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1 INTROD UCTIO 

1.1 Problem tntemen! 

The use of braced teel frames in seismic-resi'ilaOt design is quite popular. mainly because of;1 

higher stiffness-lo-Gost ratio as compared to the momenH'tsisting frames. 1t is less economical to use 

moment frames to resist la.temlloads along the weak direction of a building. Survival of a broced 

structure during a severe earthquake strongly depends on the ductility and energy dissip:nion c:lpacity of 

the braces. During a severe earthquake the lateral denections of the frome cause the braces to buckle 

and stretch alternately. High dependence of a braced frame perfonnance on the cyclic behllvior of the 

bruces has attracted attention of some investigators during recent years. Some of these Investigations 

have been conducted in full scale (1.2.5,6,1"1. and have provided insight into the seismic behavior of 

the braces and braced structures. 

Built-up sections have not received much attention of the researchers despite thelf widespread 

use in practice, thus, raising questions concerning their general performance and still:tung requU"ementS 

in particular. In curren t design pmctice the stitches are spaced such mat the indiVidual element of the 

member will not buckle before the overall member. To meet this conrution, AJSC Specificallon (14) 

Section 1.IS.2.4 requires that the slenderness ratio of the mdividuaJ components between tilChe hajJ 

not exceed that of the built-up member. There is no strength requirement fOf stitches in general, except 

for lacing bars, which are designed. for 2% of the axial compressive force. Therefore. me strength of 

stitches is generally provided at a nominal level. The current Canadian specification CSA Standard 

516-19569 has a similar requirement, while in its 1961 edition the requirement was more stringent. 

Iiminng the slenderness ratio of the individual components to 75% of that of the built-up member and 

suggesting 3 maximum spacing of 24" between stitches. British Specific:ltlon as 449-1970 10 

Sections 30. 36. and 37 limits the individual slenderness ratio to 60% of that of the built-up member 

but not to exceed 40. The Gennan Specification DfN-4114 1952. in Sections 8.:! 13, S.12. and S.36. 

limits the Individual slenderness ratio to 50 but does not relate it to the slendeme ratio of the overall 

member. 

A prevIous study by ASlaneh, Goel. and Hanson 121 on .. "chod double Jngle brocmg 

members has shown that stitches as per cUlTent design practice 'icrve their Intended purpose up to the 

POlOt of the first buckling load only. i.e .. the IOdjvidual elemems do nOt buckle before the buckling load 
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of the overall member is achieved. This requirement essentially applies 10 the case of monotonic 

looding. Under cyclic loading, however. it is necessary to investigate if this requirement is adequate to 

ensure satisfactory performance. Satisfactory perfonnance includes a ductile behavior \Yllh table 

• 

hy teresis loops. Thus, in this investigation the adequacy of this requirement is studied and attempt is • 

made 10 establish criteria which ensures adequate ductility and energy dissipation capacity. 

When an out-of-plane buck.ling member continues to deform In the post-buckling region, a 

plastic hinge fonns in the member at a point some distance from the mid length which has smaller 

section modulus compared to the mid length if a stitch is provided there. The spacing of the stitches is 

not close enough to prevent plastic bending of the individual components of the section, as is evident in 

Figure L. l from the closing of the gap between the two angles. When a stitch is not provided at mid 

length this closing of the gap occurs at mid length. This gap closing, which is due to the indlVidu3.l 

component bending, has at least four recognizable disadvantages as foUows: 

1 The convex-side component in subsequent tension cycles does not become fully straight. as seen in 

Figu", 1.2. Consequently. at nud length most tension lood is carried by the other component leading 

• 

to decrease in its fracture life. This becomes worse in case of a large bit r.1tio in which local bUCkling • 

causes most tension load to be carried by only 1/4 of the total section, i.e., the back.-to-back leg of the 

convex-side component. 

2 The above phenomenon also leads to reduction in buckling loads in subsequent cycles since it causes 

\he load to be carried mostly by the component which remains relatively straight. 

3 Another adverse effect of tension load transfer from one component to the other is that this tro.nsfer is 

through a nominally designed stitch, which is not strong enough for such n force transfer, resulting in 

very early failure. Such failun: of stitches was reported by ASlaneh [2J and Popov [5J. 

4 At the beginning of the post-buckling range, zone C-D in Figure 1.3, the convex- ide component 

• 

contributes most of the resistance to the P- 6 effect because of its grenter relative strnightncss. The • 

IOcrease in wal defonnation in zone O-E in Figure 1.3 causes complete gap closing which allows 

contribution from both componentS but with a sma ller over all plas lic section modulus 

compa red to the virgin specimen. Thi, beside the geometric effect, may be another reason 

for reduction of the slope of hYSlCresis loop in this region as the axial defonnauon increases. Greater • 

slope of the hysteresis loop in the post-buckling range means greater drop In the capacity of the 

member to sustain axial load. Nevenheless, pinching in the hysteresi loop in the post-buckling 

region occurs due to the larger slope of hysteresis loop at the beginning of the post-buckling range, 

and also due to the reduced overall plasuc section modulus in zone O-E . 

It should be noted that the closing of the gap is inevitable due to tendency of the individual • 

components to bending about their own weak axis, while bemg subjected to large axial and 
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consequently laternl defonnation in post-buckling region. However. closer stitch spacing o n 

delay this lld\'erse gap-closi ng phenomenon until n much large r level of Intern l 

deformation which occurs during n rather severe defo rmat ion hislOry Thu. cumnl 

code provision for tilch spacing 1$ not adequate for built-up secuons 10 develop full fracture life, full 

bucklinJ: load in subsequent cycles, and full moment capacity 10 resi!illhe P-.6 cffecL Th~e result in a 

Significant loss of energy dissipation capacity of the member under cyclic loading. 

1.2 Related Literature 

The behavior of braced frames and bracing members subjected to severe earthquake 

excitations hIlS been extensively studied in recent years both expenmcntnlly and analytically. The 

excitations caused by eanhquake ground mOlion are dynamic in nature. The adoption of the 

quasi-static method is due to the complexiry of simulating dynamic excitations in the laboratory and the 

difficulties in observing fme details of the behavior during such excitation. The quasi- tauc method 

will be used in this study as well. To investigate the correlation of hystere is rc ponse between 

Quasi-stlltic and dynamic tests, Kahn and Hanson [10] performed a cries of cyclic experimentaJ tests 

on I in. by 112 in. steel bars with the slenderness ratio varying from 85 to 210. The bars were tested 

under dynamic and Quasi-static loading conditions. It was found that dynamic hysteresis response 

wa nearly identical to the Quasi-static response, although the responses were Slightly diffcf(nt 'Nhcn 

the brace was loaded in tension. 

Black. Wenger. and Popov [51 reponed the results or rour rull·scale tests or double angle 

strutS subjected to axial cyclic loading. The tests were pan of an experimenlu! progrum on cyclic 

behavior of various structural shapes such as wide flanges, tubes, tees, nnd double nogh:. Two 

distinctive end conditions were employed. Specimens had either both ends pinned or one pinned and 

the other fixed. Two major conclusions from their repon are quoted here: 

1 The conventional definition of the cffccuve slenderness ratio deduced on an elasuc basi carrie over 

into the melasuc range. 

2 Stitching of built-up members as currently specified in SUlnd3J"d codes (AISC) is unconsecvati\'e in the 

case of severe load reversals. 

ASlaneh. aael. and Hanson. [II and 12[. studied the behaVIor or ,utched double·.ngle 

brocing members for both in-pl::mc: and out-of-plnne buckling. The btter \\. ill be: bnefly dl)C'us\i!d here 

since it is related to, or better to say the basis for, the present study. Three bolted and six welded 
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specimens were tested. all of them designed to buckle out of plane. Since the main emph3Sis was on 

behavior of connections nnd stitches, different stitch spacing effeel was not investigated but suggested 

for future investigation. The following conclu ions and recommendation were drawn with respect to 

out-<lf-plane buckling double-angle br:u:ing members: 

I The stitch spacing according to Section 1.18.2.4 of the AlSC Specification [14J is adequate to 
prevent single-angle buckling between the stitches before the overall buckling of the bracing member 
but not enough to prevent individual plastic bending and the gap closing in the 
posl.buckllng range. 

2 The behavior of stiLChes and end gusset plates has important effect on the overall ductility and cyclic 
behavior of the out--of-plane buckling double-angle bracing members. Current practice does nOt 
ensure the ductility of connections subjected to cyclic loading. 

3 [n all specimens, two plastic hinges formed in the gusset plate at the ends and one plastic hinge 

• 

• 

• 

fonned at mid span. The defonned shape of test specimen after buckling is similar to the deformed • 
shape of an axially loaded compression member with hinged-end connecuon suggesting an effective 

length f.ctor close to I. 

4 The nrst buckling load of all specimens is close to the value calculated from Eqs. 1.5-1 .nd 1.5-2 of 

the AISC Specification [1-1) Wtthout using the factorofsafery . 

5 The buckling load capacity of the bracing member1 decreases significantly from the first 10 me second 

cycle. and continues to decrease at a smaller rate throughout cyclic loading, This is due to 

Baushinger effecl and also residual curvature caused by post-buckling latenll deformation in 
previous cycles. 

• 

6 Local buckling occurs in the outstanding legs. The bi t ralio of outslanding leg should not exceed • 

the limits pemtitted in Section 2.7 of the A1SC Specific.tion [14]. 

7 The forces lt1lnsferred by stitches in oUl-of-plane buckling bracing members can be large. The 

nominal stitches cannot withstand severe cyclic deformations. The stitches in out-of-plane buckling 

member should be designed to transfer a force at least equal to 1/-1 total yield cap.city of the member. 

The force should be assumed to aCI along the centroidal axis of lhe individual angles. 
8 The gusset plates designed according to current practice generally showed poor ductility and e.lrly 

fraclure. An adequate free length of gusset plate beyond the angle is necessary to ensure free 

fonnauon of plastic hinges and 10 improve ductility of the gus et plales. A minimum free length equal 
to twice the thickness of the gusset plnle proved to be adequate while excessive free length 
cre.tes the possibility of buckling of the gusset plate by itself. 

EI-Tayem and 0001 [6] studied the cyclic behavior of .ngle X-bracmS members m fu U·",.le 

tests. They concluded the followmg: 

I The design of X-bracing systems can be based on the buckling strensth of the compression diagonal 
over h.lf length. 

2 Width-Thickness ratio should be lower than what is commonly specified in allowable stress design 
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procedure. 

3 Local Buckling is more severe in the case of out -out-of·plane buckling members. 

In the analytical domain. modeling the hysteresis behavior of bracing members has been the 

cenler of focus. Popov, Takanashi. and Roeder 1121 in their report gave a brief summary of the 

model. proposed prior 10 1976. Lale<. simple models were proposed by Singh [13) and I .. er 

modilied by Jain, Gool, and Hanson (8). Ballio, Gobeui, and Zanon [3J proposed an empirical model 

to predict the cyclic behavior of double angle bracings. The model is based on the data obtained by 

Zanon from his monotonic teStS of small scale specimens. 

1.3 Objective and cOile or Research 

The purpose of lhis investigation is to analyze the effect of stitch spacing on the performance 

of built-up double angle and double channel bracing members under cyclic loading. The analysi is 

based on previous 10SIS by ASlaneh and Gool [2J supplemenled by five addiuonalle>1S on doubl< angle 

and three on double channel specimens. Also, the interaction of stitch spacing with another cntical 

parameter, width-thickness ratio. is investigated. First, a specimen was Ie ted which had stitches 

according 10 the currenl recommendation of AISC Specification (14). Then. for Ihe neX! pecimen. 

modifications in the number of stitches and width-thickness ratio were implemented. based on data 

analysis and the observed behaVIor of lhe previous specllt1en. TeslS '" thi' ,rudy were performed only 

on welded members, since the behavior of bolted specimens has been found to be inferior duc to 

SlippaGe and "emning of the section by holes. 

The experimental program is described in Chapter 2 and the lest results 11re discus cd in 

Chapter 3. Chapter 4 gives the summary and conclusions and finally Chapter 5 COOlaJn suggc!.uons 

for future study based on the observations and conclusions of the present study. 
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2 EXPERI;\JENTAL PROGRAM 

2.1 Tes t program 

The C'xpcrimenUJl program consisted of tcsting five double angle and three double channel full 

size specimens under quasi·static cyclic loading. The lcst specimens represent double angle and double 

channel bracing members in a steel frame. The end connections of the bracing members use welded 

gus et plates. 

2. 1.1 Double Angle pecimens 

All five double angle specimens were made from two unequal leg angles with longer legs 

placed back to back. This configuration is the conventional onc used In practice in which the angles arc 

SUlChed together and connected to the gusset plate by mlet weld. The five specimens tested fall into two 

categories of width-thickness ratio i.e., 10 and 6.7. Oilier geometric properties of the specimens are 

given in Table 2.1 . Four different stitch spacings were employed, of which the flJ"St onc was selected 

according to AISC Specification [14] to evaluate the current deSIgn practice. DeciSIons on the stitch 

spacing of subsequent specimens were based on the test observation of this specimen. 

2.1.2 Double Channel pecimens 

The three double channel specimens tested were mnde from two channel sections placed 

toe-lO-loe to form a box section since thjs configuration is the rna t efficient utiliz3tion of the m:lIcrial. 

Two American standard channel sections were selected giving a slenderness ratio of about 50 and 

width-thickness ratios of the channel web of approximately 14 and 18. Other geometric propenies of 

the tes t specimens are given in Table 2.2. Three different stitch spacings were employed, all in 

compliance with AISC Specifications to prevent buckling of the individual components before the 

ovemll buckling of the member under compression. 

2.2 Test et - p 

2.2.1 Four-Hinged (rame 

The loading system shown in Figure 2.1 consistS of 3 four-hinged testing frame and z. 

double acting hydraulic actuator. The specimens were diagonally mounted In the four-hmged frame 

consisting of twO horizontal beams of W53X 142 and twO vertical column!i of \V 14X53. The beams 

and columns are connected by four 3-112 Inch pms. Althe locuuon of the pins ndditional reinforcing 
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ilnd slIffcning plates are used. The lower beam of the four-hinged frame is fixed to the supponmg 

lrUcmrW floor. but the upper beam i free 10 move horizontally tn its own plane. The hydraulic 

actuator forces the venicai columns of the four-hinged frame 10 rotate about base hinges whtle 

rc:saicting the out-of-plane plane movement of the test frame. 

2 .2 .2 Hydr:au lic Actua tor ,!stem 

The loading SYSlem consists of a double-acllng hydrnulic actuator Model 207 16a 

manufactured by MTS systems corporation. The push-pull hydraulic ilCtuiltor i po ilionc:d 

horizonuaHy directly above the top beam of the four-hinged frame. The fixed and active ends of the 

actuator are connected to the reaction wan and to a br.tcket attached to the upper beam of the four-hin::ed 

frame, respectively. A universal alignment mounting accessory, swivel base and heads, is used at each 

end of the actuator in order to reduce misalignment due to defonnations of the Ie 1 fr.l.me during the Ie 1 

and provide PiVOtal freedom at me ends. The ilCIU(UOr has a double IlCtU1g piston with a cJpacuy of 146 

kips (I. I MNl In tenSIOn and 328 kips (1.4 MNl In compn:ssion and a mnximum stroke length of 16 

inches (41 cm_l, 

The pressurized oil needed for the actuator IS provided by a 506.61~70·gpm hydr:tulic 

pump by MTS systems corporation. The movement of the pi ton i controlled by 11 servovalve unll, 

mounted on the actuator manifold. which is controlled either manually or aUlom.:nically by" ~06. 11 

model controller by MTS systems corporation. All the tests 10 this program were carried out by 

manual control because of need for stopping the operation at any desired point in order to lOSpect 

specimens. to make recordings. and to talee photogruphs. 

The loading system performed well during (he testS except for two cases 1.0 WhiCh, due 

to improper functioning of the control system, the HI'St cycle buck.bng loads of specimens A2 and A3 

were not recorded. In order to keep the loading system in good shape. the actuator W3 e:tercised for 

many hours before mounting a spcclttlen 10 the Ie t fmmc . 

.2.2.3 Ins trumenta tion 

The instrumentation shown schcnutically in Fig. 2.2 consisb of the folio" ings: 

I Two Line3.r Variable Differential Transducers (L VOn for mea)unng I1XlJ.i ddormauons: 

2 Ruler for lateral deformation measurements: 

3 Load cell for axlW load measurement (nol shown an the schematic); 

.. EP series train gages For strnin mensun::ment tlt cntical POlOtS. 

8 



L VDTs measured the deformations between the twO moving pans of the telescopic tubes 

which were connected to the end plates of a specimen. Considerable difference beN.'cen the two 

measurement were recorded. It can be attributed mamly to rolallon of the end plates. therefore the 

average of the twO measuremenLS was used to define the axial deformation of specimens. 

The wire transducer used Ifl previous tests at The UOIversity of Michigan for 

measurement of laternl defonnation gave incorrect values. Therefore. a simple ruler was used to 

measure the lateral displacement at mid span of the specimens. 

The load ceU mC3suxeci the horizontal force applied by the actuator to the upper beam of 

the four-hinged frame. Neglccbng some small friclion force in the hlOges of the frame as well as some 

small geometric change, the axial force in the specimen can be linenrly related 10 the force measured by 

the load ceU. The test specimens were positioned diagonally in the four-hinged frnme, making about a 

45 degree angle with horizontal beams of the frame. The actu:uor applied the force to the upper beam 

in the horizontal direction, so the axjal force in the specimen would be equal to the force applied by the 

actuator diVIded by (Cos 450 ). 

Sixteen to twenty four EP series str.lingages were placed over the surfilce of each 

specimen at two or three predesignated critical locations in order to cross-check the output of the load 

cell unit and to possibly use the recorded strains in the analysis of the post-buckling bencling. 

2 . 2 . 4 Onlo Acquisflion ys tem 

The data acquisition system, Fig. 2.3, consists of the following components: 

1 X-Y Recorder : A Hewlete Packard X-Y Recorder, Model HP 7015B, is used to plot the 

hy teresis loops during the tests. It is very useful to check the rod transducers performance and to 

visually observe phenomena such as overall buckling and yieldlOg In the members. 

2 Data hannel Scanner : A Hewlete Packnrd datil acquisition system, ModelHP 3497A. IS used 

to scan the channels during the tests. The dam is stored on II ca~sette tnpe and ponions of the data are 

printed a de ired. 

3 Volt meters: A digital voltmeter i used to monitor and control the voltage changes of the load cell 

whIch repre entS the direction and magnitude of the axial deformation. 

2.2.5 Dala Processin g yS lem 

A few computer programs were developed to store the data on the liP computer tJpe. 

• 

• 

• 

• 

• 

• 

• 

• 

The programs convened the data recorded as voltage into nppropriJh! phy ical quantities by applying • 

corresponding calibration factors. A computer program. "PCTALK", was used to transfer the data 
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from the HP computer to an IBM computer and a few computer pro~rams were dC\·cloped to process 

the 3Cquired daUL 

2.3 election of Test peri mens 

2.3. 1 Double Angle pecimens 

Due to single axis of symmetry an the cross secLion. double angle members could buckle 

in one of three modes; in.plane Ocxural, oUI-of-plane nexural, and torsional flexural. All specimens 

were de igned to buckle in out-or-plane nexural mode, Ilnd they did so. Two sets of angles, 

2L2.5x3.5xIl4 and 2L2.5x3.5x3/8, were selected which give effective slendc:me s ratios of 130 and 

117, respectively. Two different stitch spacings were used for the first et and three differenl.!.litch 

spacings were used for the second. The Icndemcs ratios were calculated based on Ky-l anee the 

buckling shape was very close to that of a hinged-cnd alliaJly-loaded strut 11115 Stems from the very 

small out-o(-planc stiffness of the gusset plate compared to that of the member. The difference tn the 

slendernes rutio is due to selection of two different width-thickne s ralio of 10 and 6.7. Different 

width-thickness ratios and slenderness ratios were selected in order to examme melT effeeLS on the sutch 

spacing requirement. Details of all specimens are shown in Figure 2.4 through 2.8. 

2.3.2 Double Chonnel pecimcns 

Channel sections were welded toe-to-toe to fonn :1 box section, a shown In Figure 2.9. 

Thi configuration is used in some countries for bracing members and found to be: ... ery promisins. 

First. cold-formed box sections exhibit poor ductile behavior due to their hort fr3cturc life. 

However. 11 box section made from A36 double channels has the desirable charactcnSlics of a box 

section while it is not cold-formed, leading to more ductile behavior. Second. large thickness of the 

channel nanges resultS in smaller width-thickness ratio of the ides of the box seell n which reduces the 

severity of local bucltling In the post·bucklin& runge. e\·enhcle s. the behavior of thl kind of 

built·up section has not yet been studied well. 

Two Americ:m standard channels. CSx6.7 and C4xS.4 were u~¢d with a ~peCi31 end 

connecuon as shown in Figure 2.10. This end connecuon \\ as de~lgncd to provide a fixed-end 

connection, against both in-plane and out-o(-plane buckling,. This arrangement dc:creJsl!S the 

!!Ilenderne~s ratio. and consequently increases the: buckling load.!t. Thu~, Jn cITc:c:tl\1! length (Jetor of 

0.5 was used Ifl all calculJtions. I.C., Kx-Ky. 0.5 
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2..1 Des ign Phi losophy 

Two philosophies can generally be used in the design of the ConneCl1ons for bracing members. 

In the: first philosophy, the connections are designed to develop the tension yield capacity of the: 

member. In the second philosophy, the connections are designed without the one-third increase 

usually penniltcd for stresses in members resulting from eanhquake forces. These tWO design 

philosophies are usually referred to as "UILimatc strength design" and "Allowable Stress design", 

• 

respectively. BOlh oflbes. philosophies satisfy the requiremenl of Section 2312UlIG of lhe 1982 • 

edilion of lhe Uniform Building Code (UBC). The allowable StreSS philosophy was used in lhis 

study, in which the connections were designed to resist a tension force equal to 1.33 times the 

allowable tension capacity of the bracing member using the provisions of Pan 1 of the AISC 

Specific3tion [14]. As a result, the tension capaci ty of the connections was 33% more than that of the 

bracing members. A detailed design method for gusset plates as recommended by Astaneh [2] was 

followed to ensure having a ductile behavior of the connections. The most important recommendation 

• 

in the Astaneh's method, i.e., "An adequate free length of gusset plate equal to twice its thickness • 

beyond the angle is necessary to ensure the free fonnalion of a plastic hinge and to improve ductility of 

the gusset plate", proved to be adequate to prevent failure in the connections. 

2.5 Fabrication of The pecimens 

The following steps were taken in the fabrication of all specimens: 

1 Gusset plates were welded to the end plates by fillet welds using E7018 electrode rods. Welding 

was done by an experienced welder under careful supervision to ensure adequate penetration. 

During welding, me end plates were positioned horizontally and the gusset plate vertically, as they 

would be in real structures. 

2 The end and gusset plale assemblies were pluced in an assembly jig. )hown in Figure 2.11, with the 

• 

• 

same dingonal dimension as me test frame. Then the angles or channels were cut 10 size and put in • 

place for welding to gusset pliJtes. 

3 At predesignaled locations nlong the specimen, a number of strain gages were in~(3Jled. 

~ Finally. aftcr exercising the fmme for a few hours, [he speCimen was [Jkl!n out of the jig and placed 

in the [esllng frame, as shown 10 Figure 2.12. Ten [0 twelve 1·1I~ inch high strength bolts were 

used to connect the end plales to the test frJme. 
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2.6 Deformalion Hi lory 

2.6.l Double ngle specimens 

A typical deformation hi lOry of the double angle specimens IS hown In Figure 1.13. 

The following POints were considered in the selection of thi defonnilllon history : 

1 DefOl1113uon sequence should simulate the effect of severe cyclic loading such as !.he one ex.pected in 

severe eanhquakcs. A previous analytical tudy [8] shows that under everc earthquakes. 11 braced 

frames may have $lory driflS more thllJ1 2% of the story heighL The 2% drift would result in 2.0 

inches of axial deformation in the test specimens. Using A36 grade steel for the test specimens. 

which usuDlly exhibits yield strength around 45 k i. the axial deformation is equallo approximately 

10 Oy. where 0'115 the axial yielding deformation of the specimen based on Fy.,-45 ksi. 

2 For three reasons. cyclic loading st.arts with applying tcnsion force: first. to reduce the initial 

crookedness of the specimen; second. to check the actual yield slJength of the specimen as indic3ted 

from the flatness of the hysteresis curve, before any buckling occurs; thard, to clm,·check the load 

cell calibration factor by using strain gage values m the vugm stale 10 which no residual plastic stram 

IS mtroduced to the specimen. 

3 For the sake of comparison, the defonnation hi lOry was kept slmtlar to the one used to previous 

studies (2) and [5). 

The length of the specimen increases through cycles. The increase is due to the 

Introduction of plastic defonnation intO the specimen in the post-buckling region. This incr~ase in 

axial length. called the "column growth phenomenon". causes a kink (initial curvature) at the level of 

zero axjal defonnation. The presence of this kink cau es larger level of later.1I defonrution for the same 

level of axial deformation, compared to the case for the virgm specimen havmg no kink. Obviously, 

the test sct-up has a iimiration for the maximum level of lateral deformation. Therefore, 10 their last 

cycles, somt specimens underwent extreme axial compression deformation of lr.hghtly Ie" than 10&y. 

2.6.2 Double C hannel pecilllens 

A typical deformation history of double channel lr.pc Imens, hown to Figure 2.1~, 

imutates severe load reversal thaI a braCing member may experience 10 a trong earthquake. For the 

sake of comparison, the deformation history was kept tdenucallo the one u!t~ 1M lhe pre\ IOUS !tludy ':11 

the Untversity of Michigan. 
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3 EXPERI:\1ENTAL RE UL TS 

3.1 Double Angle Specimens 

The two sets of specimens consisting of 2L3.5x2.5xl /4 with bIt ratio of 10. Dnd 

2L3.5x2.5x3/8 with bIt of 6.7 were investigated. Two different stitch spacings were used for the first 

set and three different stitch spacings were investigated for the second SCL The resultS are discussed in 

the following sections. 

3. 1.1 General Cyclic Beh.vior 

The cyclic defonnation histories of double angle specimens are shown in Figure 3.1 

through 3.5. The major aspects of the behavior of the specimens are ciled in the figures and also 

tabulated in Table 3.1. All specimens were initially pulled up to an axialtcnsion deformation equal to 

Ily• which generally induced a load less than Py in the specimens due 10 their initial crookedness. 

However, in the subsequent cycles the specimens were pulled up to their yield point indicuted from the 

flatness of the hysteresis loops. 

In the gusset plates generaUy no phenomenon derrimental to specimen performance was 

observed, since they were designed according LO the recommendation of Reference 2. However. an 

exception was specimen A3 in which, unintentionally. the free length beyond the angle was Slightly less 

than its recommended value, two times the thickness of the gusset plate. ConsequentlY, ;1 small crack 

developed in the lower gusset plate but it was not very signilicant. All specimens buckled out of plane, 

as they were designed for. In all specimens faiJure mode was associated with fracture in the 

• 

• 

• 

• 

• 

• 

outstanding compression leg at the loca tion of local buckling. This suggests tha t any attempt to • 

increase the ductility and energy dissipation capacity of the specimens should be tied to prevention of 

local buckling or reducing ilS severity. 

A Significant drop in the buc.kling load from the first to the second cycle occurred in all 

specimens. This is attributed to the geometry effect coming from large slenderness ralio. TIle 

bUCkling load continued to decrease during the later cycles but al a much smaller rate as also indicated 

by the hysteresis loops of specimens A4 and A5 in Figure 3.6. 

The folJowing sections discuss different 3Sp!C1S of the gencml behavior of all five double 

angle specimens. 
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3. 1.1.1 peel m. n Al 

In the first specimen, A 1. the stitch spacing was ba cd on AISC Specification 

requlf'emcnl. Section 1.18.2.4. The requirement tales thnl "Compression members compoltCd OflWO 

or more rolled shapes sep3rated from one another by lntermittent fillers shall be connected to one 

another 31 these fillers at intervals such that the slenderness ratio lir of either shape:. bet\\' cen the 

fasteners. does not exceed the governing slenderness ratio of the built·up member" This considerntJon 

served its Intended purpose. so thut no individual angle buckling was observed before the overall 

buckling of the specimen. It was observed lhllt due to some imperfection and accidental eccentricity 

overllll buckling did nOt occur when the specimen was perfectly straight. On the contrary, omt! 

nonlinearity occurred before overall buckling and consequently nt the lime of overall buckling the 

specimen had some curvature even in the flrst cycle. This curvature increased during subsequent 

cycles due to residual deformation from previous post-buckhng ranGe. 

After over.ill buckling in the so-called "post-buckling range" the pecimen unden\ ent 

bending 10 Its plane of symmetry due to moment applied by P-.l c:ffect. Immediutdy after overall 

buckling. IItll point 12" distant from the stitch at mid span in the lo \\ cr purl iun , the sap bet\ ... ~en the 

two angle closed very rapidly and initiation ofa plastic hlOge wu observed at this pomt. Howe\er, 

the location of the gap closing and plastic hlOge shifted to a point symmetrical to the origlO31 one i.e .• 

12" distant from mid span in the upper portion. most probably due to strain hardeOlng. The gap 

clOSing can be attributed LO individual bending of the nngles because a sufficient number of slitche 

were not provided to cause overnU bending behavior rather than indiVidual bending behavior. The 

specimen suffered failure in the welds of the base plate to the gusset plate during cycle 18. 

3. 1.1. 2 Specimen A2 

The stitch spacing for this specimen was selected based on the ob er\":uion of the 

distance between mid span and the gap closing location in specimen A I The first C)"cl~ pre-buckhng 

behavior was simllar to specimen A I. However. due to malfunction of the actuator. the fi~t cycle 

buckling load was not recorded. In post-buck.hng range, no gap clo!;lOg was obsel'\'~d unul cycle 5. 

Thus the !ip«imen exhtbited a compound-section ~ha\·ior rather than IOdi\'idual bending of the IWO 

:lngh: components. Gap closing occurred In cycle S 10 which thl! ~!,,!clmen undcl"\\cnt .tn axial 
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• 
compre sian defonnation equal to 3 6y while for specimen Al this happened in cycle 1 in which the 

axial compression defonnation was only 6)'. 

It should also be nOted that although the gap closing started at cycle 5 in specImen A2 its • 

complete closing did not occur until cycle 7, in which the extreme axial compression defonnation was 

cqualto Say. This shows that closer stitch spacing not only delayed the starting or the gap closing 

phenomenon to a much larger axial deformation level but also delayed its complete closing for twO • 

cycles. The advantages and disadvantages of this delay in terms of buckling load and energy 

djssipation will be discussed laler. 

3. 1.1.3 Speci men A3 

This specimen was onc of the three specimens selected to have bIt ratio of 6.7 to comply 

with Section 2.7 of AlSC Specification (14). This selecLion was part of an attempt to examine the 

effecl of bIt ratio on member performance. The stitch spacing was selected based on a hypothesis 

which considers selection of unstitched length in such a way that plastic hinges in individual angles do 

not occur before the fonnalion of overall plastic hinges in the combined section. So far, in its original 

fonn, this hypothesis has not been proven. Nevertheless, this 37" spacing was less than half of the 

maximum spacing allowed by AlSC and yet not enough to prevent the gap closing (individual angle 

bending) which occurred in cycle 4. 

3. 1.1.4 Specimen A4 

The stitch spacing for this specimen was selected based on an equation in the AJSC 

LRFD Manual [IIJ indicating lateral suppon requirement for excessive rotation in beams. Although 

this requirement is not meant for the case under consideration, it was thought that since the present 

problem in the post·buckling range involves excessive romtion of the individua.l a.ngles, this formula 

• 

• 

• 

• 

may be applicable to prevent gap closing at least at low levels of lateral deformation. The gap closing • 

look place in cycle 4 like in specimen A3 but it had slightly better performance in te.rms of cyclic 

buckling load and energy dissipation which will be discus ed in later secuons. 

3. 1.1.5 Specimen AS 

Since it was observed that the performance of specimen A4 was better than the 

performnnce of specimen A3, it was decided to funher reduce the slltch spu ing from 17" in specimen 
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A4 to 12" in specimen AS. As mentioned before. this 12" spacing was based on observation in 

specimen A t in which 12" distance was measured between the mid span (ilch Bnd the gap clostng 

locauon. Except for the nnt cycle buckling load, whIch was the ame, the performance of thIS 

peclrnen wa inferior to that of specimen A4. Due to limited data at thi stage, this difference cannot 

be explained.. More data is needed in order to establish a rational criteria for optimum stitch spacing. 

3. 1. 2 T he Mecha nism of Ga p Closin g 

In order to understand the mechanism of gnp closing. the phenomenon wa closely 

observed in specimen A2. At the onset of the gap closing. the axial deformation was Increased (U a 

constant low rate. It wa observed lhat sudden gap closing. which can be an indication of buckling of 

the Individual compression component, did not occur. lnslcad. gradual gap closing occurred which 

was an indication of individual bending behavior. One other imponant poi.nt observed an this 

specimen was that while the gap was completely closed at the bouom of the back-to-b3tk leg. it was to 

some extent open at the top of this leg, as shown in Figure 3.7.D. This indicated that individual 

bending occurred about the weak axis of the angle components. 1.-1., rather than y-y axis. This leads to 

early clOSing of the gap at the bonom of the back-to-back: legs. This process is schematically shown in 

Figure 3.7.b. Afte r close exominouon or ga p clo log in s peci men A2. it wo concluded 

tha t th is phenomenon invol\'es Indi vidua l bending o r the a n gle components. Further 

undentanding of the mechanism of gap closing requires paying attenlion to the axiallood path from the 

gusset plate to the member near mid span as will be explained in the following paragraph. 

The specimen due 10 overall P-.1. effcct expe:ncnces a moment that imposes same-direction 

bending on both angles. This bending causes the specimen to respond as Q compound section resulling 

in an overall curvature in the specimen as shown in Figure 3.8.a. On the other hand. at the end of the 

specimen. uinlload P is partitioned and transferred from the gusset plate to the individual components 

along the angles' edges. The next stitch is nOt close enough for these two partilioned axial forces to 

merge together such that the combined load acts on the overall centroid. In lead, each panllioned 

axial force acts along the edge of the corresponding angle os shown 10 Figure 3.8.b. In a free body 

diagram, transfer of each partitioned axial force to the centroid of Ihe cOrTe!tponding angle apphcs 

bending moment 10 the twO components in 1\\ 0 opposil e directiuns. These Iv .. O opposite bending 

moments make them get closer nnd reduce the gap in between. It W~ observed thai the rale of 
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deformation due to this local bending was faster in the component which was under compression, 

compared to the deformation rate of the tension componenL This is attributed to the fact thai some pan 

of the compression component had been plastified resulting in a lower modulu of elasticity and 

• 

consequently a lower bending stiffness. This lower bending suffness causes faster deformation role in • 

the compre sion component Disadvanlllges of the gap clo ing were explained in Section 1.1 and will 

be fUMer analyzed in the subsequent sections. 

3.1.3 Critical Buckling Loads 

The measured buckling loads of all specimens during the flfSl len cycles are given in 

Table 3.2 and were Donnalized with respect to their own IlCtuwtension yield capacity, Py. 

3.1.3 . 1 The Firsl Cycle Buckling Load 

The measured first cycle buckling loads of all specimens are shown in Table 3.2. 

The slenderness ratios were calculated based on Ky-I .O. Column 4 specifies the calculated values of 

the rll'S1 cycle buckling load from AlSC Formula (1.5-2) without using the factor of safety. Tension 

• 

• 

yield capacities, Py, insened in Column 3 were determined from the natnes of the hysteresis loop near • 

tension yieldtng. The measured first cycle buckling load of specimen A I was 10% more than the 

calculated one. This difference was 34% and 31% for specimens A4 and A5, respectively. As 

stated before. the first cycle buckling loads of specimen A2 and A3 were not recorded due to an 

accldenL However, by comparison of the first cycle bucJuinS load of specimen A4 and AS. it can be 

said that the fIrst cycle buckling load is not a function of the stitch pacing. Higher mc:asured buckling 

loads compared to the calculated ones CDn be attributed to the fact that assumption of hingc:d-cnd 

• 

connection may not be perfectly correct. This happens because of some stiffnc:ss provided by the • 

gusset plates against out-of-plane rotation which leads to reduction in effecuve length factor, Ky, which 

was considered to be equal to 1.0 in the calculation of Per from AlSC fonnula. 

In specimen A I, immediately after the first cycle overall buckling, the gap between • 

the twO components was completely closed. This closing occurred due to exccs ive unstitched length 

in the specimen while it was nOl the case for all other specimens which had Jt least twice the sUlche.s 

required by the current AISC Specification requires. 

3. 1.3.2 Cycl ic Ilu ckli n~ Loads 

Numerical values of cyclic buckling loads of spcclmtn A J and A2 in Table 3.2 are 
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presented graphicaUy in Figure 3.9. This figure shows me increasing effect of closer stitch spacing on 

the cyclic buckling loads, i.e., specimen A2 Wilh closer stitch spacing had consi tcolly higher cyclic 

bucklmg load except in cycle 10 in which it failed. Another comparison of cyclic buckling loads 15 

made for the second set of specimens in Figure 3.10. Comparison of specimen A3 with A4 and A5 

leads to the same conclusion that cyclic buckling loads for the closely stiched specimens. A4 and AS. 

were higher than those of specimen A3. However, with regard to cyclic buckling loads, the 

perfonnance of specimen AS with a closer stitch spacing of 12" was inferior to rnal of the specimen A4 

with 17" stitch spacing. This cannot be explained at this point due to lack of enough data. Lower 

cyclic buckling load generally means less energy dissipation in the corresponding cycle which will be 

shown in a later section. 

The cyclic buckling loads of specimen A2 and AS, having the same stitch spacing but bit 

ratios of 10 and 6.7, respectively, are compared in order to examine the effect of bit ratio. Since the 

slenderness ratios of these specimens were different, cyclic buckling loads were nonnalized with 

respect to their own calcuJated first cycle buckling load. These nonnaliz.ed cyclic buckling loads are 

indication of the stability of specimen's hysteresis loops. This comparison is presented in Figure 3.11 

and the only conclusion from this figure is that during the fltSt twO cycles the specimen with smaller 

width· thickness ratio had higher buckling load while the opposite is true for the rest of the cycles. Due 

to insufficient data for different bIt ratio, this conclusion also cannot be rationalized. 

3. 1.4 Local buckling 

Failure of all specimens was associated with fracture in the outStanding leg of the angle 

which underwent compression during post· buckling bending. This fracture is a direct resull of severe 

local buckling while no other major failure was observed. The firsltwo specimens had a bit ratio equal 

to 10 complying with Pan 1 of AISC Specification. One obvious correlation between local buckling 

and the stitch spacing can be noticed. Local buckling in specimen A I started in cycle 3 while in 

specimen A2 it was delayed to cycle 5. This shows that closer ~litch spacing in the first set or 

~pecimens delayed the occurrence of local buckling. However, such a correlJLion was not)o obvious 

in the second set of specimens, A3. A4, AS, for twO reasons . First. the second set had 3 mailer bit 

ratio in compliance with Pan 2 of AISC Specification. Second, the. difference in the stitch spacing 

was nOt as drastic as the one in specimens A I and A2. Consequently, regardless of me stitch spacing, 
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local buckling occurred around Cycle 6 with extreme compression deformation equal to 3ll.y. This 

may be attnbuted to the fact that the second set of specimens did not have stitch spacing close to AJSC 

requirement, which for this set of specimens was calculated to be equal to 63", Instead, due to 

observations 10 specimens At and A2, the stitch spacings were selected 3S 37, 17, 12 inches for 

peclmen A3, A4, and AS, respectively. By drawing an analogy wilh the ftcs! sel of specimen. 11 may 

be said that if these specimens had stitch spacing equal 10 63", local buckling could have occu.rred much 

sooner than cycle 6- which was the case for specimen A 1 with the stitch spacing equal to 71". 

In the closely-stitched specimen. the gap closing was a gradual process as the axial 

defamation increased. However, one common effect oflocill buckling on the gradual gap closing was 

to expedite the process. In other words, the gap closing occurred at a much faster rate since local 

buckling caused the resisting angle section to transfonn to a mere plate· the back·to--back leg bending 

out of plane with a very small stiffness. In fact, after loclll buckling, the gap closing was unifonn 

along the width of the back·to--baclc leg and the phenomenon explained in Section 3.1.2 and shown in 

Figure 3.7.b could not be seen thereafter. 

3. 1.5 Energy Dissipa tion 

An imponant response par:lmeter for inelastic cyclic loading is the energy dissipated by 

• 

• 

• 

• 

• 

the bracing member. The energy dissipated during each loading cycle was calculnted for Illi five • 

specimens from their axial load vs. axial displacement plots and it was normalized for the sake of 

comparison. Nonnalization is carried out by dividing the amount of dissipated energy by the cross 

section area of the cOITCsponding specimen. Table 3.3 shows the numerical results for the first ten 

cycles of all specimens along with the total energy dissipated by each one. The difference in IOlal 

energy dissipated by S specimens cannot be analyzed at thls point. Figure 3.12 shows a comparison 

of the energy dissipation of specimens Al and A2. 

• 

It can be concluded that the cyclic energy dis ipation is not a function of the stitch spacing • 

in the first set of specimens with width·lhickness ratio of 10. This may stem from the fact that local 

buckling due to large bit ratio was so dominant that closer stitch spacing did not affect cyclic energy 

dis ipauon cnpacity. However. the closer stitch spacing could play its role in the second set of 

pecimcns in which the local buckling was not 3 dominant factor due to smaller width·thicl"Tles ratio of 

6.7. Consequent.ly. closer stitch spacing in the second set of specimens caused more energy to be 
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dissipated. Figure 3.13 shows mat peclmens A4 and AS with smaller stitch spacing dissipated more 

energy in comparison with specimen A3. Note thnt energy dissipation In the beginning cycles cannoc 

be a cnlerion since extreme compression deformation in these cycles was Its than 2..ly and also the 

calculation of energy dissipation is very sensitive to whether or not predctcnnined level of extreme 

compression deformation could be reached. As stated earlier, equal or somewhat Inferior performance 

of specimen AS, with smatter stitch sp3cing, compared to the behavior of pecimen A4 cannot be 

analyzed at this point 

One ftnal comparison is made between the energy dissipation copacity of specimens A2 and AS 

in order to examine the effecl of bit ratio. Figure 3.14 shows that more energy is dissipated by 

specimen AS which had a bit ratio of 6.7 as opposed to 10 for specimen A2. This Significant 

difference is due to the reduction in the severity of local buckling in specimen A2 and indirect 

favonlble", ult of srruJller bit ratio. 

3.2 Double hannel pec imens 

Three different stitch spacings were used for three double channel specimens; the spacing 

according to current AlSC Specifications. the continuous stitch. nnd the spacing twice closer than whnt 

the current AlSC SpeciflCations [14) requires. The results arediscusscd in the following secuons, 

3.2.1 Gene ra l Cyclic Behavio r 

The cyclic deformation hjstories of double channel specimens are shown in Figure 2. 14. 

Like double angle specimens, all specimens were initially pulled up to an axial tension deformation 

equal to Ay which generally induced a load less than Py in the specimens due to their initial 

crookedness. The initial crookedness wa reduced or completely eliminated due to this sequence of 

axial deformation. All specimens were subjected to cyclic loading until fracture developed through 

more than half of the section. All specimen buckled in the plane of the test frume which WI 

perpendicular 10 the channel web. 

The following sections di cu different aspect of the general behavior of all three 

double channel specImens. 

3.2. 1. 1. pecimen C I 

Specimen Cl was made of 2C5x6.7 American standard chJnncis Wllh an effective 
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slenderne s rOllo of 50. The specimen had a clear stitch spacing of 21" while the minamum 

requirement IS 24" according to current AlSC specifications [141. In the first cyete prior to reaching 

the buckling load, the specimen st.aned to bend considerably in II slne-shaIXd configurauon. Further 

• 

bending caused formation of three plastic hinges: one III mid span and two others at the end POints close • 

to the gusset plates. Funher mcrease of axial deformation caused the mid span plastic hmge to 

suddenly sluft to a point very close to the fllSt stitch at the upper end. This shifting of mid span plasuc 

hinge caused the formation of a unique triangular buckling shape as shown in Figures 3.15.3 and 

3.IS.b. At this s"'ge, local buckling occurred .t the location of the plastic hinge in both the nanges 

lind the webs of the channels. In the subsequent cycles. the severity of local buckling increased rnpidly 

due to excessive hinge rotation and consequently the compressive suenglh of the member deteriorated. 

At the end of the first cycle, cracking initiated in the flange next to Lbe location of plastic hinge and 

developed throughout the whole section in the subsequent cycles. This specimen lasted only three 

cycles and It was subjected only 10 a maximum axial compressive defonnation of S.1.y. 

shows the fracture in the specimen Cl at location next to the flt'Sl sutch. 

3.2.1.2 Specimen C2 

Figure 3.16 

Specimen C2 was made of 2C4x5.4 American tandard ch3nnels with an effective 

slenderness ratio of 56. The two channels were connected to each other by continuous weld which 

makes them like a rectangular tube section. In the post-buckling mnge, a sine-shaped configuration 

was fonned with one plastic hinge at mid span and two others at the ends. as shown in Figure 3.17. A 

minor local buckling occurred at mid span in Cycle 3 but its growth was slow until cycle II. In cycle 

12 in which the maximum compressive deformation was increased to 15 ily• the local buckling became 

more severe and two more plastic hinges fonned at the two ends of the member next to the gusset 

plates. Increase in the severity of local buckling caused the ero S eelion to di tOn as shown in 

Figure 3.18. The dislOnion caused the webs of the channels to reduce the space in between whereas it 

caused the toes of me channels to get fanher OUt. Consequently, fracture was initiated near mid span in 

the weld connecting toes of the channels and the moment capacity of the member dropped clrn!,tically. 

This drop caused more pinching of the hysteresis loops. Thb specImen lasted 20 cycles lnd it 

survived severaJ cycles of max.imum axial compressive defonnlllion of 15.ly. 
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3.2.1.3 pecimcn C3 

Specimen C3 was made of 2C4x5.4 American Standard channels wuh an effective 

slcndemc s muo of 56. Based on the observation of the test of Specimens Cl and 0, it seems that 

the current method of nominal design for sUlche i inadequate to provide the sl.f'eogth requi~d In the 

post· buckling range. The poor performance of Specimen CI as opposed to the good energy dIS 'pJuon 

of Specimen C2 suggested the use of n closer stitch spacing (or Specimen 0. A stitch spacing of 10" 

was u cd in Specimen C3 which is approximately half of the maximum sutch spacing allowed by AISC 

Specification [14]. The behavior of this specimen was very similar to the behavior of Specimen C2. 

One plastic hinge fonned within the unstitchcd length, some distance from the mid span stilth. The 

mid span plastic hinge did not form exactly at the stitched portion indicating that the plastic modulus 

was slightly higher than the plastic modulus of the unstitched portion. The twO other plasuc hinges 

formed at the ends next to the gusset plate as shown in Figure 3.19. A minor local buckling occurred 

in the concave- ide component at the locauon of the lower plastic hange. A fracture initiated in the 

weld of the mid span stitch in cycle 9 which was followed by a complete tearing of the weld in cycle 

IS. The specimen lasted 24 cycles in wruch a complete fracture wa developed in the concave-side 

channel 

3.2.2 The Erfeets of lilch pacing 

The effects of the stitch spacing on the performance of the lhrce double channel 

pccimens are discussed in the following sections. The performance is discussed with regard to 

post-buckling shape, the distortion of the section, the frllcture life, and the energy dissipation capacity. 

3.2.2.1 Post.Ouckling hape 

Buckling shapes of the tested specimens were a sine-shaped curve at the Start of 

buckling. This kind ofbuclding shape was maintained in post-budding r:lnge until the f::ulure in the 

Ctl e of pecimens C2 and 0, which had conunuous stnching and twice the number of the: SU1che 

reqUired by current AtSC Specification [141. respccti\·ely. As for Specimen CI with 21" stitch 

spacmg.s perc",",nt AISC Specific,"on 1141 •• dirferent post·buckling sh.pe ".s ob .. rved. At the 

first buckling load, a SlOe-shaped buckling curve was observed first. A!t the l.uer.11 displacement 

increa~d funhcr, the plastic hinge suddenly shifted to\,\J.rds Ihe tOp. and formed next to the tirst stitch 

rrom the top end, as shown 10 Figure 3.15.a and 3.IS.b. This pla~tic hinge shifll~ clearly due to too 
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Inrge stitch spacing as given by the CWTCnt design specification. 

The mechanism of shifting of the plastic hinge and consequent change of buckling 

shape is believed to be that when the stitch spacing is larger than a certrun value. the twO channel are 

• 

able to bend individually. The moment apachy in that portion of the member is significantly reduced • 

from that of the combined section and the load sustained by the member drops. This results in the 

change of buckling shape and consequently loss of energy dissipauon capacity and early failure. 1t 

should be possible to formulate a theon:tical model to detennine such a critical spacing for a member. 

Test results showed effects of different stitch spacing. It affected the rate of the 

drop in buckling load and the energy absorption capability of the specimens. Figure 3.20 shows the 

drop in buckling loads with the number of cycles for the three specimens . 

3.2.2.2 Distortion or eclion 

For built-up double channel section the two channels tend to bend individually 

when stitch spacing is large. This results in dislonion of section, as shown in Figure 3.18. and 

reduction of moment capaciry. Stitches play an important role in mat they should hold two channels as 

one single unit. The strains at the edge of channel flanges are thus smaller Bnd distortion of the section 

would not occur. However, for unstitched ponion. Single channel behavior takes place and channel 

nange is then subjected to large strains and section distortion occurs. Test results showed that section 

distortion was morc severe in specimen CI than in specimen C2 and marc severe in specimen C2 tha.n 

in specimen C3. Stitches are very imponanl in keeping section from dlstonion and maintain its 

moment capacity to a cenain degree. 

3.2.2.3 Fraclure Lire 

The stitch spacing of specimen C 1 was designed per cumnt design criteria. It 

resulted in large distortion of the section, early fracture at the plastic hinge location after only a few 

cycles, and very fast development of the crack. The reason for that is partly due to larger hinge 

rotations compared to nonnal sine-shaped buckling mode under the arne a:ua] defonnation and panly 

due to distortion of the sections. Both of these are again attributed to large sp3cing of the sutches. 

The life of specimen C I was much shorter than specimen C2 and specimen 0 . pecimen C2 and C3 

showed greatly improved behavior in teons of ductility and energy dissipauon. 
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3.2.2.4 Energy Dissi palion 

Energy dissipation per unit area is shown In Table 3.4 for the three specimens. 

ThIS shows thaI the closer the stilChes. the more energy di 'paled . Test resuh of spec.men CI also 

Implies that brucing members with large stitch spacing can have much shoner life: ilIld Jc:ss energy 

dissipation. 

3.2.3 The Effects or Iilch Irenglh 

For the specimens tested. fractures occurred in several stitches, which indicated that the 

stitches were subjected to large strains or forces. This resulted in reduction in momcnt capacity and 

shorter member life. Nominal stitch strength design does not seem adequate for bracing members 

subjected to large cyclic defonnation in post-buckling range as also observed by previous investigators 

[ II· 
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4 UMMARY OF TEST RE UL TS 

4.1 Double Angle pecimens 

Summary of the effect of two parameters in this study Le .. the stitch spacing and 

widlfHhickness ratio on the behavior of double angle specimen i presented In this section. 

4 . 1.1 T he Effecls o f tit ch pacing 

Examination of the performance of the two sets of specimens indicates that: 

l Ooser stitch spacing causes smaller drop in cyclic buckling loads. 

2 Closer stitch spacing delays Lhe gap closing which, due to reduction in the moment capacity, has a 

pinching effect on the hysteruis loop. 

3 Ooser stitch spacing delays local buckling since it causes compound section behavior which helps 

reducing the strain levels. 

4 In the case of larger bit ratio of 10. closer stitch spacing has no effect on the cyclic energy 

dissipation of the specimens having larger bit ratio of 10. This is due to the domination of local 

buckling effect. Closer stitch spacing causes more energy dissipation in the specimens having 

smaller bIt ratio of 6.7. The difference in total energy dissipation cannot be funher analyzed at this 

• 

• 

• 

• 

POint • 

4 .1.2 The Effects of Width-T hickness ROI io 

The following points are indicated by comparison of the behavior of specimens A2 and 

A,'j which had the same stitch spacing. 12". but bit ratio of 10 and 6.7. respectively: 

1 Since failure in all cases was due to fracture at the location oflocru buckling, as shown in Figure 4.1, • 

any attempt to increase the energy dissipation capacity should be rel.ated to the prevention of local 

buckling or reducing of its severity. 

2 Larger bIt ratio causes smaller cyclic energy dissipation which is a direCt result of more severe local 

buckling. 

4.2 Double Channel Specimens 

4 .2. 1 T he Efrects of S ti tch S pacing 

Test results obtained thus far have shown that some "secondary factors" in member 

design such as the stitch spacing and the stitch strength turned out to be very important They can 

cause severe problems and even result in early failures of members_ Stitches were also found to have 

strong Influcnce on the ductility and energy dissipation capacity of built-up double channel bracing 

members. From the test results. it is clear that the stitch design is extremely Imponant for bUIlt-up 

double channel secuons subjectcd to large load reversals. Current nominal design crileria for stllches 
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appear adequate to prevent individual channel buckling before overaLL buckling of the member. 

However, they do nOt ensure the built-up section to behave as a single unit section under reversed 

loading involving inelastic axial deformation in the post-buckling range. 111erefore, modific:lljons are 

needed 10 the sutch design rcqutn:ments. Based on the Icst rc ults so far, It can be Staled thaI lar~e 

stitch spacing has the following effects: 

l It lawen the compressive load capacity during the post-buc.kling. range In subsequent cycle. 

2 It increases the severity of local buckling and the distonion of cross section at plastic hinges. 
J It causes early fracture and member failure. 

4 It lowers the amount of energy dissipation. 
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5 GGE TIO S FOR FUT UR E I VE TlGATlON 

5.1 Double Angle Specimens 

Due 10 the observed behavior of conventional (back·to-back.) configuration of double angle 

bracing specimens and also lack of enough infonnation to analyz.e some of the resultS of this study, the 

following suggestions arc made for future investigation. 

S .1.1 Section Configuration 

Failures in all specimens were associated with fracture in the compression leg at the 

IOC3tion of local buckling. Thus. it is Lhoughl that conventional configuration for double angle bracing 

members may nOl be the most efficient one. An alternative configuration which promises a better 

performance is placing the angles toe to loe. This new configuration, as shown in Figure 5. 1.B, is 

expccleci to have the following advantages: 

Local Buckling : Following favorable conditions will be provided with regard to 

delaying and reducing Ibe severity of local buckling: 

• 

• 

• 

• 

1 Free edge of the angles will be located close to the neutral axis in which the strain levels caused by • 

bcndina in Ibe post·buckling range is minimum. 

2 Stitches will provide support for Ibe free edges against locnI buckling and prevent defonnation of 

cross section as well. 

3 At the location of maximum strains caused by P·d effect, Ibe angles will have supported edge (heel) • 

instead of a free edge. 

lirrness: In some cases, moment of inertia of the section in the new configuration can 

be targer as high as 10%, compared with the moment inenia in the conventional configuration. The 

larger stiffness causes smaller lateral deflection for the same level of axial deformation. With a 

smaller lateral deflection, the specimen is able to sustain a larger axial force since mUltiplication of axial 

force and lateral deflection is constant and equal to the plastic moment capacity of the section. 

• 

PI ::'slic Modulus: For some sections pta tiC modulus of the section in the new • 

configuration can be up to 20% more than the plastic section modulus of the conventional 

configuration. 

5. 1. 2 W idth·Thickness Ra tio 

The current upper limit of width-thickness ratio recommended by Part 2 of AISC 

Specification [141 is based on two studies performed by Gerard and Becker lol) and H3ilijer ilnd 
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Thurlimann (9) in the late 50's, The r"'t one was es entially performed for NACA (National Advisory 

Committee for Aeronautics) to establish K values for different boundary conduions In plate buckling. 

The experimental pan of the second study was performed on scaled model of plates and angle which 

did nOI simulate the post· buckling conditions which are Involved an seismic response of bracing 

members in general and built-up sections in particular. Furthermore. it WQS performed under 

monotonic loading and did not include the effect of cyclic loading. 

In order to mo", rigorou Iy examine the effect of the local buckling on the bracing performance 

under cyclic loading. tests of specimens with different width-thickness rotio should be conducted. 

The comparison of performance can be made in terms of normalittd cyclic buckling loads and energy 

dissipation per unit area of those mcmbcn. 

5.1. 3 Boundary Condition 

The hinged-end condition in bracing members cau es the members (0 fonn two plastic 

hinges in the two end gusset plates along with onc other plastic hinge at mid length of the member. 

The plastic hinges in the gusset plates do not dissipate Significant amount of energy because of low 

plastic modulus in out-of-plane direction. It is thought that adding stiffening pl:ues normal to gusset 

plates wil! significandy inc",ase their out-of-plane plastic modulus such that end plastic hinges will be 

shIfted mto the bracing member. This shift of plastic hinges has two favorable effeclS. First. it 

reduces the effective slenderness ratio of the member in to half. thus, reducing the pinching of the 

hysteresis loops in the post-budding range which is characteriSlic of the members with large 

slenderness ratio. Second, it leads to a significant increase in the energy diSSIpation capacity of the 

bracing member since the member has larger plastic section modulus than the gusset plates. It is 

suggested that tests be performed on the specimens with the proposed configuration and rued boundary 

condition for different bIt ratio. The results of those tests can form the basis for rational cL!sign criteria 

for double angle bracing members with improved ductility and energy dis ipallon. 

5.2 Double Channel pec imens 

For double channel specimens more Ie IS are need(d in orda to de\'elop and verify the 

theoretical model and suggest new criteria for the sti lch design for both spacing and strength. TestS 

should be performed on specimens with different slenderness raliO) 10 order to dC\'clop more general 

design criteria. 
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Table 2.1 . Geometric Properties of Double Angle Specimens 

1 2 3 

TEST SECTION A 

SPEC. 
2 

(in ) 

A1 

2L 3 .5 X2.5X1/ 4 2.88 
A2 

A3 

A4 2L 3 .5 X2 .5 X3/ 8 4.22 

A5 

(1) Outstanding leg. 

(2) Back·to-back leg. 

(3) Based on 
I 
unstllched 

r. 

K L 
< ( y y 

ry 

4 5 6 7 

(1 ) (2) 

K. L iCyL b !! - -r. ry t t 

63 130 10 14 

65 117 6.7 9.3 

) ov or all . 

8 

STITCH 

SPACING 
(in) 

71 
(3) 

(4) 
12 

(5) 
37 

(6) 

17 

12 
(4) 

• (4) Based on observation of distance between gap closing location and stitch in previous lesl. 

• 

• 

(5) Based on a hypothetical theory. 

(6) Based on LRFD lateral support requirement for 9X9ssive 

146 ry 
rOlational capacity 

Fv 
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Table 2.2 - Geomelric Properties of Double ~,"el Specimens 

1 2 3 4 5 6 7 8 9 10 

SPECIMEN SECTION SECTION kLl r kLlr bi t b i t bi t STITCH 
AREA in plane out of plane flange nange web 

Fy 
SPACING 

single compound 

Cl C5X6.7 1.97 50 35 5.5 9.8 18.4 53 21 

C2 C4X5.4 1.59 56 44 5.4 9.5 14.3 46 0 

C3 C4X5.4 1.59 56 44 5.4 9.5 14.3 unknown 10 

• • • • • • • • • • 
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Table 3.1 - MaJo< Aspects of the Behavio< of the Double Angle SpecImens 

STITCH SPACING START OF START OF 
GAP CLOSING LOCAL BUCKLING 

b [IN} 

SPEC. -
t 

USED AISC CYCLE CYCLE 

A1 71 1 3 

10 71 

A2 12 5 5 

A3 37 4 7 

A4 6.7 17 63 4 6 

A5 12 4 6 



• 

Table 3.2 - Bud<lIng Loads 01 Double Angle Specimens lor Ihe First Ten Cycles 

1 2 3 4 5 6 7 8 

Kt' py'"1 P cr:~I) MEASURED Pcr 
SPEC. .::JC. (Measured) Py ry kips AISC 1 2 3 

A1 135 .398 .240 .202 
130 .361 

A2 135 ---- .261 .260 

A3 198 .446 ---- .332 .244 

A4 117 198 .446 .597 .397 .329 

A5 193 .457 .600 .366 .305 

(I) Based on Ky-1.0 and L-1 42°. 

(2) Measured from hysteresis curve. 

(3) Based on Formula (1.5·2) wilhout using laclor 01 salety. 

(4) C Calculated based on actual Fy and nol the nominal one. 
c 

• • • • 

Py 
4 

.181 

.254 

.221 

.286 

.264 

• 

9 10 11 I 12 

DURING FIRST TEN CYCLES 

5 6 7 8 

.178 .155 .156 .145 

.232 .209 .207 .191 

.220 .203 .199 .193 

.257 .236 .226 .216 

.234 .216 .197 .190 

• • 

-----

13 14 

9 10 

.145 .120 

.184 .083 

.191 .184 

.205 ---

.185 .182 

• • 



• 

'" (J1 

• 

SPEC_ 

A1 

A2 

A3 

A4 

AS 

b 
t 

10 

6.7 

• • • • • • 

Table 3.3 - Energy Dlssipalion 01 Double Angle Specimens lor Ihe Flrsl Ten Cycles 

STITCH 
CYCLE ENERGY DISSIPATION (k-Ir) 

In 
SPACING 

[In] 1 2 3 4 5 6 7 8 9 

71 6.6 10.2 15.1 14 12.9 16.9 17.7 21 .4 26.9 

12 --- 5.6 10.2 15.1 15.5 16.9 19.1 19 30 

37 --- 20 23 21.4 24.8 27.1 28.8 31 .6 39.3 

17 7.4 20.9 30.6 33.9 37.6 34.9 39.7 42.1 40.4 

12 7.4 21 .3 25.8 31 38.3 38 34.6 37.3 41.4 

• • 

TOTAL 
ENERGY 
ISSIPATED 

10 (k -l nli n2) 

30.1 301 

35.8 195 

42.4 404 

14.1 301 

46 392 



Table 3.4 . TOlal Energy Disslpalion of Double Channel Specimens 

SPECIMEN 
ENERGY 

(k-in/in 2) 

Cl 140 
(a) 

C2 731 
(b) 

C3 628 
(b) 

(a) Total energy dissipated 

(b) Energy dissipated up to Cycle 20 
(c) In Cycle 20, the test was stopped. 

CYCLES FRACTURE 
SURVIVED CYCLE 

3 1 

20 IC) 13 

23 9 

36 
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Figure 1.1 - Closing of the Gap in Double Angle Spaclmen 
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Figur. 1.2 - More Curvature In Tension Component Due 

• 
to Individual Bending in the Post-Buckling Range 

• 

• 
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Axial Force 
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• o 
Axial Deformation 

• E 

o 

• 

c 
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FIgure 1.3 • General Hysleresls Loop of Bracing Members 
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In· Plane Fillel Weld 

olT on 

Web 

Figure 2.9 . Cross Section of Double Channel SpecImens 

Channels 
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Olrecllon 

Filiel Weld 

F"tQUfa 2.10 - End Connection of Double Channel Specimens 
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Agure 2.11 . Assembly Jig 

FJgure 2.12 - Mounting of a Specimen in Ihe Tesl Frame 
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Figure 2.13 . General Loading History 01 Double Angle Specimens 
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