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Abstract: Design and detailing requirements of seismic provisions for concentrically braced f(@BEswere specified based on the
premise that bracing members with Id¢L/r andb/t will have superior seismic performance. However, relatively few tests investigate

the cyclic behavior of CBF. It is legitimate to question whether the compression member of CBF plays as significant a role as what has
been typically assumed explicitly by the design provisions. In this paper, the existing experimental data are reviewed to quantify the exten
of hysteretic energy achieved by bracing members in compression in past tests, and the extent of degradation of the compression for:
upon repeated cycling loading. Although it is recognized that many parameters have an influence on the behavior of braced frames, tt
focus of this paper is mostly on quantifying energy dissipation in compression and its effectiveness on seismic performance. Based on th
experimental data review from previous tests, it is found that the normalized energy dissipation of braces having Kilotte(@fe- 120

do not have significantly more normalized energy dissipation in compression than those having a slenderness in excess of 120. Th
normalized degradation of the compression force envelope dependk/orand is particularly severe for W-shaped braces.
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Introduction Indeed, the reversed cyclic loading induced by earthquakes leads
to repeated buckling and straightening of the material at the local

Braced frames are expected to yield and dissipate energy througtPuckling location, which combined with very high strains present
postbuckling hysteresis behavior of bracing members upon cyclic &t the tip of the local buckle, precipitate low cycle fatigue.

loading. Seismic provisions for the analysis, design, and detailing Although much attention has been paid to moment resisting
of concentrically braced framdé€BF) were gradually introduced framgs(le?F) after th§ 19%4 Northrldlge.ealrtf}quake, with a.largr:a
into seismic regulations and guidelines in California in the late number of tests conducted since, relatively fewer tests exist that

1970s (SEAOC 1978 and on a nationwide basis in the early investigate the cyclic behavior of CBF. This is surprising given

1990s (AISC 1992. In these documents, design and detailing tzirr:e:fnr;(;it;mp?j(taﬁeOr;iégrrnp;izsrlon dli)sr:licit; T}e{r?ﬁegf;rﬁ)anon
requirements were specified based on the premise that bracin P 'y P Y oy P

members with low effective slenderness raticl./r. and low he existing codes and guidelines. Further, given the fact that for
. . . . ’ ; a relatively constant plastic hinge moment capacity at midspan of
w!dth-thlckness_ ratlc(_low_ local buckling slenderness rafic/t, the brace, the axial force applied to the brace will decrease as a
will have superior seismic perfor_mance. The_phllosoph_y was that £nction of the amplitude of buckling, resulting in strength deg-
low KL/r ensures that braces in compression can significantly raqation of the structural member in compression. It is legitimate
contribute to energy dissipation. Upon buckling, flexure develops 4 qestion whether the compression member plays as significant
in the compression member and a plastic hinge eventually devel-5 rgje as what has been typically assumed explicitly by the design
ops at the middle length of the brace, i.e., at the point of maxi- provisions. Codified equations have been introduced in some
mum moment. It is through the development of this plastic hing- gocuments to capture the reduction in compression strength upon
ing that a member in compression can dissipate energy duringcyclic loading. The recommended lateral force requirements and

earthquakes. Further, in these code provisions, b\ limits commentary(SEAOC 1990 recommended the following equa-
were prescribed to prevent brittle failure due to local buckling. tion to quantify the reduced strength:
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12 Experimental Data on the Hysteretic Energy and
_/— SCBF Strength Degradation of Braces

\QAVERAGE (SEAOC) The experimental data on cyclic testing of braces have been re-

08 N OCBF viewed to quantify the energy dissipation of braces in compres-

5 sion and loss of compression strength at various magnitudes of
30""' compressive axial displacements. For this purpose, experimental
SEAOC reports by Jain et al(1978, Black et al.(1980, Zayas et al.
041 (1980, Astaneh-Asl et al(1982, Archambault et al(1995, Le-
owardi and Walpol€1996, and Walpole(1996 were collected.
021 However, some data were excluded from review. First, bracing
members tested as parts of X-braced frames were not considered,
o o o P %0 00 120 because of the difficulty in accurately defining tke/r values of

KL/r these braces. Second, test specimens of hollow structural shapes
built-up using double angles or double channels welded toe-to-toe
were excluded, because these were typically reported to fail at
their connections, resulting in nonconventional hysteretic behav-
ior. Third, concrete filled tubular sections were also excluded, as
they were considered to be a special case beyond the scope of this
study. The resulting data set considered in this study is summa-
rized in Table 1, described in terms of test I.D., section dimen-
sion, and some test results for each type of structural members.
Detailed information on this data set is presented in the technical
report by Lee and Brunea{2002, making it possible for other

H h ist I t that slend investigators to expand the data set in the future.
b owever, there ?X'SS a CC:(T[.;E mgdargurg}enb ha _Slen ?hr Note that more data were collected than reported here was
races In some instances cou ave desirable behavior in ecollected; however in addition to the reasons described previ-
perspective that elastic global buckling means no damage to

braces in compressidffremblay and Lacerte 2002Hence, for a ously, due the lack of detailed information on the reported tests in
. P y an ’ the available conference proceedings or journal papers, the review
brace with large slenderness ratio, there would be no need to

- . . . of data was limited to those specimens presented in Table 1.
consider the reduced compression stren@h, since it would P P

rovide no energy dissipation in compression and no loss of com- Here, all quantitative information on energy dissipation and
P . 9y P P! - : strength degradation has been generated from the hysteretic force-
pression capacity upon repeated cyclic loading. Interestingly, Eq.

(1) would not predict this correctly. axial deformation curves of bracing members. Note that in all

X S . cases, only the graphical data were available, and that quantifica-
Further, in absence of plastic hinging in the middle of the tion was achieved directly from those figuréaithough some

brace, there is no need to be concerned about low cycle fatigue . o .
. . . were photocopied at a magnified scale to enhance precision of the
life of the brace due to local buckling at that location. readings.
However, even for braces that are stockier and do yield in
compression, the relevance of the fac@ris debatable. In that
case, the capacity of the brace in compression when the entiregnergy Dissipation of Brace in Compression
frame reaches its maximum sway deformation, which will be de-
fined asC! here, is more significant tha®/. At the plastic hinge ~ The energy dissipation of a brace for one compression cile,
that develops in the middle of the brac®, drops as deformation i equal to the work produced by the compression force times the
increases. This means that at maximum sway, when the tensiorgxial deformation$. As the compression decreases under increas-
brace has yielded, only a small fraction of the original compres- ing axial deformations, the energy can be obtained graphically by
sion buckling strength of the other brace is effective. calculating the area under the force-axial deformation curve, as
In light of these facts, one could argue that the design provi- shown in Fig. 2. Here, because the energy corresponding to each
sions should accurately account for the above effects. However,hysteretic loop is considered, note that the axial deformation in
no quantified data obtained from parametric experimental studiescompressiony, is measured from the point of zero member force
on C/ and on the cyclic energy dissipation of braces in compres- (which may not correspond to the original zero displacement po-
sion, as related t&L/r, could be found in the literature. sition) up to the point of maximum compressive deformation, as
In this paper, the existing experimental data are reviewed to illustrated in Fig. 3.
quantify the extent of hysteretic energy achieved by bracing  Further, to facilitate comparison between results from various
members in compression in past tests, and the extent of degradaexperiments, all results are expressed in a normalized manner.
tion of the compression force upon repeated cycling loading at The normalized compressive energy/Er, is obtained by divid-
various magnitudes of the axial deformation in compressipas ing the compressive energy by the corresponding tensile energy,
a function ofKL/r, and for various types of structural shapes. E;, defined as the energy that would have been dissipated by the
Damage concentration at single stories in braced frames, asmember in tension if the same maximum axial displacement was
well as residual deformations/drifts and required drifts to dissi- reached during unloading of the member after its elongation. This
pate specified amount of hysteretic energy at each cycles, whichcorrespondingzy is illustrated in Fig. 2. Likewise, the axial dis-
are also significant issues related to the slenderness of braces iplacements are normalized by the axial displacement value at-
frames subjected to seismic excitation, are beyond the scope oftained at the corresponding theoretical elastic buckling of the
this paper. brace,dg. This value is defined as

0.0

Fig. 1. Normalized codified equations of reduced buckling strength
due to inelastic cyclic loading

braced frames which incidentally is approximately equal to the
average reduction factor over the permissible rang&lofr for

this type of systentalthough it is not known whether this was the
rationale supporting the choice of this 0.8 fagtdrhis is illus-
trated in Fig. 1.
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Table 1. Data Set Considered

Test dg 3t Ty C, Max.
Reference I.D. Section(metric) KL/r (mm) (mm) (kN) (kN) (3/3p)
Black et al.(1980 1 W—200x 300 120.0 2.1 5.3 1107.0 429.7 38.02

2 W—150% 37 40.0 1.8 2.3 1377.8 1116.8 29.75
3 W—150% 30 80.0 3.6 4.3 1049.7 893.4 9.53
4 W—150x 30 80.0 3.7 4.5 1101.9 905.0 24.28
5 W—150% 30 80.0 2.7 4.5 1101.9 676.6 33.79
6 W—150%X 24 120.0 2.5 4.5 942.5 513.1 32.66
7 W—150% 23 40.0 2.3 2.6 1020.9 905.0 19.87
8 2L—152%x 89X 9.5 80.0 2.8 4.0 1241.4 889.6 23.40
9 2L—127xX89%9.5 40.0 25 2.2 1183.0 1307.9 5.31
10 2L—102x89%x9.5 120.0 2.4 5.5 988.1 432.3 28.88
11 2C—200x 17 120.0 2.1 3.7 1067.5 621.7 41.03
12 WT—125%X33.5 80.0 25 35 1164.9 836.0 30.89
13 WT—205% 33.5 80.0 3.3 4.6 1232.8 889.6 29.26
14 0—102x6.02 80.0 3.9 5.0 669.8 521.5 13.25
15 0O—102x6.02 80.0 3.6 5.0 669.8 484.8 25.41
16 0O—102% 8.56 80.0 2.0 25 470.8 382.2 48.41
17 0—102x102%x 6.4 80.0 3.6 6.2 942.2 545.9 20.11
18 [0—102x102x12.7 80.0 4.2 7.8 2319.8 1242.4 17.77
19 W—150% 30 40.0 3.1 3.0 1049.7 1067.6 9.68
20 2L—152x89x 9.5 80.0 3.7 5.7 1241.4 800.7 11.19
21 0O—102x8.56 40.0 1.7 1.8 470.8 434.9 19.67
22 [0—102x102x12.7 80.0 4.6 11.2 2319.8 949.0 10.68
23 W—130%X 24 120.0 4.5 4.5 743.2 740.0 13.42
24 O—89Xx5.74 80.0 4.4 6.2 552.0 388.2 11.58
Zayas et al(1980 1 O—102x2.11 54.0 1.1 15 140.7 102.3 15.99
2 0O—102% 3.05 54.0 1.3 15 201.3 177.9 12.71
3 O—102x2.11 54.0 2.9 4.5 417.4 268.7 2.75
4 0O—102% 3.05 54.0 1.9 3.6 480.6 255.8 4.89
5 O—102x2.11 25.0 2.0 1.9 140.7 144.6 12.34
6 0O—102% 3.05 25.0 1.9 1.9 201.3 197.9 15.83
Jain et al.(1978 1 [J—25X25%X2.7 57.0 0.5 0.9 89.6 46.5 22.42
2L L 25X 25X 6.4 120.0 0.3 2.2 103.3 14.1 86.65
3L L 38x38x3.2 85.0 0.5 2.3 814 17.2 56.81
4 0—25X25%x2.7 30.0 0.6 1.0 89.6 53.3 18.53
4L L—32Xx32x3.2 120.0 0.4 2.8 71.3 9.1 94.39
6 0—25X25%x2.7 94.0 0.5 15 89.6 29.5 37.67
9 0—25X25%x2.7 50.0 0.9 1.7 89.6 49.4 21.64
12A 0—25X25%x2.7 115.0 0.7 2.4 89.6 24.5 43.02
15 0—25X25%x2.7 80.0 2.4 2.7 89.6 79.6 14.21
Astaneh-Asl et al(1982 1 2L—127X76X6.4 174.0 2.1 5.2 724.9 291.1 42.55
2 2L—127X76X6.4 114.0 1.8 5.2 724.9 245.4 18.84
3 2L—102X76%9.5 81.0 2.9 5.2 928.5 511.8 27.71
4 2L—76X51x12.7 143.0 1.7 5.2 840.7 271.4 66.34
5 2L—102X76X9.5 81.0 3.6 5.2 928.5 643.4 17.61
6 2L—76x51x12.7 143.0 2.0 5.2 840.7 324.4 77.96
8 2L—89X 64X 12.7 110.0 3.8 5.8 1149.9 742.4 28.66
9 2L—64x38X7.9 174.0 1.1 5.8 480.9 90.9 106.25
10 2L—76X51X6.4 151.0 2.4 5.2 444.6 206.6 23.90
11 2L—76X51%x6.4 124.0 1.8 5.2 444.6 150.5 36.05
13 2L—76X51X6.4 124.0 1.8 5.2 444.6 155.8 78.20
15 2L—64x38%6.4 171.0 1.2 5.8 393.0 83.6 65.19
16 2L—89xX 64X 12.7 110.0 3.5 5.8 1149.9 688.1 13.42
18 2L—64X38%6.4 189.0 1.6 5.8 393.0 105.2 67.35
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Table 1. (Continued).

Test dg 3t Ty C, Max.
Reference I.D. Section(metric) KL/r (mm) (mm) (kN) (kN) (3/3p)
Archambault et al. 1B O0—76X127X4.8 80.5 3.6 9.2 707.8 279.9 28.18
(1999 10B 0—76x127x 4.8 80.5 4.7 8.2 632.0 361.6 19.31
2B 0—76X102%X4.8 98.5 4.2 9.5 591.2 260.1 32.75
3B O0—76X76%x4.8 128.3 2.5 9.6 509.5 132.3 77.38
4B [0—64X127X4.8 82.8 3.7 8.2 577.8 258.8 25.78
40B [0—64Xx127X 4.8 82.8 4.0 9.1 620.4 273.8 23.52
5B 0—76X102X6.4 100.6 3.8 9.8 772.7 298.0 42.62
Leowardi and Walpole 1 W—150x 30 80.0 3.9 3.8 1241.7 1266.9 45.86
(1999 2 W—150X 30 60.0 2.3 2.6 1241.7 1090.5 30.73
3 W—150% 30 40.0 4.7 4.8 1241.7 1204.2 30.86
Walpole (1996 1 [0—150x 100X 6 80.0 3.0 4.6 1282.3 835.0 23.46
2 [0—150X 100X 6 60.0 2.6 31 1282.3 1051.0 16.34
3 [0—150X 100X 6 40.0 5.0 6.1 1282.3 1060.5 8.29
5 C.L . Strength Degradation of Brace in Compression
®” AE @ A number of manipulations were necessary to quantify the

strength degradation of a brace upon repeated cycling. First, the
compression excursions were extracted from the complete hyster-
etic force-displacement curve obtained from a test, and overlaid
to start from the same zero displacement, as shown in Fig. 4. As
schematically shown in this figure, for the tests considered in the

database, the magnitude of axial deformations typically increases
upon subsequent cycles. In the first cycle, beyond first buckling

(defined experimentally &S,), compressive strength of the brace

where L=length of the specimen/A=cross sectional area
of the specimen;E=Young’s modulus (=29,000 ksj); and
C,=experimental buckling load as presented in Fig. 4.

Note that the value o¥g is limited to 8+ to account for stocky
members that yield in compression prior to buckling, whgrés
the axial displacement attained when the brace yields in tension,
and defined as

T,L progressively decreases; At the point of maximum displacement
7= AE 3 for that compressive excursiody, the value ofC/, is reached, the
numeral subscript indicating the cycle number. Hence, for any
whereT,=tensile yield load defined as given cycle 'h,” the compressive strengtli’;, is reached at the

_ maximum displacemend,, (note that only cycles that produce
T,= AF, (4) di . ; . ]
isplacements exceeding the previously obtained values are con
andF,=yield stress from the results of coupon test. sidered by this procedureThese values of! are then divided by
The normalized energy dissipated in compression during eachC, for normalization. This normalized strength is labeled
hysteretic cycle is calculated for all the tests considered in this C;/C,(first), the qualifier “first” implying “the strength obtained
study. Detailed numerical results are provided in the technical the first time this displacement is reached.” Fig. 6 shows a typical
report by Lee and Brunea(2002. A typical resulting plot of curve obtained following this procedure. That curve can be con-
normalized energy as a function of normalized axial deformation sidered a normalized force-displacement envelope of the brace in

is shown in Fig. 5. compression. Note that notatidff is used to avoid confusion
n-th cycle Force (Tension) n-th cycle Force (Tension)
Ty I /"/ PRy s ',z"/i;
0
‘ ///:7,,
A y s
~ B KL - 3 o
I g S I ]
| ,,; yayd | |
I d I |
728 Displacement [\ Displacement
|
I ~N
dc !
Force (Compression) Force (Compression)
Fig. 2. Definition of dissipated energy rati&./Ey Fig. 3. Definition of axial displacemeng
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Force (Compression)

First Cycle
?\/

Ci}-

C'ra

C''r Last

dLast Displacement

Fig. 4. Definition of normalized buckling capacit,/C, (first)

Buckling Load Ratio

1.0
09 1
08 1
07 ¢
06 1
05 1
04 1
031
021
01+
0.0

Strut No.12
WT5x22.5
kL/r = 80
Pin-Pin

T

C"r/ Cr(lst)

20 25 30 35
5/ 8

10 15 40

Fig. 6. Example of normalized maximum compression strength
reached upon repeated cycling da@d/C;(first)

Observations on Behavior

with the termC; which has been used in other codes and publi- All results are grouped over ranges KE/r values, then results

cations (CSA 1994; Bruneau et al. 199&nd has a different
meaning.

are grouped again per type of cross sections, namely for braces
made of square hollow structural shap@$SS (a.k.a. tubes

Strength degradation upon repeated cycling also occurs overW-shape, double angles back-to-back, structural pipes, angles,

the entire range of brace deformations, as exhibited by the force-
deformation curves shown in Fig. 4. As such, the brace compres-
sive strength recorded during the last cycle of testing is also of

and structural tees. Complete detailed results are available in the
technical report by Lee and Brune&2002.
Obtained average curves, as a functiorkaf/r, are grouped

interest. It can be calculated at each of the previously considereg@d summarized in Fig. 11 for all types of cross sections, and in

displacement pointsy,,, as shown in Fig. 7, giving results as
typically shown in Fig. 8. This normalized strength is labeled
C//C,(lasb, the qualifier “last” implying “the strength obtained
during the last cycle of testing.”

Using the same displacement points to calculate both
C//C,(first) and C//C,(lash makes it possible to calculate the

ratio of these values. A large ratio indicates a considerable drop in

strength at a specific displacemeé¥dg, whereas a lower ratio

Figs. 12-14, respectively, for W-shapes, square HSS, and double-
angles back-to-back. Note that the average curves were computed
over the entire range &7dg for which at least one specimen was
tested; a resulting peculiarity of this decision is that the line of
average results is sometimes seen to increase in a jagged manner
as weaker specimens were not pushed to the same daégeas
the stronger specimens.

A number of observations can be made from these figures.
First, as the normalized energy dissipatiBs/E; typically de-

expresses a rather stable strength degradation from the first to las¢reases with increasing normalized displacem&nis, the ratios

cycle. A typical result is shown in Fig. 9. Note that in this paper,

are consistently smaller for larg&l/r values. This is not sur-

Figs. 5, 6, 8, and 9, are typically presented together for each caseprising as members with smallé¢L/r typically have a larger

or group considered, as shown in Fig. 10 for illustration purposes.

Hysteretic Energy Ratio

1.0
09 1
0.8 1
0.7 +
06 1+
05 1
04+
03+
02+
0.1+
0.0

0

Strut No.12
WT5x22.5
kL/r = 80
Pin-Pin

-

Ec/Er

20 25 30 35
/6,

5 10 15 40

Fig. 5. Example of normalized hysteretic energy data

inertia, and thus larger plastic modulus, which translates in a

Force (Compression)

Criif-———-1
Crzf-—=——1 -
|
|
oraf-—- 1 oy
! ! Cr"/ Cr (Last)
| I
Crial-5 == S N Last Cycle

Cr'Last ————:——:————:—---- ==t
81 062 83 Sa

dLast Displacement

Fig. 7. Definition of normalized buckling capacitg;/C,(las)
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Fig. 11. Averages of data bXL/r value ranges
Compression Strength
Buckling Load Ratio 12 Hysteretic Energy Ratio 12 (Last Excursion)
4.0 ' —KLIr=0-40 : — KLr=0.
0] |- KUr=40-80 || =101 K,
35 ] Strut No.12 - 08 j}ftj;;?gdjfgo So0s8l1 ——KL/r=80-120
WT5x22.5 2 o8] ~ 0 = 06 -+ KLr=120 - 160
2 391 kL/r = 80 2 o4l 2 04 Az O
w» " . . "~ P 4 4
£ Pin-Pin B N,
2 25, e G [
- 0.0 ; 0.0 e
= 2.0 0 20 40 60 80 100 120 0 20 40 60 80 100 120
S 5/8, 5/ 8
; 1.5 4 Compression Strength Compression Strength
&) 104 12 (1" Excursion) (Ratio of 1 to Last Excursion)
10l ——KLIr=0-40 ——KLIr=0-40
05 = 10T\ - Khr=40-80 || &80T | KL/r = 40 - 80
: =087 —KL/r=80-120 ——KL/r=80- 120
S o6 -« KLIr=120-160 <« KLIr=120- 160
0.0 ' . . — g (m]
0 5 10 15 20 25 30 35 40 s 04 .
5/8, o2l cos . _’\}-.;"‘--'\
0.0 . . 0.0 L L L L L
_ _ _ _ 0 20 40 60 80 100 120 0 20 40 60 80 100 120
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reached upon repeated cycling da@d/C, (first/lash
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Fig. 12. Averages of data b¥L/r value ranges for tubular sections
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Fig. 13. Averages of data bKL/r value ranges for wide flange
section
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Compression Strength yield strength(A,F, calculated with the experimentally obtained

i i LastE i .

12 ysteretic Energy Ratio 12 (Last Exeursion) F, value for reasons unexplained by the authors.

KL/r = 40 - 80 - KL/r =40 - 80 . . . ” . . .

107, ——KLfr=80-120 g 10 —KLir=80-120 Reduction in the normalize@;/C,(first) envelope is particu-
5081 sy e S | L a0 e larly severe for the W-shaped braces, again hathgr above 80
201 T o 08 T dropping to approximately 0.2 when the normalized displace-
= 0.4 T 04t . -

”R& O o M ments exceed 5. However, behavior is not significantly worse for

0.0 M e i 00 il L KL/r in the 120—160 range. In that perspective, tubes perform

RS P A S significantly better, over all slenderness range. The performance
. . of double-angle braces is in between these two extremes. Obser-
Compression Strength Compression Strength i " ” X
(1 Excursion) (Ratio of 1 to Last Excursion) vation of the results foiC//C,(lasy and C//C,(first/lash show

12 = ir=20.80 = ig ,,,,,, KLir=40 - 80 that the compression capacity at |ddg values drops rapidly
z ool B ek S D KL= 196380 upon repeated cycling, and th@at/C,(first) is effectively equal to
S oslli. --- KLP=160-200f 2 ,, —KLir=160 - 200 C//C,(lash at normalized displacements above 3 in most in-

44 T © 201} T stances.

27 Lo T Hence, considering that a brace wkl./r of 80 has a buck-

00020 a0 60 80 00 d20  °0 20 40 60 80 100 120 ling load equal to 60% of yielding tensile force, when the braced
(@) 8/8p (b) 5/8y bent will have reached its expected displacement ductility of 3—4

[45;=4(35/0.6)=6.7g], the brace compression strength will
have already dropped considerably to approximately 20% of its
original buckling strengtt{40% for square HSS

Fig. 14. Averages of data bXL/r value ranges for double angles,
back-to-back

larger plastic moment and energy dissipation at the mid-length Conclusion

plastic hinge. However, it is noteworthy that braces hawmgr

in the 80—120 range do not have significantly more normalized The objective of this paper was to review existing experimental
energy dissipation in compression than those having a slendernesdata to quantify the extent of hysteretic energy dissipation
in excess of 120. This is significant considering the large number achieved by bracing members in compression and the extent of

of braced frames designed and built with braces havikg & of the degradation of braces compression strength upon repeated cy-
approximately 100. The rapid drop in energy dissipation effec- cling loads, at various magnitudes of the axial deformation in
tivenesgdown to 0.3 or less for braces haviKg./r above 80 as compressiond, as a function of the effective slenderness ratio,

the normalized displacement approximately exceed 3 is also sig-KL/r, and for various types of structural shapes.
nificant; this suggests that reliance on the compression brace to For the section shapes considered in this study, bracing mem-

dissipate seismic energy, while effective at very I&l/r, may bers having tubular cross-section were found to suffer less degra-

be overly optimistic for the slenderness more commonly encoun- dation of compressive strength and normalized energy dissipation

tered in practice. in compression at a given level of normalized inelastic displace-
As a minor point, it is observed that a few valuesE{/E; ments(although it is recognized that tubes with large width-to-

counter-intuitively exceed 1.0 at low magnitudes of displacement. thickness ratio are sensitive to fracture due to cyclic local buck-
Closer scrutiny of the seven specimens for which this was notedling, this important consideration is beyond the scope of this
revealed this to be a consequence of errors introduced dug)to: papej. Degradation of behavior in compression was particularly
an initial near vertical returning down-slope segment of the hys- severe for the W-shaped braces havifig/r above 80 dropping
teretic loops, and(2) the difficulty in accurately graphically read- to approximately 0.2 when the normalized displacements exceed
ing the data or calculating Young’s modulus. In addition, as 5. However, behavior is not significantly worse dL/r in the
shown in Fig. 15, for Specimen 9 by Black et #1980, the 120-160 range.
experimentally obtained buckling strength exceeded the tensile  Although results vary somewhat as a function of brace cross-
section type, collected data shows that upon cyclic loading, the
normalized energy dissipation capacity in compression and the

compressive strength of bracing members with/r above 80
Force-Displacement Curve

(Black et al., 1980, Strut 9, Ist Cycle) significantly drops to a small percentage of values obtained at first
1400 occurrence of the buckling load. This confirms that limits on
1200 [ KL/r specified in seismic design requirements are not correlated
; 7\(51 o to brace effectiveness in compression, but rather relate to other
_ 1000 Wi factors.
Z e // ,', 532 kN/mm
=3 7
g / /7 / 821 kN/mm Acknowledgments
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on data from Black et a1980]

558 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / APRIL 2005



References

American Institute of Steel Constructiof&lSC). (1992. “Seismic pro-
visions for structural steel buildings.” Chicago.
Archambault, M. -H., Tremblay, R., and Filiatrault, £.995. “Etude du

comportment séismique des contreventements ductiles en x avec pro-

filés tubulaires en acier.Rep. No. EPM/GCS-1995-0®ept. de
Génie Civil Section Structures, Ecole Polytechnique, Montféal
French.

Astaneh-Asl, A., Goel, S. C., and Hanson, R.(D982. “Cycle behavior
of double angle bracing members with end gusset plasg. No.
UMEE 82R7August, Dept. of Civil Engineering, The Univ. of Michi-
gan, Ann Arbor, Mich.

Black, R. G., Wenger, W. A., and Popov, E.(P980. “Inelastic buckling
of steel struts under cyclic load and revers&ép. No. UCB/EERC-
80/4Q Earthquake Engineering Research Center, Univ. of California,
Berkeley, Calif.

Bruneau, M., Uang, C.-M., and Whittaker, AL998. Ductile design of
steel structuresMcGraw-Hill, New York.

Canadian Standard Associatid@SA). (1994, “Limit State Design of
Structures,"CAN/CSA-S16.1-M94Rexdale, Ont., Canada.

Jain, A. K., Goel, S. C., and Hanson, R. @978. “Hysteresis behavior
of bracing members and seismic response of braced frames with dif-
ferent proportions.’/Rep. No. UMEE 78R3July, Dept. of Civil Engi-
neering, The Univ. of Michigan, Ann Arbor, Mich.

Lee, K., and Bruneau, M2002. “Review of energy dissipation of com-
pression members in concentrically braced frankep. No. MCEER-
02-0005 October, Multidiscipline Center for Earthquake Engineering,
State Univ. of New York at Buffalo, Buffalo, N.Y.

Leowardi, L. S., and Walpole, W. R1996. “Performance of steel brace

members.” Dept. of Civil Engineering, Univ. of Canterbury,

Christchurch, New Zealand.

Structural Engineers Association of Califorf@EAOQ. (1978. “Tenta-
tive lateral force requirement.” Seismology Committee, Sacramento/
San Francisco/Los Angeles, Calif.

Structural Engineers Association of CalifordBEAOQ. (1990. “Tenta-
tive lateral force requirements.” Seismology Committee, Sacramento/
San Francisco/Los Angeles, Calif.

Tremblay, R., and Lacerte, M2002. “Influence of the properties of
bracing members on the seismic response of concentrically braced
steel frames.’Proc., 12th European Conference on Earthquake Engi-
neering Society for Earthquake and Civil Engineering Dynamics,
London.

Walpole, W. R.(1996. “Behaviour of cold-formed steel RHS members
under cyclic loading.” Dept. of Civil Engineering, Univ. of Canter-
bury, Christchurch, New Zealand.

Zayas, V. A., Popop, E. P, and Mahin, S. @980. “Cyclic inelastic
buckling of tubular steel bracesRep. No. UCB/EERC-80/1&arth-
quake Engineering Research Center, Univ. of California, Berkeley,
Calif.

JOURNAL OF STRUCTURAL ENGINEERING © ASCE / APRIL 2005 / 559



