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Full-Scale Experiment on Elastie-Plastic Behaviour
of Beam-to-Colomn Connection Fabricated from High Strength
and Low Yield Ratio Steel for Building Use
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Synopsis:

Mechanical properties of the base metal and welded joints as well
as low cycle fatigue strength of the beam-to-column connection using
low YR (yvield ratio) 53 and 60 kgf/mm? steel plates, which have
been newly developed for building use, have been investigated.
The flexual strength of the beam-to-column connection in full-scale
using the materials mentioned above also has been examined, Each
steel plate has been demonstrated to be safe and reliable when ap-
plied to the steel structure. The principal resulis obtained are as
follows:

(1) Steel plates with low YR 53 kgf/mm? preduced by TMCP and
60 kgf/mm? produced by ferrite and austenite dual-phase region
quenching meet aimed properties and have good anti-cracking
characteristics.

(2) Tensile strength and toughness of the joint are satisfactory,
although HAZ softening occurs at welding with a large heat
input.

(3) Fatigue strength of the beam-to-column connection against the
severe earthquake is sufficient.

(4) Flexual strength and deformability of the beam-to-column
connection with 60 kgf/mm? steel plates are superior, and im-

proved owing to its low YR.
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Table 1 Aimed properties of low YR steel plates for building structure use

Tensile properties®! Impact value*z Anisotropy
YP TS YR El E.. Test temp. | Absorbed energy| Ultrasonic wave velocity ratio
(kgf/mm*}| (kgt/mm*) | (%) | (%) o (°C (kgf-m) (Vu/Ve)
53 kgf/mm? steel i 36z 5365 | =75 | 21 — 0 | 2.8 3 0.98~1.02
60 kgf{mm? steel I 45 60~73 ‘ =80 205 | S1/30E —~5 . 4.8 0.98~1.02

* T.direction, 7f4, JIS Z 2201 4, *? T-direction, #/4, JISZ 2202 4
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{1) Comtrol of cooling rate in primary guenching:
(2) Decision of optimum temperature in secondary quenching

Fig. 2 Changes of microstructure in Q-Q' process
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Fig. 3 Effect of cooling rate on the mechanical properties
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Table 2 Chemical compositions of low YR steel plates {wt.%)

Steel | c si Mn P s Ni Mo v Others | CoM I pw
53 kgf/mm? l 013 041 1.3l 0.005 0.0017 0.15 0.12 0.003 0.003 REM-Titreat.' 0.37 | 0.22
60kgfjmm® | 0.1z 0.27 144 0.005 0.0020 023 0.19 0.220 0.041 REM-Titreat. | 0.43 E 0.23

T e C,,=C+5¥24+Mn/6+Cr/5+ Mojd + Nij40+ V/14

# P =C+5i/30 + (Mn+Cu+Cr) /20 + Mo/15+V/10+ Ni/60+5B

Table 3 Mechanical properties and anisotropy of low YR steel plates

Steel Thickness - . Tensil:[ :st*‘ o . Irnpa;t* :est Anisotropy test®?
) (g mm?) (%) (g -m) Vo Wil

40 42.6 57.3 74 33 E/53 13.3 1.00 1.00

53 kgf/mm? 60 40,2 54.7 73 35 E/52 17.6 1.00 1.00
100 39.1 54.8 71 32 E/48 13.4 1.00 1.00

22 53.0 68.0 78 29 E/40 20.2 1.01 1.00

60 kgf/mm 40 49.8 63.7 78 31 E/62 21.8 1.01 1.00
60 47.1 62.7 75 31 E{53 21.4 1.01 1.00

100 48.0 69.4 69 28 E/35 20.5 1.00 1.00

* T-direction, t/4, JISZ 2201 4, mean of the two test pieces

* T.direction, t/4, JIS Z 2202 4, 0°C(53 kgf/mm? steel), —5°C(60 kgf/mm? steel)
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Fig. 4 Influence of secondary quenching temperature on me-
chanical properties
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Table 4 Crack ratio (%) of low YR 60 kgf/mm?* steel on Y-
groove weld cracking test

Thick- | Test SMAW#H GMAW*
ness | temp.
{mm) | (°C) | Surface Root Section | Surface Root Section
20 19 92 25 0 18 1
40 27 12 1 0 11 1
40 60 10 0 0 0 0 0
80 0 0 0 0 0 0
100 0 0 0 — — —
20 19 10 2 11 21 1
40 1] 29 1 0 9 1
60 60 11 11 1 0 0 1]
80 0 ] 0 0 0 0
100 0 0 — — —
20 0 40 2 11 0 0
40 11 0 t] 0 0 0
100 60 0 0 0 0 0 0
80 0 0 0 0 0 0
100 0 0 0 — — —

*1 KSA-86, 4 mme, 190 A, 20.5 kJ/em
# KC-60, 1.2 mmg, 300 A, 19.8k]/em
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Photo 1 =751,
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Table 5 Welding conditions

Welding method S AW CES CES +GMAW
pon Column skin-plate
z I R I v
= 1 i | Diaphragm Beam flange
. , { Zz % - GMAW
Groove shape ! = : - CES ﬁj
= _—I [ I 6, 110
¢ 40 6} 100
! 7 ! RG [ 23 [ 26 | a0 v
. . Y - _ Dizphragm [ BEF
Stee! (kgf.'mm’) 53, 60 Al 5 53, 6 5. 61
e pevan ge ) e {CES]  Same as the left
o W lre:h‘\'vrl}()[‘ {33 kgf/mmq) Wire ; KW 50C FGMAW] Wire: KC50 (53 kf /mm?)
\\eldlln.;:iaiq KWI101B (60 kgf."mm"] P:lux :KF 100 KCBO (60 ket am?)
malerials Flux: ﬁ:: {10 (462 100lmm] L,unsur;l(aillﬂeoggrﬁlle Shiclding gas : CO: 100%
T e AU oon- e CES GAAW
Thickness (mm) 4 60 100 w | 60 [ 1o0 60 40
Total passes ! 1 25 1 1 >3
leat input o n 40x 24 . - a 21 x 27
(el Fem) 227 36 270 % 1 539 851 1721 886

(a) SAW(60 kglf/mm? steel} (b) CES(53 kgf/mmisteel) (c) CESH+GMAW

Photo 1 Macrostructures of welded joints

Table 6 Tensile strength of welded joints

Welding Steel Thickness TS* Location of
method | (kgf/mm?) (mm) (kgf/mm?) fracture
40 58.7 HAZ
53 60 56.1 WM
SAW 100 56.1 WM-BM
(Butt) 40 65.4 HAZ
60 60 65.0 HAZ-BM
100 68.4 WM
40 55.8 HAZ
CES
(Butt) 53 60 55.3 HAZ
100 53.8 HAZ
CES 53 402 58.1 BM (BF)
+GMAW
(Cross) 60 40 63.9 BM (BF)

*1 Mean of the two test pieces
TP: W=25mm, {=0riginal thickness,
parallel length=100 mm (Butt}, 260 mm (Cross)
42 Plate thickness of beam flange

ExhivEBbohT, B (Teble3 2R) (tASOBEIEL
hTuwb, Table T [ T HERFRCRNT, £ 4 ¥ 77 BT
CES £ ®7 5 v olfHiTo GMAW oBERE»Z T - ARTE
A¥x VUt OFBEREYRLOTHELY, b L SRHM
BEANES L 60 = ERE7E 100 mm TEEE WY 3 kgf/mm? {£F L1245,
FhUAERRE BELLSFHLASZOEIE LR TV,
SAW & CES @ F#iounT JISZ3122 1w X 3%, HE X U
T RS2 1T - koo HEIA Z VBT RIGE, SAW SEFR o 53 +
= RIS 100 mm Ot T U BESBOS R AR -4 1.0
mm OB L, CES $FHMOEE 60 mm OFlT TR Ak Lo EE
SRBRASC 2.8 mm DX REALE Ui, wTFhd 3mm BUFT
BB, Efn, BEASOSEELTLEAA R EALEL TV
LEaffeEzbl, thboRFHRERSCHBEL-EBbhs,
v ¥ — BB SAW MES L CES, GMAW ik 2+
FHRFMIC DN TITo 72, REETRE Y Table 8 & 9 (R, Wi
SAW @FE-CITIRE 40 & 60mm A, * fo TR FH Tk CES
BED (FAv75 4653 %0, By v 7 L—t ZHE) A,

Table 8 Charpy impact values of SAW joints

(kgf+m)
® gfﬁnz) TE}‘;:]%’GSS WM FL  HAZ | V-notch position
40 4.0 5.9 0.3 B Nz
53 = ~
N 60 56 49 53 SR
160 136 169 169 TN
gl H
40 12.8 7.7 6.1 X7
60 5 AL, 16
CE 9 6 | 112 56 50
100 18.1 13.1 R B s

Note; Mean of the three test pieces, TP JES Z 2202 4

Table 7 Tensile properties of skin-plate suffered welding heat

3 Thickness YP T3 El YR Test piece .
Steel {mm) (kgf mm®)  (kgf 'mm?) (%2) (%0) -
Column skin plade
. 60 38.9 54.2 3 7 . -
53 kgf mm? ; e o
100 38.7 55.0 49 0 I E L =
, 60 18.6 624 39 8 B |
60 kgf mm®
100 503 66.3 35 76
JiZ%e e E Vol 22 No. 1 1990 A —
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Table 9 Charpy impact values*! of cross joints

thgf-m)
(kgsft‘?gxln?) Loca. [ Diaphragm® ] Column skin-plate Beam flange V-notch position
Cs.BF | "O" |11AZ| FL | CESWM | FL [HAZ) t/2 [HAZ| FL|GMAW WM | FL [HAZ| | — —Jariiie
53 T | 46[50] 51 | 49| 62|124|228|178] 163|163 18y|— \ o
(vEo) M | 33|52 47 5.7| 32|130]17.2[15.3 125 155 | 16.1 H_ak ‘l‘*jhi“”;"i:'ffi% 2 ":71-";%:.\;'.“"3:5'
60 T 6.8 10.8| B3| 90{127| 61 6.0 126 | 149 ‘ L
CE=) 1M | = = | 77 |1u1] 50| selzas| 55| &1 | e4|wT ]

*'Mean of the three test pieces (JIS Z 2202 1)

53 kgf/mm?
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=5 M '
Bead N
200 center ,K /\
T 60 kgl mm?
wat || maz e
1501I|II||II1|IIIIIIIIIIII!!I!I
60 70 80 90 100 110 120
(mm)
Fig. 5 Vickers hardness distribution of SAW joints
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Fig. 6 Vickers hardness distribution of CES joints
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Fig. 7 Fatigue test specimen
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Table 10 Low cycle fatigue test results of cross joints

. Steel (kgf/mm?) Strain amplitude o, d, 7 a.fo a.fa N, i N,
Test piece DF-CS. BF (%) (hegijemmt) | (kg jmm?) | (egifrome) T evede) | eyeley

A2 2 42.8 56.5 —61.9 . -1 !

53-53-53 1.32 1.45 5 . 34
A-4 +4 42.9 61.3 —69.7 1.43 —1.62 4 i 7
B-1 +1 43.5 51.1 -53.1 1.17 —1.22 15 74
B-2 2 43.2 855.7 —59.9 1.29 —1.

536053 1.39 5 21
B-3 +3 40.7 59.5 —65.6 1.46 —1.61 3 14
B-4 +4 40.3 61.5 —68.4 1.53 —1.70 2 9
C-1 +1 50.2 52.4 —55.2 1.04 7 —1.10 N 57 1567 7
C-2-1 53-60-60 +2 49.9 59.6 —65.9 1.20 —1.32 2 41
C-2-2 +2 49.9 59.4 —63.9 1.19 ~1.28 3 44

Note {1) o;: Yield stress at first loading cycle
(2) o..: Stress at stable hysterisis loop

—100i 15 20
A-2 53 kgf/mm? steel

(C-2-2 60 kgl mm® steel

Fig. 8 Load-strain hysterisis loop

3
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Photo 2 Appearance of fractured low cycle fatigue test speci-
men (strain amplitude=+29%)
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2 C
= ~
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1 11—

5 10 20 50 100 200
Number of cycles to fracture

Fig. 9 Relation between strain and number of cycles to frac-
ture
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{3) N,: Number of cycles to crack
(4) N;: Number of cycles to failure
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Fig. 10 Bending test specimen and loading condition of beam
to column connection
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Photo 3 Overview of full-scale flexual test
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Photo 4 Failure of test specimen
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Fig. 11 Load-deformation curves by the experiment and FEM analysis
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Fig. 12 Strain distribution in beamn end (longitudinal)
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