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Simple and Accurate Analytical Model for Predicting Cyclic
Behavior of Rectangular Steel HSS Braces
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/] ABSTRACT /

The objective of this study is to propose a simple and accurate analytical model for HSS braces. For this purpose, a physical theory model
is adopted. Rectangular hollow section steel (HSS) braces are considered in this study. To accurately simulate the cyclic behavior of
braces using the physical theory model, empirical equations calculating constituent parameters are implemented on the analytical model,
which were proposed in the companion paper. The constituent parameters are cyclic brace growth, cyclic buckling load, and the incidence
of local buckling and fracture. The analytical model proposed in this study was verified by comparing actual and simulated cyclic curves of
brace specimens. It is observed that the proposed model accurately simulates the cyclic behavior of the braces throughout whole response

range.
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1. ME

THIEZRA SRS Folsolu X xlslst 22 sl theto] =
3t AgAdS vERo] AR A FA|AE|(Seismic Force Resisting
System) 0= de] ARG o] grk(Fell et al., 2009). &3 A 71z
e 7TPIERE RES4A7E2(Ordinary Concentrically Braced
Frame, OCBF)9} E42417Ml&2(Special Concentrically Braced
Frame, SCBF) & 5335311 QIt(ASCE 7-10, 2010).

7HiERS] W5 7PRA S o215/l 2 9%
815 slofl Al 7P R A= R A o & QI 55 A =
&, apho g ojof]A| Fk

A 2873 (Hollow structural sections) 7FAJRA = thE A3t
A 7= et vl w2 SlubEE TRl e e A Rk
of chal 942t A4S 71ekBruneau et al, 2011). o]2} 2 &84
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PA R de] Ahgwofeieh s 27 7t
AA 2] oS tst] flsto] of e Ao] 3= o] trk(Black

Lee and Goel, 1987; Shaback, 2001; Han et al., 2007; Fell
et al., 2009).

AdgYH(Han et al., 2007) oA 3 21738 7HRA 2] o & A5
= As7] Hlsto] A7t 71 Al A AR R SRSE 7Ish= A
= FSISITH(Fig. 1). o] Aol A= thRt BEFAM|(8 < w/t = 29)
o cheFst APHI(69 < A < 90) 5 71 1070] WiV E A Zhg i
7HHRA ARAIES WhEskEslell oS sl AdAle] B
A/ BEFA B RS B MER) AV} B 188
Y02 tleysl HAsgon], AwuA|e] 47 L A AISC LRFD
Manual (2005)& Wit}

13 Aol A(Han et al., 2007) = T4 (w/t) 2FAPBEI(N) 7+
W3 21 PR AN oA o] aES W AITka Mg 53] 3
Ao BEE A7} 74l uel 2] FRakze) Aol Aok vt
o] S8 A7 b st HEQLRE, O-LEE, ORE)7L e
Fpm B & o ISk At A =S 7IHhe = Ao Tt F5A)
H] 110]A] 18 Afo] 9] HEIS 7HR]= A A okl = HEEo] 7HFA S &
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Fig. 1. Experimental setup(loading history, test setting(Han et al.,
2007))

b3 ho] B 12 RaElgl, ofeia e B E ol 9jo] A
S-S T AR vla) whalol] o 2 Aahe 71T, Eat
Black et al., (1980)¥} Shaback (2001) 2] A-Lof| A &= Z=74H| 9} Al 4]
7 R VAN ool ke i Bad aglow
PRET-Eh

RS A 20 WS BILE SEIAE Tt 2]
SH7 5] sheto] o] 2717 o] oS4 S ot 4 Qs et
Huelo] B asjcy,

FPAfe] ekt ol o] Ffstol HaelTAEel <l
A A D A A A2 2 ek A
(phenomenological model), 2] o]= 2 d)(physical theory model),
53k A wd(finite element model) (Mazzolani and Gioncu, 2000).

AN mE e wh7le AS Be) ol TRl o5 A
BN AT Tl Ted} sho] ARk ook 7REA o] gt &
oA mee ofg] Axtaksel ol 7iEhE| Sk Higginbothan and
Hanson 1976; Ikeda et al., 1984; Jain et al., 1977, 1978; Jain and Goel
1978; Maison and Popov 1980). @AF8Fa] melo] Ao 7ekalar AJAL
wpo] Arhe Aolth shAut AWANE FF HmY Aol @A
(calibration)©] B0, 7ol ARG AP AT} Qfof|i= sfA o]
A7} 21 ol 4 ik wAo] A,

£2)4 o} BHL 7IetelE o] 24 FAIS vEko 2 TR Al vk
Z] ek AEL HARBITH= ERXlo] Q)ti(Zayas et al., 1981; Gugerli and
Goel 1982; Ikeda and Mahin 1984; Nonaka 1987, 1989; Soroushian and
Alawa 1990; Jin and Tawil 2003; Dicleli and Calik 2008). E2]%] o] =
DR Aol WA HIATY o] 2e] 2se) Bl M
NAOZA ANRES Boln B ABE W SoleKelE 50 2749

ol
==
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H-71'5 820k 37 o] WA g 22 @45 TPRA ] Sl v A)). 5t
g1 A el o) el Aol S
A ols7brace growth), APl 28 =7, 57t T12|ar vtk
RS Ak A5 EApA epeeh

2| 2oll= A-55HH 2 4x(fiber-section element)S o]R3F 7 EA] €]
E2%] o]2 mdof| tfgt H7L7} 8P|l ¢Jrk(Uriz 2005; Karamanci
and Lignos 2014). A-F-T. 4= A AolA SAE 7HH5-A 2] A
g Q7] wieol] 01252 dlSel
9)o] BAFEA melo]| u]a) WA Askst 2 o)k el 4Ok @ A 7}
Ajsheie) 0. 21019) SRR oI5 SN WAL 4 el
F&H(Han et al., 2007). E3H 500 Q4= @08 o) Ayl
= o8t =24 o] & mdof| njsf W AktFo] aFTh

whRjepo 2 ke BUe oby e e Fol4 71 gete 7t
AFEA L] o] A5-2 BAFEE 4= tk(Fujimoto et al.,, 1972; Kayvani and
Barzegar, 1996, Mamaghani, 2005; Ding et al.,, 2008). S}A|7t -85t
2R ES 57| lafiAl= - 2 w7 Ha(input parameter) 7} 2
Qsp, AXkF E3E Wjstol @ollA ARgshetol ofelgol Jlrt
(Mazzolani and Gioncu, 2000).

o] FoflAl thF 7= WIS 7 Aloll= 751]*}301 HOomA 7]
27g] ol 2ol 71151} TRt FApAY] ol B dlEE 4 Sl B
)7 o|Zmdlo] 7} §-22¢] Ao 2 FriEr),

2 Atolla= 71 MR B4 o mdof(Dicleli and Calik,
2008) AR A 27 FRAle) AR ATHE ol ol A4
= T8t ZiAd e s s skl gk 5t A Helo] ARy
B AR 7AYol AT S ] cdlEsheAl SRS ASE ]
J5}o] Adg<lL(Black et al., 1980; Shaback, 2001; Han et al., 2007) ]|
A 430 16710) 2 ZH VR - 67) gl anieh ul et
oJgolck.

& EAJX](material property) S o]-&

F
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2 AT0IM ALZS siMme

21 22|13 0| 2

H Ao A ARESEET] 4] o]& d)(Dicleli and Calik, 2008)-2- 31 A}
o] 22 o] TS THIRA &) ' B a4 A5k FEar) Q1of| thigt st
ZFHEol e} 67119] F7E2 2 Fig. 294 o] Lrol KTk Jrojxl &8(P)
ol gt Foto] I Q(A)E 7MY 2] YE](method of virtual work)E
AMgsEo] ALFSICE (Fig. 2b)

Fig. 2a &}Fig. 2e+= 2177 717t 1~6 9] 0|2 A5-Z Hlgh o 2 3JH9|(4)
£ ALl RS At 1ol o714 1t 1(Fig. 2a)- Fig. 2¢9]]
A OA 9] alfgm, §d AE—Htolc

TE19 2 Aol A fzro] EARC(Fig. 2a). A Aof|49] &
H9)(4,)E= Fig. 2b2} 2o 7ol Y] o] 85te] Aliksict

o]&}-FAFSIA 717F2~6 ©] R Y(A)+=Fig. 2b of| LR Wi o]-8
So] ARt 4= Qlet. 17k 2= A AEETto ok k2 9] AR HE] P
O} AR QI FYHO| 2 A E = 7P EAY &) A A E(M1) Yol =gk

ok 4 AolK(Fig. 20 e = 2RI 1) & 2343 5 glon A%t



Zonel(OA) Zone2(AB)

M
'M.,rrr "wl’
P-M interaction Curve

Calculate 45 @ Ps *Zone 13*5-6 :Elastic  p
by Method of Virtual Work |  Zone 2.4 : Plastic '
!
' ' Py
0.5 ! 0.5 !
L2 Brace growth (8c)
M
A(r) A,ﬁin[%x}
Py— Ic
x -
[real work]
\m
| 0
. B
().h_) N
[virtual work]
“\T.._ - Bauschiger effect
A =2 JI/ Mm H ™ -
Py pr—_ __E
A b 2
I’P = L e 5
A =- e < —+7
81| 1+ g 84,
r £
S
(b) (c)
Zone4(DE) Zone5(FG)
v, Plave)=M,
| M _ T LPA,
Plastic wnes —P A=A,- A = ‘ L31>(|2—r:”)+12n3/51

T'LPA,

TLPA,

Cp(12-n)+120°E

' I'PA,

(e)

Fig. 2. Physical Theory Model(Dicleli and Calik, 2008)
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TR0 A= 2 33 e TPRA7E 248 EE gtk HEE A
FA o] Aol SHgE(P) o= sl A 22 ET} A7 of =g
Stk P REEE(R) =2 WA S7I5H £ ol mEEiA| =
M, 9} A=00] Ft}. 0|5 ¥tds}] fIste] G 4o A9] A=TFig. 2e9]
e vk} 2ol (P, — P)/ (P, — P,y i ) & AHESTO] AT

5= ' Q1 AlsKunloading)7ko]H A= 3 Fojlq ] A%}
7 SolA1S] €4 Fugioke] 212 ALg 1ol AHEICE Fig, 204 2 4
Q1=o| 7t 62 Al U= AjsK(reloading) 7S LreRHTE ZHAEAY
O] AeS T 13 FASHATE 0] 7 Afo]Zof| A BhAgg A o= ¢
8|, o] e} 2R I ssoll A ZHAIREA] o Fmo] AR e e
H(77} 62 BR-E)ol| 2] J2315( ) ) AXtsl7I9lsiale s e

AR E) 72 RA(E) Tl 7HAIRA AR A o]-8-5tef A
S AP CR ALISH] ARG-E|ojof gl

2} 7tof| A9 SN (0)= 6,9} 6, & AHE ARIRRe = A AT EH, of
7101A 8= AE vEfaretio] s Faf ek gholal o, = ol o
TS (= PL/EA)OIT 6= P wf dolar, A= THARRA S T
A, L& 7PFA ] % 10]* Lehdlick. o] xEle) B} ApAIet 4 k= Dicleli
and Calik(2008)0]|4] <1 4= Qich

2.2 5718 ZEA
E o Lo A= Pl etk 54 o] Y)(Dicleli and Calik,
2008)0] 4443 274 TR Bl HELS BEH O HE
P EEE e RE B C R RERE S
7] $J5}o] (Han et al., 2007; Black et al., 1980; shaback, 2001) 2] A4
2+ 733 7P EA) AR S0] ASANE S21stc) Az
TPpAe] a3t oleE A0 Rl shAle] ZolEA £y, 2o

—r‘

AREy), %E—ﬂ%(EELB/E)emmeESL/E o] gl ol=gt
27 B 0| ERE AR 7 %Table 1of 2]
ol sieh. 24Tl AFBSHE AT 1 4 2R

olgAEE AS5sh] sl A A AR P&%Ercﬂlﬁ ‘L@# ek

2.2.1 7[5 Z0|=7HBrace Growth, 7))

F 73 @A Table 19 2|0} Qlom, of7]of|A| KZ/r, w/t, D=7}
ZE A, B, S AR olmlhch S H A SE ol 4
2 Dicleli and Calik(2008)°f|4] A|Qt=]glom A] (1)3} Atk

D=%=% t5) (1

9 Aol iz 7P A ol Fo] WA= Aol Ee 2mlsh, 4,9k 4,
=717} Fig, 20 772 BHE0|(Y B) ) B i} 3A) 2 Ao
K19] AN SJUIFITE, T, (= 2,1/ EA) o 5,1 2tz ool 2
AEsfolc,

ARAnEyE £,E Pleen 2480
o Aol 2ol A £ 9} B7 R g2 Ak el
QIgaE} Wel} Al B} wglel gk

Fig. 3-& %7} H30] 4] $70-18-A HA(Han et al., 2007) 2] A4 o]
A} F & o83 52814 o|2 K Y(physical theory model)& ARS8}
of A 0|24 ehl,

2AJE ol mAle] HEES AFal] Selel Z7te) Tfeijol2olA
HARE ZT Q1 S ana) P A 2T °W°l-5( maxcxp) 22 B
FO7ISEIU T8I Py ol P oxp = B7FE Fg 083101 1
AFE] o] Ao A] A ] AR L}EM:}. E3H B71E FLE o851
DA O[SRAL £, 151 QR oA} Al o] €Atz
“gets] LA et 12 HR 2 AllM s, Fp o B7RE Rhol
AHAE ARbH=E AR,

o714 F = 0.66-2 2318 4= ¢ltk Fig. 4= specimen S69-112] A

e Fasslr] ffsiA,
J315} 19| Z12) Al 2]

%
H71et

o

A) o234t £, R4S Fle] mArEl of2lshi 1e)3 Dicleli and
Calik(2008)]/4] A2HEl A AL o] §510] mALE o] 2341 Lehick

Dicleli and Calik(2008)2] HelET} 4] (1) £ Hello] A3 A|9] o]
YIS o] AZR| &=z UERth o] Dicleli and Calik

TTea

(2008)0 A AR 78 A o] R 2187 7P ARt oy e ok
Table 1. Empirical equations for predicting major parameters in cyclic behavior of rectangular HSS braces
Major Parameter Empirical Equations
kL w w kL., w
Fo=a(=) +b( JHe(— P +d(—) +e(=)(—) +f
r t t T t
a=0.00001D7— 0‘0005506 +0.00336
p—— b=—0.00271D"+0.08553D, — 0.53293
HIFFRHS] 057K ) ¢=0.00002D7—0.00031.D, +0.00074
d=—0.0003407+0.00515D, — 0.01026
e =0.00002D, 4 0.00010
f=10.10544D*—3.30918 D, + 21.01012
EBEEAINFy) Fp =—0.098In(D,) +0.8104
KL KL KL,
RAZAD B, 5/ E) Y E, /B, = —T429+ 53.28(w/t)+183.50(7)—0.76(w/t)( . )—1.10(— . )?
_ o ) KL KL ., )
oD By /E) Y By /B, =1035.217+6.0082(w/t) —2.2988 (w/t) 74.3074(7) +0.0169(7) +0.0047F, +0.0038F;
' i=1
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= @
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(w/Hek AEIO = 15 )2 metstol g 2 bR A

A vges *J%El 121 Table 1] %20} et

2.2.4 TiEt 0l &(Fracture Prediction, Y Ey/E)
N =] 75‘ AL 27 7P T o *é‘*l Heolxol 4
Tk A l‘—ixl(EESL/E) SRS AR AEA] ARgBIT

Table 1] %J2]%=o] It

3. MletEl o] AHS

Aokl 73R ol 7H Al brace growth factor), Aol 2has}
ZA45(cyclic buckling load factor), =523} ook A1 ZAE A AR
sto] ALK wi7idaE Edlsle B3 o] E(physical theory
2517] 9Js10] 67) AAle] AR AT el o]e2A
[specimens S77-28, S70-18A, S85-14A, and S69-11(Han et al.,, 2007),
specimen strut #17(Black et al.,, 1980), and specimen 4A(Shaback,
2001)] ¥} Blarske). o] ARAIES Thtt w/t & A S 2=tk
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