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Abstract - The application of high-strength steel to RHS joints can bring many benefits for structures, but it is forbidden or permitted
with high-strength penalty in KBC 2016 and most representative international standards. To examine the appropriateness of these
limitations, especially the strength reduction penalty imposed on high-strength steels, six RHS X-joint specimens were tested under
axial compression. The key parameters of the test are brace to chord width ratios and grades of steels. All high-strength steel
specimens exhibited sufficient strength compared to the EC3 strength criteria; their strengths were even higher than the EC3
unreduced nominal strength. It was also found that the formulation of sidewall buckling strength in current EC3 is inaccurate (too

conservative) and needs to be improved.
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The AISC(American Institute of Steel Construction)

Table 1. Range of applicability: geometric parameters

Fig. 1. Geometrical configuration and definition of
symbols for RHS X-joints

specification 2010 (°]3} AISC 2010)"'"-2 Z}g 73 Hghio] &
EE(f,)7F 360 MPasr Z35FAL FHEH|(YR = £/f)7F 0.8
W= A5 S ARESHA] oS AR o= AMA 3=
Aol A& AAE T k= Aol

CIDECT design guide 2™ Edition (°]5} CIDECT)!' = 0|2t}
ool FEAET460 MPaE 2ISHA] 9= A7) V7
T A8 4= A== 583tk T 355 MPa o1, 460
MPa B[R] JEATE 2= A 2+ Aol 285t
H A 095 Fl SHFEE A7 =5 o). TR =]}
0.80] =A% 51-85HANE o5 283t o] A=E AP
o= AR E= FEAEEf00A 087,82 R

EC3P1= 387371700 MPadl| Dohs T3 =AM = 7}
BT RO A8 4 U=E S8Rt ey FE T
460 MPa ©}A}, 700 MPa t|9H1 RIS -85t 79 CIDECT!!
oA AN S == Al 0.9 H T B 2R 0.8 735 A]0f) 55

Property KBC & AISC

CIDECT Eurocode3

bi/ty <35, h/t; <35 and
bt =125/ E/f,
h/ti<1.25 E/fl/l

Brace section slenderness
ratio, b/t; and hi/t;

bi/t1 =40, hi/t; =40
and Class 1 or 2

bi/ti <35, h/t; =35
and Class 1 or 2

Chord and brace section
aspect ratio, ho/by and hi/b;

05 = hy/by = 2.0 and 0.5 = h/by = 2.0

Chord section slenderness

< <
ratio, b/to and ho/to bo/to=35 and ho/io=35

boltg=40, ho/ty=40
and Class 1 or 2

boltg=35, ho/tgy=35
and Class 1 or 2

Width ratio, bi/by and hi/by | 0.25=<by/by and 0.25=<h,/b,

0.14+0.01bo/ty="Db1/by

<
but 0.25=<b/by 0.25=b1/bo

Acute angle between chord

and brace, 6,

300< 6,

*Note: Properties of chord member and brace member are represented by subscript 0 and 1, respectively.
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Fig. 2. RHS X-joint strength depending upon [ (EC3)

Table 2. Range of applicability: material properties
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2.2.1 F44d3Kchord plastification)

2733 X§ AgEo] Z3ais) 7JEA1S KBC 20161,
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fyUtg 2h, /by

N,sinf, = =5\ sino, +4V1-5Q; (1
oJ71A, Ny = Ao 7FliR= 7, 4 = At 0] o] F =2,

fro=FTH0] A 8H A= FEAE, 1 =FUFH 7, £

Property KBC & AISC CIDECT Eurocode3
The strength reduction factor should b
The strength reduction factor should be © .S r.e ngth redue 10n‘ ,a cror Sotid be
multivlied as follows: multiplied as the conditions below:
Yield stress f, =360 . P ' i) 1.0 for f, < 355 MPa
i) 1.0 for f, < 355 MPa . ) -
i) 0.9 for 355 < f, < 460 MPa ii) 0.9 for 355 = f, < 460 MPa
’ - iii) 0.8 for 460 = f, < 700 MPa
Yield ratio YR < 080 i) < 091 (f;, < 460 MPa)
<0.80 (When yield ratio exceeds 0.8, £, should | .. N
=f., < 0. < f <
=hify) be taken as 0.8f,) ii) < 0.95 (460 = f, 700 MPa)
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TOP VIEW

Fig. 3. Yield line model for RHS joints
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Fig. 4. Sidewall buckling: column buckling approach
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Table 3. Summary of material and geometric properties of test specimens
Nominal Joint geometr Section geome Geometric E d
Tt . . yield stress g Y g wy parameter ?Pfcw
est specimen : ailure
o S lo, 6, in | by, 70, by, t, T, B 2y mode®
MPa mm | degrees | mm | mm | mm | mm | mm | mm | (bi/by) | (bolto)
X90-325-0.625-26.7 325 C.P.
250 0.625
X90-650-0.625-26.7 650 C.P.
X90-325-0.850-26.7 325 C.P.
2500 90 400 30 | 340 | 15 30 | 0.850 26.7
X90-650-0.850-26.7 650 C.P.
X90-325-1.000-26.7 325 C.S.B.
400 1.000
X90-650-1.000-26.7 650 C.S.B.

a. In the specimen identification, the first character “X” represents RHS X joint, and is followed by the brace to chord angle
6, the nominal yield strength of steel f,,, the width ratio between brace and chord [, and the chord width to thickness

ratio 27v.

b. C.P. is the abbreviation of chord plastification; and C.S.B. is the abbreviation of chord sidewall buckling

7Rt = AR 1A A2S(EE A1593) 20199 449 79
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2|t e w7 R E-8doto] AlRket, Aty o
S} Zh}, A Al(pressing machine)o]] 73S A3slo] U]
Hulgo] 30 mm<l =S THEI(Fig. 5.) AR T =739
o] T2 SRS o vy 7o) 34 E RS 71t o] % |
A=l vE 7ol Sl | (backing strip)S 11 289184
(complete joint penetration, CJP)oFT}. SM490 A= A2
=7} A dofl= K71T(KS D 71047, YFW-CS0DR), HSAS00
A2 AZFE Afdofl= PKWIOOAWS A5.29-07%, E121T1-

G) S5 A 3lo] A 8EsIgic

oHo=&=

a Brace section ) (b) Chord section
Fig. 5. Cold forming of RHSs

Fig. 6.2 A34|9] thi EHott. AslAe] =3t 9l z|7e] 4
o= 27+ 2500 mm, 600 mmE, R= A A0 FU3HA| 285
SAek. Ae] Zol= Al T o] 2] 291400 mmo] 152 A

Table 4. Summary of tensile coupon test results

CIp
Weld all around ﬁ\
30°
CJp
GTO Weld all around > 3?\ 1250

! 2500 7
1600 400
| N\

25 mm — thick plate

Chord — [J400x400x 15

Brace — [1250x250x 15—
600 250

25 mm — thick plate (—‘ﬁ—< CJp
l B 30° Weld all around

(b) Front view

(a) Side view

Fig. 6. Typical specimen drawing

SL % A 8] 902 8700] He7po] v}
9= Bt G Tefs] Siste] S]] v
3}tk 225 mm 710 T 75 X]5l0] 712 A] Ak
o] g 2fo] 1A & o%*szw sjgLon, Az kol o
3 AGo] WAYEA| SHEE Aeau Byl

Apste] Aol FolA IS AP FoE ALY
|
fo

i ri.l 4y A

3.2 A Al

2 T 7] 2 W Ae] A8 10000
kN UTM(Universal Testing Machine) © & =28 7}ol= 4]
Jlejalgio] SaEISich. Fig. 7.2 cEAR) A8 A1 R0l
o RE AP} o 336 s sl
ko Aol Q1 RS eislglon], Apda, ol
AA oM & =Rk 2zt -2 B/ (instability) S E21
o it
T Aot HeeF MFe AlSsl] flste] 6719
LVDT(linear variable differential transformers)S Fig. 7.(c)2} 2

Tensile Thickness of | Nominal yield | Nominal tensile | Measured yield | Measured tensile Measured yield
coupon coupon f, stress fyn, Stress fun, stress fym, Stress fums ratio YR (fonlfum)
mm MPa MPa MPa MPa 4
SM490-1* 15 325 490 338" 501 0.67
SM490-2° 15 325 490 336 500 0.67
SM490-3* 15 325 490 341° 498 0.68
HSA800-1* 15 650 800 729° 827 0.88
HSA800-2* 15 650 800 737° 827 0.89
HSA800-3" 15 650 800 680° 812 0.84

*Note: a. SM490 and HSAS800 are currently renamed as SM355 and HSAG650, respectively.
b. 0.2% offset method was used to determine yield stresses of specimens.
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(a) Front view (b) Chord section

Fig. 7. Typical test setup for RHS X-joints under axial
compression

4. 498% 9 £4
4.1 WgAIAET
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7H(SMA90TH HSAS00)2] 5 73Tl 212 3704 Al S 3]

A3 - 0|45 - TFE - AT

WP TS LI QA A= Table 59
“gefotsitt. Aol AFoIAR, 2 QPIAIRN ARSE Al HE

74 A 0] AFEIP ] W] IRl e PR
7 Eahe ek iotek
1000
—SM490

800 r\\ ---HSA800

<
¥
> 600
5
o |7 N\

200

0 1 1 1 1 1
0 01 02 03

strain &, dimensionless

Fig. 8. Stress-strain relationships measured from tensile tests

4.2 AFH 4EAY A7
4.2.1 B =0.625 AA|

£=0.625%1 FATA = AL H AEA FollA 7H <=5t ¥
P22 B9} X90-325-0.625-26.7 A = Fig. 9.9} o] &

SIS
SI3It Fig. 8. 2 SHSt 6/ Al PSR D258 oz HYjofie At E M-S dozion, o3t Myol=
-HYE WAS IRt YA R 42 hEste] e AR A sl S Al Sl A S R AsHE
T} SM490 AJH2] S&-HFE T4 FEyield platean)?H - o] A= SIE7] 217, HOPYRF o] T8 5,2 42.8%] E
75} (strain-hardening) | 53] YER= A %Xi?l gt FS | S
7A9] A Boict ¥ 1A (HSAS00) = & X90-650-0.625-26.7 A A= HSAS00 AIS 285t A
o] S UEFA] ko, dubdAiEnt s o 7“% =, X90-325-0.625-26.7 A<} 7|51k B LAt
Table 5. Summary of joint compression test results
Specimen Som Nexps | Slbopea; Necs, Nexp/Necs, Naisc, Nexp/Naisc, _Observed e
MPa kN % kN % kN % failure mode
X90-325-0.625-26.7 338 880 = 750 117 750 118 C.P.
X90-650-0.625-26.7 715 1644 . 1270(1587)° 129(104)¢ (1587)¢ 104 C.P.
X90-325-0.850-26.7 338 2257 1.26 1647 137 1647 137 Mixed mode
X90-650-0.850-26.7 715 4003 1.35 2788(3485)° | 144(115)° (3485)° 115 Mixed mode
X90-325-1.000-26.7 338 4553 0.47 1860 245 3799 120 C.S.B.
X90-650-1.000-26.7 715 8895 0.47 1845(2307)° |  482(386)° (5525)¢ 161 C.S.B.

a. Since decrements of strengths were not observed, the normalized out-of-plane deformations at peak strengths could not be

determined.

b. EC3 strength without applying reduction factor, Nec3unreduced
. Experimental strength normalized by unreduced EC3 nominal strength, Nex/Nec3unreduced

o

d. Note that strictly these values are invalid. The design equation in the AISC specification is not applicable to the joints whose

material yield stress exceeds 360 MPa.

e. C.P.: Chord Plastification; and C.S.B.: Chord Sidewall Buckling

SRS = AR A2E(EE Al1593) 201949 49 81



HPLo|4 Z 2Jol2 BTk X90-650-0.625-26.7 A3IH=
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(a) Overall view

(b) Front view

Fig. 9. Abundant joint deformation capacity through chord
plastification (observed in X90-325-0.625-26.7)

Chord face

Brace face

=

(a) Inside view

(b) Outside view

Fig. 10. Inside cracking at 13% indentation level observed in
X90-625-0.625-26.7
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Fig. 11. Load-deflection relationships of 5 = 0.625 specimens
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Fig. 12. Load-deflection relationships of 5 = 0.850 specimens
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