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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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   .

       

     Lee et al.[3]   

        

  · .

  2. 

 1965 Stewarts and Lloyds[4]    1960

     1980 (X , T , K )

        . 

       

(Johansen[5]; Mouty[6]  ; Wardenier[7]   ). 

IIW (International Institute of Welding) design recommendation[8]

 CIDECT (Committee for International Development and 

Education on Construction of Tubular structures) design guide 1st 

 Edition ( CIDECT 1st Edition)[9]   , 

       .

  2.1 

       Table 1 2

      . Fig. 1. X

       . 

    (Class 1 Class 2) .

The AISC(American Institute of Steel Construction) 

Fig. 1. Geometrical configuration and definition of 

symbols for RHS X-joints

 specification 2010 ( AISC 2010)[10]    

(fy    ) 360 MPa (YR = fy/fu   ) 0.8

      . 

    .

CIDECT design guide 2nd   Edition ( CIDECT)[11]   

      460 MPa

      . 355 MPa , 460 

      MPa 

        0.9 . 

        0.8

    fy  0.8fu  .

EC3[2]      700 MPa

       . 

    460 MPa , 700 MPa CIDECT[11]

        0.9 0.8

Property KBC & AISC CIDECT Eurocode3

Brace section slenderness 

ratio, b1/t1 and h1/t1

b1/t1 35, h1/t1 35 and

b1/t1 ūƊŬůƓƤĻƋȡȴū ,

h1/t1 ūƊŬůƓƤĻƋȡȴū

b1/t1 40, h1/t1 40

and Class 1 or 2

b1/t1 35, h1/t1 35

and Class 1 or 2

Chord and brace section 

aspect ratio, h0/b0 and hi/bi

0.5 d h0/b0 2.0 and 0.5 d d h1/b1 2.0d
Chord section slenderness 

ratio, b0/t0 and h0/t0

b0/t0 35 and h0/t0 35
b0/t0 40, h0/t0 40

and Class 1 or 2

b0/t0 35, h0/t0 35

and Class 1 or 2

Width ratio, b1/b0 and h1/b0 0.25 b1/b0 and 0.25 h1/b0

0.1+0.01b0/t0 b1/b0

but 0.25 b1/b0

0.25 b1/b0

Acute angle between chord 

and brace, 1

30 1

*Note: Properties of chord member and brace member are represented by subscript 0 and 1, respectively.

Table 1. Range of applicability: geometric parameters
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      . 460 MPa 0.95

 .

  ò(= b1 / b0       )

. KBC 2016[1], EC3[2], AISC 2010[10]   0.25 ò

      , CIDECT[11]  

ò  0.1+0.01b0/t0     . 

Wardenier[12]    ò     

      . ò

        

.

  2.2 

    , 0.20

      1.00 (chord ò

   plastification) (punching shear failure)

     . 

 ò       0.25 1.00

    (chord sidewall buckling), 

 (mixed failure mode) .

Fig. 2. RHS X-joint strength depending upon  (EC3)

EC3[2]  CIDECT[10]  ò        

     (Fig. 2.). EC3[2]  

  , 0.25 ƨ ò     0.85 ƨ ò

        , 

(ò       = 1)

      . 0.85 1 ò ò 

      = 0.85

 (Fig. 2. ).

, AISC 2010[10]  ò      =1

    (web crippling) 

. AISC 2010[10]  0.85 < ò    < 1.00

  . The AISC specification 2016[13]  

     , 

.

EC3[2]  AISC 2010[10], CIDECT[11]  0.85 ƨ ò   < 1.00

     (brace failure)

      . 

      , 

      . 

       

  .

2.2.1 (chord plastification)

     X KBC 2016[1], 

EC3[2], AISC 2010[10]  , CIDECT[11]      (1)

.

ńū¥z Ǜū žƤūŽǕ

ȡȴŴȯŴ
Ŭ

ŻƤ¥z Ǜū
ŬȣūƋȝŴ

ſŮƓƤūŽǕ żŇȡ (1)

, N1    = , ø1     = , 

fy0     = , t0   = , ò 

Property KBC & AISC CIDECT Eurocode3

Yield stress fy 360

The strength reduction factor should be 

multiplied as follows:

i) 1.0 for fy < 355 MPa

ii) 0.9 for 355 d fy < 460 MPa

The strength reduction factor should be 

multiplied as the conditions below:

i) 1.0 for fy < 355 MPa

ii) 0.9 for 355 d fy < 460 MPa

iii) 0.8 for 460 d fy 700 MPad

Yield ratio YR

(=fy/fu)
0.80

< 0.80

(When yield ratio exceeds 0.8, fy should 

be taken as 0.8fu)

i) < 0.91 (fy < 460 MPa)

ii) < 0.95 (460 d fy 700 MPa)d

Table 2. Range of applicability: material properties
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   = (=b1/b0), h1   = , b0 = 

  , Qf      = 

     . (1) Qf    rigid 

    perfectly plastic (yield-line 

   model) (Johansen[5], Mouty[6]  , 

Wardenier[7]        ). Fig. 3.

     (The Work Method)

  .

Fig. 3. Yield line model for RHS joints

2.2.2 

    (ò   =1) 

  . EC3[2]  CIDECT[11]   

    (2) .

ńū¥z Ǜū ž ŴƊŲǩȡȴŴȯŴŻƤ¥z Ǜū
Ŭȣū

ſūŴȯŴżŇȡ (2)

, Ć     = ƤǞ     

  . Ć     

     , ƤǞ    

 .

ƤǞž ŭƊŮŰŻƤȯŴ
ȣŴ

Ž ŬżƓ
Ƥ

Ƥ¥z Ǜū

ū
Ƥǣ

ū Ɠ
Ƥ

ƤĻ

ȡȴŴ
(3)

, h0    = E     = 

.

Fig. 4. Sidewall buckling: column buckling approach

    (2) Wardenier[7]     

       . 

      , 

      2 h0-2t0   

Lb       . , 

    bw  h1/sinø1  h1/sinø1+5t0  , 

     2.5 (Fig. 4. 

       ). (4)

.

ńū¥z Ǜū ž ǩȡȴŴȯŴŻƤ¥z Ǜū
Ŭȣū

ſūŴȯŴż (4)

,  Ć  ECCS(European Convention for 

Constructional Steelwork) recommendation[14]    ‘a’, 

Rondal-Maquoi equation (Maquoi and Rondal[15]  )

(imperfection factor) ñ      0.206 . 

     (2) 0.8 1/(ómóc  ) . óm  óc

  (partial safety factor) óm    

 , óc        

     . Wardenier óm   1

, ò        1 X

 óc      1.25 . (4)

  ¥z Ǜū     0.8 Qf    

  (2) IIW 1989[8]  CIDECT 1st Edition[9]  .

  AISC 2010[10]  ò     = 1 X

     . AISC 2010[10]

 Chen and Oppenheim[16]     H
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        ( 5)

       ( 6) . .

ńū¥z Ǜū žƤȣŴ Ž ŭȯŴ

ŮŲȯŴ
ŭ

ƓƤĻȡȴŴŇȡ (5)

ńū¥z Ǜū ž ȡȴŴȯŴŻƤ¥z Ǜū
Ŭȣū

ſūŴȦż (6)

 Ȧ       1.5ȯŴ   

  .

   2.3 

      

      . 

      80% 90% (Table 2 

      ). K . 

Kurobane[17]      CHS gapped K-joint

      , 

     . , S460(fy = 460 MPa)

         

        (S235) 20% . 

    , 

Noordhoek et al.[18]     CHS gapped K-joints 

. Mang[19]      K

     (S690) , 

       S235 

     . S460 RHS gapped K-joint

   Liu and Wardenier[20]    0.9

  .

       X

      

 . Puthli et al.[21]      X

       . 

         0.9

     . C450

     T , X Becque and Wilkinson[22]

     (Nexp/NCIDECT,unreduced  )

       1 , 0.9

     .

  Lee et al.[3]    460 MPa

        X 6

     . 

      , 

       . 

        460 

        MPa X

        0.8

  .

3. 

   3.1 

      ( ) -

        . 2 SM490(

    SM355) HSA800( HSA650) , 3

Test specimena

Nominal 

yield stress
Joint geometry Section geometry

Geometric 

parameter
Expected 

failure 

modebfyn,

MPa

l0, 

mm

1, in 

degrees

b0, 

mm

t0, 

mm

r0, 

mm

b1, 

mm

t1, 

mm

r1, 

mm (b1/b0)

2

(b0/t0)

X90 325 0.625 26.7 325

2500 90 400 15 30

250

15 30

0.625

26.7

C.P.

X90 650 0.625 26.7 650 C.P.

X90 325 0.850 26.7 325
340 0.850

C.P.

X90 650 0.850 26.7 650 C.P.

X90 325 1.000 26.7 325
400 1.000

C.S.B.

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 
1, the nominal yield strength of steel fyn, the width ratio between brace and chord , and the chord width to thickness 

ratio 2 .
b. C.P. is the abbreviation of chord plastification; and C.S.B. is the abbreviation of chord sidewall buckling

Table 3. Summary of material and geometric properties of test specimens
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     (0.625, 0.85, 1) 6 (Table 

       3 ). X “X”

“Ǜū -ȡȴȩ -Ǖ-Ŭǖ     ” . 

      

.

  ̶     2 , 

    . (pressing machine)

  ̶    ̶  30 mm (Fig. 5.) 

        V . 

     V (backing strip)

  (complete joint penetration, CJP) . SM490 

̶   K71T(KS D 7104[23], YFW-C50DR), HSA800 

   PKW900(AWS A5.29-07[24], E121T1- 

  G) .

(a) Brace section (b) Chord section

Fig. 5. Cold forming of RHSs

       Fig. 6. . 

     2500 mm, 600 mm , 

        . 400 mm 1.5

(a) Side view (b) Front view

Fig. 6. Typical specimen drawing 

        

       . 

       

        . 25 mm 

        , 

     .

 3.2 

       6 10,000 

   kN UTM(Universal Testing Machine)

     . Fig. 7.

       . 

     , , 

     (instability)

  .

       6

  LVDT(linear variable differential transformers) Fig. 7.(c)

Tensile 
coupon 

Thickness of 
coupon t, 

mm

Nominal yield 
stress fyn,

MPa

Nominal tensile 
stress fun,

MPa

Measured yield 
stress fym,

MPa

Measured tensile 
stress fum,

MPa

Measured yield 
ratio YR (fym/fum)

SM490-1a 15 325 490 338b 501 0.67

SM490-2a 15 325 490 336b 500 0.67

SM490-3a 15 325 490 341b 498 0.68

HSA800-1a 15 650 800 729b 827 0.88

HSA800-2a 15 650 800 737b 827 0.89

HSA800-3a 15 650 800 680b 812 0.84

*Note: a. SM490 and HSA800 are currently renamed as SM355 and HSA650, respectively.

*Note: b. 0.2% offset method was used to determine yield stresses of specimens.

Table 4. Summary of tensile coupon test results
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      . 

        =1 

.

(a) Front view (b) Chord section (c) LVDT 
arrangement

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

compression

  4. 

4.1 

        

       (SM490 HSA800) 3

       . Fig. 8. 6

      -

    . SM490 - (yield plateau)

    (strain-hardening)

    . (HSA800)

      , 

     . Table 5

     . , 

        

   .

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

  4.2 

4.2.1 = 0.625 ò 

ò          = 0.625

    . X90-325-0.625-26.7 Fig. 9.

       , 

      . 

       , b0   42.8%

  .

   X90-650-0.625-26.7 HSA800 

    , X90-325-0.625-26.7 

Specimen
fym,

MPa

Nexp,

kN

/b0,peak, 

%

NEC3,

kN

Nexp/NEC3, 

%

NAISC,

kN

Nexp/NAISC, 

%

Observed 

failure modee

X90 325 0.625 26.7 338 880 -a 750 117 750 118 C.P.

X90 650 0.625 26.7 715 1644 -a 1270(1587)b 129(104)c (1587)d 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)b 144(115)c (3485)d 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)b 482(386)c (5525)d 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, NEC3,unreduced

c. Experimental strength normalized by unreduced EC3 nominal strength, Nexp/NEC3,unreduced

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

Table 5. Summary of joint compression test results
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ÊA = 0.850
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(a) X90-325-0.850-26.7 (b) X90-650-0.850-26.7

Fig. 12. Load-deflection relationships of ÊA = 0.850 specimens


