate model. However. rhis would require M e r  investigation. 

(2) For the gusset plate connections modeled. it was found that Mesh 2 in Figure ;.l(b) 

wi th  initial imperfection shape (1 ) (quarter sine wave shown in Figure 3 A). with a 

magnitude of 2.0 mm. an elastic-perfect plastic material model. a rigid bol< model. 

flexible k i n g  members and fui1 out-of-plane (clamping) restraint impaned to the 

Cusset plate by the splice member works the best. 
C 

(3)  -4ithough bolt slip kvas successfully modeled. the limitations of the procedure in its 

curent fonn. as well as the highly variable nanire of the bolt slip phenornenon. make 

the bolt slip model impractical for inclusion in a pararnetric study ar this tirne. 



Fable 4.1 - Linear elastic mesh study - s u m m q  of resdts. 

MS2 Mesh 2 336 209.6 0.2900 
MS 3 Mesh 3 453 245 -8 0.2896 
MS4 Mesh 4 596 261.9 1 0.2903 

* Xote : - SP(mar) = mnrirnurn principal stress value 
- Uin-phne)  = in-plane displacement 
- Mesh nunthers correspond to gitsset plarr 

Table 4.2 - Monotonie tension loading - cornparison with test results of 
Rabinovitch and Cheng ( 1993). 

* No te: - ish = isotropie strain hardening 
- P-pp = elastic - perfecr plastic 
- Mesh nlonbers correspond with gzsset plare 

rneshes shoiw in Figure 3.1 

Test 
Specirnen 

Al  

A2 

A3 

A4 

hleasured 
Capacity 
(hV) 
1794 

1 330 

1883 

1265 

Finite 
Element 
Mode1 
MT1 3 
-MT 1 7 
MT14 
hTï18 
MT15 
MT 1 9 
MT 16 
M ï 2 0  

Mesh 
Num ber 

Mesh 3 
Mesh 3 
Mesh 3 
Mesh 3 
Mesh 3 
Mesh 3 
Mesh 3 
Mesh 3 

Materiai 
Mode1 

is h 

e-PP 
ish 

e-PP 
is h 

e-pp 
is h 

e-PP 

Cltirnate 
Capaciry 
mi 
2344 
1923 
1520 
1245 
2376 
1928 
1533 
1248 

Test / 
Predicred 

Ratio I 

0.77 
0.93 
0.88 
1-08 
0.79 
0.98 
0.83 
1.01 



Table 4.3 - Monotonie compression Ioading - comparison uith 
test resdts of Yam and Cheng 11993). 

Table 4.4 - Cyclic loading - comparison wiùi test results of' 
Rabinovtich and Cheng ( 1993). 

Test 
Specimrn 

GP 1 
GP2 
GP3 

(a) - Tension 

Measured 
Capacity 

(kW 
1956 
1356 
742 

t b) - Compression 

Test 
Specimen 

A2 
A4 

Finite 
Element 
Mode1 
MC20 
MC22 
MC23 

Measured 
Capacity 
(W) 
1340 
1265 

Test 
S pecimen 

A3 
A4 

z 

Ultimate 
Capacity 

(idu) 
2073 
1332 
71 1 

Test / 
Predicted 

Ratio I 

0.93 
1 .O 1 
1 .O3 

Finite 
EIement 
Mode1 
CL2 
CL3 

lMeasured 
Capacity 
w) 
1128 
1149 

Ultimate 
Capacity 

(.kW 
1243 
1225 

Finite 
Element 
Mode1 
CL2 
CL4 

Test : 
Predicted 

Rati û 

1 .OS - 
1 -03 

Ultimate 
Capacity 

&!Y) 
IO93 
1120 

Test : 
Predicted 

Ratio 
1 .O3 
1 .O3 



Number of Elements 

* Note: - SPfnrnr) = rnc~~rirnun principal stress value 
- Llfiiz-plane) = iii-plane displacenlenr 

Figure 4.1 - Linear elastic mesh study - summary of results. 







Axial Displacemen t (mm 

- Mesh 2, elastic - perfecr plastic mnterinl mode1 
- Mesh 1. isotropie strain hardening marerial model 
- Mesh 2. elasfic - peSect plastic rnaterial model 
- Mesh 2. isorropic strain hardening rnaterial mode1 
- Mesh 3, elasric - pe>fect plastic material model 
- Mesh 3, irotropic stralz hardening material rnodel 
- Mesh 4, elastic - perfecf plastic rnaterial mode1 
- Mesh 4. isorropic strain hardening material model 

Figure 4.4 - Monotonic tension Ioading - effect of mesh refinement. 



Axial Displacement (mm) 

Mode1 Description: 

MT5 - elastic - perfecr plastic niarerial niodel. rigid frarnirzg nieniber-; 
MT6 - isotropie strairt hardenirig material ntodel, rigid franrirzg rneuibers 
MT9 - eZnsric - perfecr plastic material model, flexible franzing mernbers 
MT10 - isotropic strain harderiing nlaterial mudel. flexible framing mernbers 

Figure 4.5 - Monotonic tension loading - tigid vs. flexible frarning members. 



Axial Displacement (mm) 

Model Description: 

MT5 - elastic - pe@ecr plastic materhl niodel. rigid bol! ruode1 
MT6 - isotropie straiiz hardening marerial mode!. rigid boZt rmdel 
MT1 I - elastic - perfecr plastic material »iode[. elastic bolt rnodel 
1MT12 - isotropic strailr hardenirig material niodel, elastic bolt rnodel 

Figure 1.6 - Monotonic tension loading - effect of fastener (boit) model. 



O 5 IO 15 

Axial DispIacement t mm) 

MT13 - R/C - A l  model with isotropie strain hardening material mode1 
MT14 - WC - A2 model with isotropie main hardenirtg material model 
MT/ 7 - WC - A l  mode1 ivitlt elastic - pe>fecr plastic marerial ntodel 
MT18 - R/C - A2 model with elastic - perfect plastic materid rnodel 

W C  - AI - nvo line represe~itations of the hysreresis envelopes from 
R K  - A2 tests conducred by Rabinovireh und Cheng (1993). Ihe ni*o 

lines represent initial stifiess and ultimate rende capacie. 

Figure 4.7 - Monotonie tension loading - cornparison with Rabinovitch and Cheng 
Specimens A 1 and A?. 



Axial Displacement (mm) 

Model Description: 

MT15 - WC - A3 model with isorropic strairz hardening rnarerial nzodel 
MT1 6 - R/C - A4 nzodel with isorropic strairt hardening material mode1 
MT1 9 - WC - A3 model wirh elastic - perfect plastic marerial rnodel 
MT20 - WC - A4 model with elastic - perfecr plastic rnarerial mode1 

W C  - A3 - nïo line representations of the hystrresis envelopes fronr 
WC - A l  tests conducted by Rabinovitch and Cheng (1993). n e  nvo 

lines represent initial stifiess and ultinzate tensile capucin 

Figure 4.8 - Monotonic tension Ioading - cornparison with Rabinovitch and Cheng 
Specimens A3 and A4. 





Axial Displacement (mm) 

MC1 - shape f 1). 0.05 inni imperfection magnitude 
MC2 - shape i I I  0.5 min imperfection nzagnir~trle 
MC3 - sltape f I ) .  5.0 min impeg?ectio?z mugninide 

Figure 4.10 - Monotonic compression loading - effect of initial imperfection magnitude. 



Axial Displacement (mm i 

Model Description: 

MC1 - slzape ( I), 0.05 ntm imperfection magnitude 
MC2 - sltape (I), 0.5 mm imperfection magnitude 
MC3 - sliape (1). 5.0 rn»t imperfection ntagnitide 
MC3 - shape (2) .  0.05 Innt Nnpeifection magnitude 
MC5 - slzape (2) .  0.5 nint imperfectioit magnitude 
MC6 - shape (2), 5.0 mm imperfectioit magnitude 
MCIO - shape (3). 0.05 mm Nnpefection magnitude 
MC/ I - shape (3).  0.5 mm intperfiectio~l magnitude 
MC12 - shape (3).  5.0 mm imperfection magnitude 

Figure 4.1 1 - Monotonie compression loading - effect of initial imperfection shape. 





Axial Dis placement (mm ) 

MC/ - 0.05 nlrn iinpeifection magilitude. full restraint 
MC2 - 0.5 mm imperfectioiz magnitude. fil1 restraint 
MC3 - 5.0 mm imperfection magnitude. fidl restrainr 
MC7 - 0.05 mnt inzperfiection magnitude. no restraint 
MC8 - 0.5 mm imperfection magnitude. no restraint 
MC9 - 5.0 mm irnpet$ection magnit~îde. no resrraint 

Figure 4.13 - Monotonic compression loading - effect of out-of-plane (clamping) 
restraint imparted by splice members. 



Axial Displacement (mm) 

MC13 - slzape f 1). 0.5 min impe@ectiorl magriimde. Meslz I 
MC13 - shnpe ( I ) ,  0.5 mm imperfection niagniride. Meslz 2 
MC15 - shape (1), 0.5 mm imperfection magnitrtde. Mesh 3 
MC16 - shape ( 1 ) .  0-5 mm impe@ectiorz rnagniti<de. MesA 4 

Fipre 4.14 - Monotonie compression loading - effect of mesh refinrment. 



Axial Displacement (mm) 

Mode1 Description: 

MC/5 - shape ( I ). 0.5 mni inzperfectio>i, rigid framing members 
MC1 7 - shape (1). 0.5 mm irnpeg5ecriori. flexible franzing niembers 

Figure 4.15 - Monotonic compression loading - effect of frarning member stiffness. 



Axial Displacement (mm) 

Modrl Drscripriort: 

MCIS - shnpe f 1). 0.5 mm imperfection. rigid bolr rnodel 
MC18 - shape (1 1. 0.5 mm irnperfectiorz. elassic bolr mode! 

Figure 4.16 - Monoronic compression Ioading - effect of fastener (bolt) modei. 



Axial Displacernent (mm) 

M C I 9  - Yn,n and Cheng specirner~ GPI. elastic - perfect plastic 
MC20 - Ymn and Cheng specinzer~ GPI. isotropie strain hardenitzg 
MC2 1 - Yain and Cheng specinten GPZ. elastic - pe$ect plastic 
MC22 - Yam and Cheng specime~z GPZ. isotropie strain hardening 
MC23 - Ynm and Cheng specinzen GP3. elasric - perfect plastic 
MC23 - Yam and Cheng specime~z GP3. isorropic strain lzardening 

Figure 4.17 - Monotonic compression loading - effect of material model. 



Axial Displacement (mm) 

MC25 - Y/C - GPl (13.3 mm plate). isotropie srrnin ltardening 
MC26 - Y/C - GP2 (9.8 mnz plate). isotropie strain hardenirrg 
MC27 - Y/C - GP3 (6.5 mm plate). isorropic strain hardenirzg 

Figure 4.18 - Monotonic compression loading - cornparison with Yam and Cheng 
specimens. 











m 18000 - - - 0 - Specimen A2 
- + Model CL2 

3 - 3 6 8 

Cycle 

Figure 4.23 - Energy dissipated (per cycle) for finite element model CL2 / Rabinovitch 
and Cheng Specimen A l .  

60000 - 
- - D - Specimen A2 

-+- Model CL2 
50000 - 

O - 3 4 6 8 1 O 12 14 

Cycle 

Figure 4.34 - Cummuiative energy dissipated for finite element model CL2 / Rabinovitch 
and Cheng Specirnen M.  



- - D - Specimen A3 

O - 7 4 6 8 10 12 13 

Cyc Ie 

Figure 4.75 - Enegy dissipated (per cycle) for finite element mode1 CL1 / Rabinovitch 
and Cheng Specimen A 4  

90000 - - - 0 - .  Specimen A4 

Cycle 

Figure 4.26 - Cummulative energy dissipated for finite element mode1 CL4 / Rabinovitch 
and Cheng Specimen A4. 





5. PARAMETRIC STUDY 

5.1 Introduction 

The test programs conducted by Yam and Cheng (1993) and Rabinovitch and Cheng 

(1993) focused uniquely on the behaviour of the gusset plate. either under rnonotonic 

compressive or cyclic loading. The interaction beween the gusset plate and the brace 

member was not considered in either investigation. Instead. for the design of the test 

setup. the brace member was assumed to be much stiffer than the gusset plate. so that the 

gusset plate buckled essentially as thou& it were a fixed-guided colurnn. Yam and 

Cheng (1 993) studied the effects of gusset plate thickness. size. brace angle. out-of-plane 

restraint. and M e  action on the behaviour of gusset plate connections loaded in 

rnonotonic compression. Rabinovitch and Cheng (1993) studied the effects of gusset 

plate thickness. bolt slip. and free edge stiffeners on the cyclic behaviour of gusset plates. 

In the cyclic loading tests performed by Rabinovitch and Cheng. only one cyclic load test 

was performed for each specimen configuration. No attempt was made to assess the 

effect of the load sequence on the behaviour of the gusset plate comcctions under cyclic 

loading. 

The development of finite element models of the gusset plate specimens tested by Yam 

and Cheng (1993) and Rabinovitch and Cheng (1993) was described in Chapter 3. In 

Chapter 1 it was demonstrated that these finite element models can accurately predict the 

behaviour of gusset plates under rnonotonic and cyclic loading. 



The purpose of the parametric snidy described in this chapter is to use the finite element 

models developed in the previous chapters to expand the investigations performed 

experimentally by Yam and Cheng (1993) and Rabinovitch and Cheng (1993). to include 

parameters that were not investigated experimentally. Narnely. the pararneiric study will 

look at the effects of gusset plate - brace member interaction and loading sequence on the 

behaviour of gusset plates under rnonotonic and -clic loading. 

5.2 Finite Element Mode1 

Figure 5.1 shows a mesh for a typicai gusset plate - brace member subassembly. The 

splice member to brace member connection and the gusset plare to splice member 

connection were modeled with rigid links to simulate the fasteners. The out-of-plane 

(clamping) restraint imparted to the brace member web by the splice members \vas 

assumed to be infinite. The same comection length was used for al1 splice member to 

brace member connections. The selected connection length uras such that in no case 

would the splice member to brace member connection govern the capacity of the 

subassembly. 

The brace members were modeled with the S4R shell element. A half sine wave. out-of- 

plane initial imperfection was incorporated into the brace, with a magnitude (Le. peak 

initial imperfection at the brace member midlength) of L/1400. This magnitude is 



generally considered to be representative of initial imperfections typicdly found in wide 

flange sections (Bjorhovde. 1972). 

An elastic - perfect plastic matenai model with a yield strengdi of 300 MPa was used for 

the gusset plate. the splice members. and the brace member. An elastic material mode1 

was used for the fiaming members. so that yieiding in these members could be precluded. 

An elastic modulus of 200 000 MPa \vas used in both materiai models. 

The restrained edges of the gusset plate were modeied using the "flexible" boundary 

condition model descnbed in Chapter 3. One end of the brace member was comected to 

the gusset plate uith the splice rnemben as described above. The other end of the brace 

was pimed. i.e. free to rotate and to displace in plane. but restrained fkom out-of-plane 

displacement. In tems of the coordinate spstem s h o w  in Figure 5.1. the restrained node 

at the end of the brace rnember opposite the gusset plate was fiee to displace in the 1-2 

plane. but not in the coordinate 3 direction. In a real structure. this boundary condition 

would correspond to the point of intersection of two bracing members in a cross-bracing 

system. The load was applied by imposing an in-plane displacement at the restrained 

node. In order tu ensure that the cross-section at the pinned end of the brace member 

would remain plane. beam elements were used to join the nodes on that cross-section (see 

Figure 5.1). These beam elemenrs were stiff in bending and shear in order to transfer the 

load from the displaced node unifomly over the brace member cross section. but axially 

weak in order to allow lateral contraction and expansion of the cross-section due to 

Poisson ratio effect and to allow necking of the cross-section in tension. 



5 3  Investigated Parameters and Specimens Descrîption 

A number of parameten were investigated in this study. Of primary interest. was the 

effect of gusset plate - brace member interaction on the behatiour of gusset plates under 

rnonotonic and cy l i c  loading Also of interest. was the effect of load sequence on the 

behaviour of gusset plates loaded cyclically. In selecting gusset plate - brace member 

combinations for the parametric study, an effort was made to capture each of the 

following failure modes: 

1 ) Yielding of gusset plate in tension (YGT): 

2) Yielding of brace member in tension (YBT): 

3 )  Buckling of gusset plate in compression (BGC): and. 

4) Buckling of brace member in compression (BBC). 

Gusset plate - brace member subassemblies were analyzed under monotonic tensile and 

compressive loading. Three load sequences were also developed to study cyclic 

behaviour. Of some interest in this phase of the investigation. was the degree to which the 

in-plane rnonotonic plots tend to delineate the envelope of the in-plane hysteresis. 

For this parametric snidy. 450 x 550 mm gusset plates, similar in geornerr). to the 

specimens tested by Rabhovitch and Cheng (1993), were modeled. Three gusset plate 

ùùcknesses were used in the snidy. namely. 6 mmo 9 mm. and 12 mm. For each 

thickness. two brace sections were selected. namely. one that would result in failure due 



to pielding of the gusset plate (when the gusset plate - brace member subassembly was 

loaded monotonically in tension). and one that would result in failure due to yielding of 

the brace member. For each brace member section. two brace lengîhs were modeled. 

namely. one corresponding to a slendemess. kL/r. of 50 and one corresponding to a 

slendemess of 100. It should be noted that these kL/r values were cornputed assuming an 

effective length factor. k of 1.0 (Le. pin-pin). In acniality. the gusset plate does not act as 

a perfect pin. even out-of-plane. For most of the gusset plate - brace mernber 

combinations studied. the shorter brace member had a predicted capaciw in compression 

higher than that of the gusset plate. whereas the longer brace member had a predicted 

capacity lower than that of the gusset plate. Al1 gusset plate - brace member 

combinations were designed so that buckling (of either the gusset plate or the brace 

member) occurred out-of-plane. as this was the case for al1 of the test specimens. For 

each gusset plate thickness inrestigated. a gusset plate only (no brace rnember) case was 

analyzed to aid in assessine the effects of the gusset plate - brace interaction. 

Tabk 5.1 and Table 5.7 sumrnarize the descriptions and designarions of the gusset plates 

and brace members used in the pararnetric study. The gusset plates were designated GPI . 

GPI and GP3 corresponding to 6. 9 and 12 mm plate thickness. respectively. The brace 

members were each given a designation from B 1 to B 12. Brace mernbers B 1 to B1 were 

used with gusset plate GPI. brace memben B5 to B8 were used with psset plate GP2. 

and brace members B9 to B 12 were used with gusset plate GP3. In Table 5.3 each of the 

gusset plate - brace member combinations are listed. The predicted capacities of each 

gusset plate and each brace member in tension and in compression are dso presented in 



Table 5.3. These predictions were obtained using the simplified methods descrîbed in 

Chapter 2. and they formed a basis for selecting gusset plate - brace member 

combinations which wouid cover the full range of desired failure modes. 

5.3 Loading 

The analysis of the gusset plate - brace member subassemblies for the parametric çnidy 

was conducted under rnonotonic and cylic loading. The monotonic loading analysis was 

conducted first. Each gusset plate - brace member combination was loaded in monotonic 

tension and compression. well beyond the yield (or buckling) displacement. 

For the cyclic loading analysis. three load sequences were developed. Applied 

Technology Council Guideline (ATC24. 1992) was used as a guideline in developing 

these load sequences. As suggested in ATCZ1. increments of displacemenr for each cycle 

were multiples of the yield displacement. 6,. obtained from rnonotonic tension loading 

analysis. In order to be able to compare the various subassemblies. a common value of 

yield displacement. 4.. was desirable. This common value of 8, was taken as the yield 

displacement i?om the gusset plate only (no brace member) case. This value seemed to 

be independent of gusset plate thickness. Figure 5.2 shows the monotonic tension load 

versus displacement plots for gusset plates GP 1. GP2 and GP3. From these plots. a value 

of 6, = 2.5 mm was cornputcd based on the method suggested in ATC24. ATC24 

recornmends a minimum of three cycles at each displacement increment. it was felt that 



three cycles would not be practical for this parametrie snidy due to the number of models 

being analyzed. A load sequence that met this criterion (LS3) was developed howerer. to 

study the effect of repeated cycling at each displacement increment. 

The basic load sequence. load sequence 1 (LS 1). loaded the mode1 in tension first. One 

cycle of loading was imposed at each displacement increment. up ro a maximum axial 

displacement of i 5 mm. Load sequence 2 (LS2) was identical to LS 1. except that the 

mode1 was loaded in compression fint. Load sequence 3 (LS3) was identical to LSl. 

except. as explained above. three cycles were imposed at each displacement increment. 

Because of time constraint. only two models were analyzed with loading sequence LS3. 

narnely. GP3BS and GP2B7. Table 5.4 identifies which gusset plate - brace member 

su bassemblies were anal yzed under which load sequences. 

5.5 Results o f  the Parametric Study 

A total of 17 gusset plate - brace member subassemblies were anal?-zed for the 

rnonotonic loading portion of this parametric study. As mentioned in the previous 

section. three models of the gusset plates without brace members were also analyzed. and 

the monotonic tension resdts for these models were used in the development the cyclic 

load sequences. Figures 5.2 and 5.3 show the rnonotonic tensile and compressive 

behaviour for the gusset plate only (no brace member) models. 



Figures 5.4 to 5.9 summarize the tensile load venus displacement behaviour of the gusset 

plate - brace member subassemblies. Two Ioad versus displacernent plots are shoun for 

each subassembly. Figures 5.4. 5.6. and 5.8 show axial load versus total axial 

displacement. Total axial displacement refers to the in-plane. axial displacement of the 

loaded brace member node (see Figure 5.1 ). Figures 5.5. 5.7. and 5.9 show axial load 

venus the axial displacement of the gusset plate. The axial displacement of the gusset 

plate refers to the in-plane displacement of the gusset plate measured at the free edge of 

the gusset plate as shown in Figure 5-1. As can be seen h m  Figures 5.4 to 5.9. if the 

axial displacement of the gusset plate is isolated. the slope of the resulting load versus 

deflection plot is unafTected by the inclusion of the bracing member. If the total 

dispiacement is studied however. it c m  be seen that in the elastic range. the stiffness of 

the subassembly is affected by the displacement due to eiastic strain in the bracing 

member. As expected. the longer brace members resulted in lower total axial 

displacement stiffnesses. 

In Figures 5.4 to 5.9. models with the sarne gusset plate thickness have been s h o m  

together. For each gusset plate thickness. two categories of curves can be established: 

those for which the capacity of the subassembly is limited by the tensile capacity of the 

gusset plate. and those for which the capacity of the subassembly is limited by the tensile 

capacity of die brace member. For example, from Figures 5.6 and 5.7, it can be seen that 

the capacity of the subassembly was Limited by yielding of the brace member for models 

GP2BS and GP2B6' since plastic deformation is observed in Figure 5.6 but no plastic 



deformation is observed in the gusset plate as shown in Figure 5.7. Ln contrast. Figure 

5.6 and Figure 5.7 show that the capacity of models GP2B7 and GP2B8 was limited by 

yielding of the gusset plate. Figure 5.6 indicates that when the brace member yields. the 

ultimate tensile load is lower than the gusset plate only (no brace member) case (shoun 

by the dashed line). When the gusset plate yields. the inclusion of the brace member 

appears to have no effect on ultimate tensile capacity. 

Figures 5.10 to 5.1 5 surnmarize the monotonie compressive behaviour of the models. 

Again. for each gusset plate thickness. two limiting conditions are identified: buckling of 

the brace member and buckling of the gusset plate. In these figures. it c m  be seen that 

the addition of the brace member resulted in a reduction in compressive capacity for all 

models. regardless of whether gusset plate buckiing or brace member buckling govemed 

the behaviour. 

Once again. w o  load versus displacement plots are shown for each gusset plate thiclüiess. 

Figures 5.10. 5.12. and 5.14 show axial load versus total axial displacement while Figures 

5-  1 1. 5-13. and 5.15 show a ~ i a l  load versus the axial displacement of the gusset plate. 

These figures indicate that for the models with lower capacities. buckling of the brace 

dominated the total displacement: whereas for the models with higher capacities. 

buckling of the gusset plate dominated the total displacement. Figures 5.16 and 5.17 

show typical buckled confi~gurations for both observed buckling modes (buckling of 

gusset plate and buckling of brace member). 



Table 5.5 sumrnarizes the capacities of the gusset plate - brace member subassemblies in 

tension and in compression. The capacities predicted using the simplified methods 

described in Chapter 2 are presented dong with the results of the finite element analysis. 

From the model / prediction (Me)  ratios listed in the table. it appean that on the tension 

side. the capacities of the subassemblies were predicted quite closely with the simplified 

methods (M/P ratios range fiom 0.96 to 0.99). On the compression side. the simplified 

methods were conservative ( M / P  ratios range fiom 1-15 to 1.68). 

As mentioned earlier. three gusset plates were modeled with four dif5erent brace members 

each. Three load sequences were developed for the cyclic loading portion of this 

pararnetric study (see Figure 5.18). This means that it would have been possible ro 

analyze 36 different subassembly - load sequence combinations. Due to tirne constraints. 

not al1 36 possible cornbinations were investigated. Table 5.4 outlines the subassemblies 

that were analyzed for each load sequence. The results for each of these subassembly - 

load sequence combinations are presented in this section. 

As was done for the rnonotonic loading investigation. gusset plate only (no brace 

member) models were analyzed first. Figures 5.19 and 5.20 summarize these results. In 

Figure 5.19 the effect of load sequence can be seen for gusset plate model (GPZ). In this 

figure. it can be seen that the effect of load sequence (i.e. tension first versus compression 

first) on the hysteresis envelope is minimal. The effect of repeating cycles at each 



displacement increment appears to be a deterioration of tensile and compressive capacity 

with each repeated cycle. This deterioration is srnail and appean to diminish with 

consecutive repeated cycles for a given displacement increment. In Figure 5.20 the effecr 

of gusset plate thickness cm be seen for load sequence LS 1. In this figure. it c m  be seen 

that the effect of increasing gusset plate thickness is an increase in tensile and 

compressive capacity. The hysteresis plots for the thicker gusset plates also appear to 

exhibir less pinching behaviour. Axial load verjus out-of-plane displacernent hysteresis 

plots for the gusset plate oniy (no brace member) models c m  be found in Appendix A 

(Figures A. 1 to A.6). 

Figures 5.11 to 5.40 show the hysteresis loops for the gusset plate GP2 subassembly 

models. In general. it is apparent that the difference between imposing load sequence 

LS1 ("tension first") and LS2 ("compression first") on an- given gusset plate - brace 

member subassembly is srnall. The hysteresis envelopes for the subassernbly models are 

basically the same regardless of the load sequence used (this can be seen by comparing 

adjacent figures. which show results for the same subassembly under different load 

sequences. i.e. Figures 5.2 1 and 5.23 show GPZBSL S 1 and GPZB SL Sl respectil-el y). 

Models cycled under load sequence LS3 can be compared with those cyclcd under load 

sequence LSl to study the effects of repeated cycling at each displacement increment. 

Comparing GPZBjLS 1 and GP2B5LS3 (Figures 5.2 1 and 5.25. respectively). it can be 

seen that the effects of increasing the number of cycles for each displacement increment 

are a deterioration of the capacity of the gusset plate (in tension and compression) and a 

srnall amount of "sofiening". or loss of stifiess upon reloading with each cycle. Due to 



the significant increase in the time required to anaiyze a mode1 under LS3. only two 

models were analyzed under this load sequence. 

For the cyclic loading study. as with the monotonie loading snidy. axial load versus total 

axial displacement hysteresis plots and axial load versus axial displacement of the gusset 

plate hysteresis plots were produced for each analysis. Comparing these figures (for the 

same subassernbly - load sequence combination). it is possible to observe the cyclic 

behaviour of the gusset plate - brace member subassembly. as well as the axial load 

versus displacement history of the gusset plate. For example. comparing Figures 5.21 

and 5.73. total axial displacement c m  be compared with the axial displacement of the 

gusset plate for GP2BSLS 1. Figure 5.2 1 shows the behaviour of the entire subassernbiy. 

With this information. one c m  determine the total energ)- dissipated by the subassembly 

over the complete loading history. With Figure 5.22. it is possible to ascertain the 

contribution of the gusset plate. 

Comparing the cyclic loading hysteresis plots for the various subassemblies. some 

qualitative conclusions can be d r a m  regarding the effects of gusset plate - brace mernber 

interaction on cyclic behaviour. Figures 5.21. 5.27. 5.31. and 5.37 show total axial 

displacement hysteresis plots for models GP2 - B5. B6. B7. and B8 under load sequence 

LS 1.  Figures 5-22. 5.28. 5.33. and 5.38 show hysteresis plots isolating the behaviour of 

the gusset plate for these sarne models. These figures indicate that the gusset plate 

contribution is significantly greater than the brace member contribution for subassembly 

GPZB7. the gusset plate is conaibuting somewhat to the total behaviour for GP2B5 and 



GPlB8 (it appears to be buckling partialiy for GP2B5 and yielding si@nifcantl:' for 

GP2B7). and the gusset plate is making almost no contribution to the total behaviour for 

GP2B6 (i.e. only elastic displacement is taking piace in the gusset plate). The total a d  

displacement plots indicate that when compressive axial displacement is accommodated 

prirnarily through gusset plate buckling (GP2B7 in Figures 5.3 1.5.33. and 5.3): the total 

axial displacement hysteresis is generally well behaved (Le. stable post buckling 

behaviour with minimal "pinching"). Conversely. when compressive axial displacements 

are accornmodated primarily through buckling of the brace member (GP2B6 in Figures 

5-27 and 5.29. GP2B8 in Figures 5.37 and 5.39). a less desirable behaviour is apparent 

(namely. rapid deterioration of the post buckling capacity with noticeable "pinching" of 

the hysteresis loops). A comparison of GP2B6 uith GP2B8. shows that yielding of the 

gussrt plate in tension versus yielding of the brace member has less effect on the cyclic 

behaviour of the subassembIy. 

Figures 5.41 and 5-41 show plots of energy dissipation during cyclic loading for the 

gussrt plate GP2 subassemblies. Figure 5-41 shows energy dissipated per cycle. and 

Figure 5.42 shows cumulative energy dissipated. Energ? dissipation plots for 

subassemblies subjected to the sarne load sequence have been grouped together in order 

to faciiitate comparison. Figure 5.41 shows that for al1 three cyclic loading sequences 

inves~igated. subassembly GP2B7 dissipated the most energ)-. This subassembly was 

designed with the gusset plate as the weak element in tension and in compression (see 

Table 5.3). Models for which brace member buckling dominated the compressive 

behaviour (GP2B6 and GP2B8) dissipated the least amount of energ?. Figure 5.41(c) 



shows the eEect of repeated cycling on energy dissipation. For GPZBSLSX cycluig 

appears to result in a deterioration of the amount of energy dissipated in consecutive 

cycles at the same displacement increment. This is most noticeable at the higher 

displacement increments. The amount of energ-y dissipated in consecutive cycles appears 

to be fairl- constant for mode1 GP2B7LS3. 

Figures 5.43 to 5.58 show hysteresis plots for gusset plate GPI and GP3 subassembly 

models analyzed under load sequence LS 1. Cornparison of these figures confirms the 

qualitative observations made for the GP2 subassemblies. For the gusset plate GPl 

subassemblies. the gusset plate was designed as the weak element in tension for GPIB3 

and GPI B4. The gusset plate was designed as the weak element in compression for 

GP 1 B I and GP 1 B3. Comparing total axial displacement hysteresis plots for GP 1 B 1 and 

GP 1 B3 (Figures 5-43 and 5.47). it cm be seen that in the displacernent range studied. the 

cyclic behaviour of the subassembly is not significantly affected by which element 

govems the capacih in tension (Le. the gusser plate or the brace member). Conversely. 

comparing Figures 5-43 and 5.47 with Figures 5.45 and 5.49 shows that the cyclic 

behaviour is generally bener when the gusset plate is the weak element in compression 

(i.e. more stable post buckling behaviour and less "pinching"). Similar conclusions can 

be dram by studying the load responses for the gusset plate GP? subassemblies. 

Figures 5.59 and 5.60 show energy dissipation plots for each subassembly under load 

sequence LS 1. Subassemblies with the same gusset plate have been grouped together. In 

Figure 5.59(a) it can be seen that the energy dissipated by GPlB l and GPI B3 is almost 



identical. As mentioned above. the only difference between these NO models is the weak 

element in tension. Capacity design philosophy suggests that it would be more desirable 

to have the brace member as the weak element in tension. Since these subassemblies 

were not cycled up to the ultimate load in tension. this suggestion cannot be validated or 

refûted based on thïs investigation. It is apparent from Figures 5.59 and 5.60. however. 

thar subassemblies for which compressive behaviour is dominated by gusset plate 

buckling tend to dissipate more energy (for the displacement range investigated). 

Figures 5.61 ro 5.63 show total axial displacement hysteresis plots for subassemblies 

under load sequence LS 1. superimposed on top of monotonic Ioad - displacement plots. 

To develop a hysteretic mode1 based on rnonotonic behaviour was beyond the scope of 

this investigation. However. Figures 5.61 to 5.63 show that the rnonotonic plots drlineate 

the hysteresis plots well. for most gusset plate - brace member subassemblies. 

Axial ioad versus out-of-plane displacement hysteresis plots can be found in Appendix A 

(Figures A.7 to A.14). for a11 of the cyclically loaded gusset plate - brace member 

subassembly models investigated in the parametric study. 

In this chapter. a paramenic snidy uras presented in which factors af5ecting the behaviour 

of gusset plates were studied. The pararnetric study looked at the effects of gusset plate - 

brace member interaction and loading sequence on the behaviour of gusset plates under 



monotonic and cyclic Ioading. The findings of this parametic snidy cm be summarized 

as follows: 

I .  The effect of the interaction between the gusset plate and the brace member on the 

behaviour of gusset plate - brace member subassemblies loaded monotonicaIly and 

cylically can be significant. A method for taking this interaction into account will 

have to be developed if the energv dissipation potential of the gusset plate is to be 

ssploited in the design of concentric braced frames. 

2. The rnonotonic load versus displacement behaviour was found to provide a good 

envelope of the cyclic load venus displacement hysteresis plots. This may form a 

basis for the development of a simplified method for incorporating gusset plate 

behaviour into a frame model. 

3.  The effect of load sequence (Le. "tension first" versus "compression first") on cyclic 

behaviour was found to be small. Repeated cycling does however appear to have a 

detenorating effect on the cyclic behaviour of gusset plates. even when a simple 

elastic-perfect plastic material model is used (Le. tearing and Bauschinger effect are 

ignored). 

4. ï h e  gusset plate - brace member subassemblies that undenvent gusset plate yielding 

or buckling show significant energy dissipation potential, supporthg the strong 

hrace - weak plate concept proposed by Rabinovitch and Cheng (1 993).  



Table 5.1 - Gusset plate description. 

Table 5.2 - Brace member description. 

Gusset 
Plate 

Dimensions Thickness Yield 
Stress 



Table 5.3 - Sumrnary of parametric study: subassembly model combinations 
and predicted capacitirs 

* Note: - "plate" capacity in tension prediction with S16.1 block shear equations 
- "bruce" capacin in tension predicrion wirh S16.1 net section eqrrations 
- 'plate" capacih in compression prediction with Tfroromton rnethod 
- "brace " capocic in compression prediction wirh S16.1 col~imn aimes 
.:.:.:.:.: ....,,...... ".. '.'.'.'. ... -1 = [imifing predkted c q ~ c i y  in tension or compression 

- YGT = jielding of gusset plate in tension 
- YB7 = yielding of brace rnember in tension 
- BGC = birckling of g~rsser plate in compressiou 
- BBC = bzickling of brnce member in compression 





Table 5.5 - Parametric study: surnrnary of mode1 / load sequence 
combinations analyzed under cyclic loading. 
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Figure 5.2 - Gusset plate only (no brace): in-plane behaviour under tension loading 
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Figure 5.3 - Gusset plate only (no brace): in-plane behaviour under compression loading. 
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Figure 5.4 - Gusset plate GPI: total axial load versus displacernent in tension. 
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Figure 5.5 - Gusset plate GPl: gusset plate axial load versus displacement in tension. 
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Figure 5.6 - Gusset plate GPZ: tord axial load versus displacemenr in tension. 
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Figure 5.7 - Gusset plate GP2: gusset plate axial load versus displacement in tension. 
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Figure 5.8 - Gusset plate GP3: total axial load versus displacement in tension. 

Figure 5.9 - Gusset plate GP3: gusset plate axial load versus displacement in tension. 
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Figure 5.10 - Gusset plate GPi: total axial load versus displacement in compression. 
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Figure 5.1 1 - Gusset plate GP 1: gusset plate axial load vs. displacement in compression. 
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Figure 5.12 - Gussrt plate GP?: totd axial load versus displacement in compression. 
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Figure 5.13 - Gusset plate GP2: gusset plate axial load vs. displacement in compression. 



1 1 i 1 

O 5 10 15 20 

Total Axial Displacement (mm) 

Figure 5.11 - Gusset plate GP3: total axial load versus displacement in comprcssion- 
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Figure 5.15 - Gusset plate GP3: gusset plate axial load vs. displacement in compression. 



Figure 5.16 - Buckling of gusset plare. 

Figure 5.17 - Buckling of brace member. 
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Cycle Number ! 
(a) - Load Sequence LS 1 - "Tension First" 

I Cycle Number 
L J 
(c)  - Load Sequence LS3 - "Tension First (3 cycles at each increment)" 

Figure 5.18 - Summary of load sequences. 
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(a) - Gusser plate GP2 (no brace member): load sequence LS 1 - hysteresis. 
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(b  - Gusset plate GP? (no brace mrmber): load sequence LSZ - hysteresis. 

l Total Axial Displacement (mm) 1 
I 

& 1 
(c) - Gusser plate GP2 (no brace member): load sequence LS3 - hysteresis. 

Figure 5.19 - Effect of load sequence on gusset plate only (no brace) in-plane behaviour. 
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(a) - Gusset plate GP I (no brace member): load sequence LS 1 - hysteresis. 
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(b) - Gusset plate GP2 (no brace member): load sequence LS 1 - hysteresis. 
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(c) - Gusset plate GP3 (no brace member): load sequence LS 1 - hysteresis. 

Figure 5.20 - Effect of plate thickness on gusset plate only (no brace) in-plane behaviour. 
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CycIe Number 

(a) - Load Sequence 1 - "Tension First" 

Cycle Number 

- 
(b) - Load Sequence 2 - "Compression First" 

Cycle Number 

(c) - Load Sequence 3 - "Tension First (3 cycles at each increment)" 

Figure 5.4 1 - Gusset plate GP2: energy dissipated (per cycle) for different brace 
members and load sequences. 



Cycle Number 

(a) - Load Sequence 1 - "Tension First" 
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10 15 

Cycle Number 

(c) - Load Sequence 3 - "Tension First (3 cycles at each increment)" 

Figure 5.47 - Gusset plate GP2: cumulative energy dissipation for different 
brace members and load sequences. 
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Cycle Number 

(a) - Gusset PIate GP 1. 

Cycle Nurnber 

- 
(b) - Gusset Plate GP2. 

Cycle Number 

(c) - Gusset PIate GP3. 

Figure 5.59 - Load sequence LS 1 : energy dissipated (per cycle) for different 
gusset plates and brace members. 
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(a) - Gusset Plate GP 1. 
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(b) - Gusset Plate GP2. 
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(CI - Gusset Plate GP3. 

Figure 5.60 - Load sequence LS 1 : cummulative energy dissipation for different 
gusset plates and brace mernbers. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 

In this chapter. concIusions and recommendations are presented. based on the results of 

the numerical investigation presented in Chapters 3.4. and 5. 

6.2 Conctusions 

In the first phase of this investigation. gusset plate models were developed and vaiidated 

using the test results of Yam and Cheng (1 993) and Rabinovitch and Cheng (1 993). For 

this phase. a linear elastic mesh audy was conducted. the behaviour of gusset plate 

connections under rnonotonic tension and compression loading was investigated. and the 

cyclic behaviour of several gusset plate specimens was modeled. 

The linear elastic mesh study was performed to determine the level of mesh refinernent 

required to ensure sufficient convergence. Gusset plate models were constructed with 

increasing levels of mesh refmement elastic stress distributions were investigated. and 

axial dispiacernents were compared. The results of the linear elastic mesh study c m  be 

summarized as follows: 

.kxial displacements converged afier several mesh refinernents. The third finest mesh 

(Mesh 2 in Figure 3.1 (b)) \vas determined to be adequate for predicting displacement. 



Principal stress contour plots c o n f i e d  that the peak principal stress and the highen 

principal stress gradients occur near the Iast row of bolts in the gusset plate to spiice 

member connection. Although convergence of the peak principal stress was not 

achieved. convergence of the overall saess behaviour was apparent after several mesh 

refinements 

To investigate gusset plate behaviour under monotonic tension loading' the models 

developed for the linear elastic mesh study were modified to incorporate inelastic 

material behaviour. In this step. the effects of mesh refinernent. material model. framing 

membrr stiffness. and fmener model were investigated. The following conclusions can 

be drawn regarding the modeling of gusset plate behaviour under monotonic tension 

loading : 

The effects of material model (i.e. elastic - perfect plastic versus isotropie strain 

hardening) and framing member slifiess on the behaviour of the gusset plate models 

under rnonotonic tension loading are significant. Less sigificant is the effect of the 

fastener model (Le. elastic versus rigid). The effect of mesh refinement on the 

behaviour of the gusset plate model under monotonic tension loading was small for 

the range of mesh refinernents investigated. This effect was seen to diminish as the 

level of mesh refinement was increased. 

Models incorporating the elastic - perfect plastic material model and flexible framing 

members closely predicted the behaviour of gusset plates. under monotonic tension 

loading . 



To investigate gusset plate behaviour under rnonotonic compression loading the gusset 

plate models were modified to incorporate initial imperfections. In this step. the effects 

of mesh refinement. material model. f r d n g  member stifiess. fastener model. initial 

imperfection shape and magnitude, and the level of in-plane (clamping) resnaint imparted 

by the splice members were investigated. The following conclusions can be drawn 

regarding the modeling of gusset plate behaviour under monotonic compression loading: 

The effects of initial imperfection magnitude and the level of out-oGplane (clamphg) 

restraint imparted to the gusset plate by the splice members on the gusset plate mode1 

behaviour under rnonotonic compression loading are significant. The effects of 

framing member stiffhess. fastener model and initial imperfection shape are much less 

significant. The effect of the material mode1 (i.e. elastic - perfect plastic venus 

isotropic strain hardening) on ultimate capacity under rnonotonic compression loading 

is small. however. the effect of the material model on the mode1 stiffness in the 

inelastic range can be significant. 

Models constructed with a 2 mm quarter sine wave initial imperfection. full splice 

member restraint. flexible h i n g  members and an isotropic strain hardening 

material model accurately predicted the behaviour of gusset plates loaded 

monotonically in compression. 

Based on the results of the linear elastic and monotonic loading studies. rnodels were 

constructed to study the cyclic behaviour of gusset plates. For this step. a simple boit slip 

mode1 and a gusset plate edge stiffener model were developed. The following 



conclusions can be drawn regarding the modeling of gusset plate behaviour under cyclic 

loading : 

Since the elastic - perfect plastic material model lead to better results under 

monotonic tension loading. and since the effect of material model on ultimate 

compressive load was not significant the elastic - perfect plastic matenal model was 

deemed to be mon appropriate for modeling cyclic behaviour. 

Using the elastic - perfect plastic material model dong uith flexible framing 

members. a 2 mm quarter sine wave initial imperfection and full splice member 

resua.int. the behaviour of gusset plates under cyclic ioading was accurately predicted. 

ï h e  use of a bolt slip fastener mode1 was demonstrated to work well for rnodeling the 

behaviour of a cyclically loaded gusset plate for a couple of cycles. However. in its 

curent form. the bolt slip model was not considered practical for modeling an entire 

load displacement hysteresis. 

For the parametric study. the finite element models developed in the first phase were 

expanded to include brace members. The effects of gusset plate - brace member 

interaction and load sequence on rnonotonic and cyclic gusset plate behaviour were 

investigated in this phase. The followlng conclusions can be drawn based on the results 

of the parametric study: 

The effect of Ioad sequence (Le. tension first vs. compression first) on the gusset plate 

axial load versus displacement hysteresis envelope is small. 



The eeects of repeating cycles at each displacement increment are: (1) a small 

deterioration in the peak compressive and tensile loads Mth each cycle. and (2) 

sofiening of the reioading (compression to tension) portion of the cycle. This results 

in a decrease in the e n e r p  dissipated uith each cycle at a given displacement. 

Monotonie load venus displacement plots tended to delineate the cyclic load versus 

displacement hysteresis envelope. 

The effect of brace member stifiess on the gusset plate load versus displacement 

hysteresis is small when the gusset plate is the weak element. Gusset plate load 

versus displacement hysteresis plots can. however. deviate significantly fiom the "no 

brace" hysteresis when the brace member buckles or yields. 

Subassemblies for which the brace member is the weak element dissipate less energ) 

than those for which the gusset plate is the weak element (at leas in the displacement 

range snidied). In general. hysteresis plots for the weak gusset - strong brace member 

models exhibited less pinching and sustained higher post buckling compressive loads 

than the conventionally designed subassemblies. 

6.3 Recommendations. 

The follouing recornmendations c m  be made based on the results of this investigation: 

The follouing improvements could be made to the modeling procedure: (1) the 

results could be improved with the use of an "effective" material mode1 to account for 

parameters not considered in these gusset plate models such the loss of gusset plate 



material at the bolt hole locations. (3) the fiction effects due to in-plane clamping 

could be modeled. and (3) initial imperfection measurements could be made on acnial 

gusset plate specimens. Before such efforts are undertaken. however. consideration 

should be given to what benefit they would be to our general understanding of the 

cyclic behaviour of gusset plates. 

In this snidy. subassemblies were cycled until displacements similar to those achieved 

in the Rabinovitch and Cheng (1993) tests were reached. To compare the behaviour 

of weak gusset - strong brace subassemblies with conventional subassemblies over 

their full range of usefulness. a rational failure critenon would need to be developed 

for both elements (the gusset plate and the brace member). 

The parametric study should be expanded to include stiffeners. Rabinovitch and 

Cheng (1993) demonstrated that fiee edge stiffeners improve the cyclic behaviour of 

gusset plates. The inclusion of these stiffeners should improve the behavïour of 

subassemblies designed with the weak gusset - strong brace member concept. 

Cyclic loading tests should be conducted on gusset plate - brace member 

subassemblies similar to those modeled in this investigation to veri- the findings of 

the parametric study. 

Effons should be made to develop a simple gusset plate mode1 to facilitate an 

investigation into the effects of gusset plate behaviour on overall Frame behaviour. 
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Included in this chapter are the axial load versus out-of-plane displacement hysteresis 

plots for the models investigated in the pararnetric study. Figures A. 1 to A 6  show the 

hysteresis plots for the gusset plate only (no brace member) models. Figures A.7 to -4.24 

show the hysteresis plots for the gusset plate - brace member subassembly models. 
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Figure A. 1 - Out-of-plane displacement hysteresis for GPlLS 1. 
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Figure A 2  - Out-of-plane displacement hysteresis for GPILS2. 
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Figure A.3 - Out-of-plane displacement hysteresis for GP2LS3. 
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Figure -4.4 - Out-of-plane displacement hysteresis for GP 1 LS 1. 
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Figure -4.5 - Out-of-plane displacement hysteresis for GP?LS 1. 
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Figure A.6 - Out-of-plane displacement hysteresis for GP3LS 1 .  
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Figure -4.7 - Out-of-plane displacement hysteresis for GP7BSLS 1. 
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Figure -4.8 - Out-of-plane displacement hysteresis for GPîBjLS2. 
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Figure A.9 - Out-of-plane displacement hysteresis for GP2BSLS3. 
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Figure A. 10 - Out-of-plane displacement hysteresis for GP?B6LS 1. 
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Figure A. 1 1 - Out-of-plane displacement hysreresis for GPZB6LS2. 
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Figure A. 12 - Out-of-plane displacment hysteresis for GP2B7LS 1. 
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Figure .A. 13 - Out-of-plane displacment hysteresis for GP2B7LS7. 
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Figure A. 14 - Out-of-plane displacment hysteresis for GP237LS3. 
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Figure A. 1 5 - Out-of-plane displacment hysteresis for GP2B8LS 1. 
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Figure 8 . 1  6 - Out-of-plane dispiacrnent hysteresis for GPîBBLS?. 
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Figure -4.1 7 - Out-of-plane displacement hysteresis for GP 1 B 1 LS 1. 
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Figure A. 1 8 - Out-of-plane displacement hysteresis for GP 1 B2LS 1. 
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Figure -4.21 - Out-of-plane displacement hyneresis for GP3B9LS 1. 
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Figure -4.22 - Our-of-plane displacernent hysreresis for GP3B IOLS 1. 



Figure A23 - Out-of-plane displacernent hysteresis for GP3B 1 1 LS 1 .  
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Figure A.24 - Out-of-plane displacement hysteresis for GP3B I2LS I . 
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