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Development of Structural Steel for Buildings with High Yield Ratio and
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Abstract

Damage control design, which absorbs earthquake input energy with seismic dampers and prevents
beams and columns being damaged, is established mainly of high rise buildings. The columns almost
remain within elastic strain range during severe earthquake. Therefore, the demand performance for
the columns is obviously different from the one for the beams. Up to now, steel of the same standard has
been used for the columns and the beams. This time, steel plate with high yield point only for the col-
umns was developed. In this paper, the details of development, the outline of the standard, and the
performance of the steels made for trial purposes are reported.
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Performance requirement for steel used in building structure
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Damage control design preventing column damaged
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Development concept of high yield point steel
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Comparison of specifications with conventional steel

Standards | Design strength Thickness Yield point | Tensile strength Yield ratio Ceq vEo iz
(N/mm?) (mm) (N/mm?) (N/mm?) (%) (%) ) (%)
BT-HT400C 400 19-100 400-550 490-670 090 0 0.40 700 00.58
BT-HT325 325 40-100 325-445 490-610 080 0o0.40 270 o
BT-HT355 355 40-100 355-475 520-640 080 00.42 270 0
SA440 440 19-100 440-540 590-740 080 0o0.47 470 0
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1/4t X100 X 400

New steel 50 mn

New steel 50 mn 1/4 t
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Micro-structure of conventional TMCP steel and new steel
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Chemical compositions of sample steel (mass %)

New steel Thickness (mm) C Si Mn P S Ceq P finzr
Specification 19-100 00.20 0 0.55 02.00 0 0.020 7 0.008 00.40 00.26 00.58
Sample A 25 0.14 0.27 1.30 0.014 0.003 0.37 0.22 0.39
Sample B 50 0.14 0.27 1.30 0.014 0.003 0.37 0.22 0.39
Sample C 100 0.10 0.22 1.54 0.007 0.002 0.37 0.19 0.35
goooooooooog
Mechanical properties of sample steel
Tensile test Charpy impact test Through thickness
Thickness tensile test
Tensile Absorbed energy
Yield point strength Elongation Yield ratio at 00l Reduction of area
(mm) (N/mm?) (N/mm2) (%) (%) O (%)
- 210 ™ 250 (ave.)
Specification 19-100 400-550 490-670 090 700
230 * 150 (each)
Sample A 25 455 554 25" 82 311, 305, 315 (ave.310) | 67,62, 72 (ave.67)
Sample B 50 442 576 26" 77 316,317,321 (ave.318) | 71,71, 71 (ave.71)
Sample C 100 412 546 342 76 327,339, 337 (ave.334) | 80,78,78 (ave.79)
*1 : Gage length = 200mm *2 1 Gage length = 50mm
600 400
350 8
500 =
2 300
T 400 ui 250
£ =
£ 300 § 200
2 2 150
Qo 13 =
& 200 t=25mm § 100 —O—t=25mm
—t=50mm < —/—t=50mm
o e t=100mm % —Q=t=100mm
0 0
0 5 10 15 20 25 20 100 -80 60 40 20 0 20 40

Strain  [%]

Test temperature [°C]

Jd0d0dodoooooooo
Stress-strain curves from tensile test

0o0oo0oooooooooooooooUooo
Energy transition curves from Charpy impact test
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Test result of maximum hardness test in weld heat-affected zone

Thickness Test method Welding process Welding material Pre-heat Heat input HV10
JIS Z 3312
50mm JIS Z 3101 co,™ None 17 kd/cm 253
YGW18

*1: CO, gas-shield arc welding
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Test result of y-groove weld cracking test

Thickness | Test method | Welding process Welding material Pre-heat | Heatinput | Surface crack | Section crack Root crack
JIS Z 3312
50mm JIS Z 3158 Co, None 17 kdfem None None None
YGW18
250 gco,000000MmM400N/mm M O000000ESWOOOO
goooTMCP3250 000000000000 DbO0oooDooOog

o O000000003SNmmO000000000000000
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100 e t=50mMm

—0—t=100mm 312 OOOOO0Od
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-60 -40 -20 0 20 40 60

Location through thickness [mm]
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Hardness distribution in direction of thickness in section
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Groove configuration of welded joints
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Targeted level of welded joint performance

Welding Yield strength Tensile strength Tensile strength Notch Maximum

process of weld metal of weld metal of welded joint toughness™ hardness
Inner diaphragm ESW™ 3250 4900 4900 270 1350
Corner joint SAW™? 4000 4900J 4900 270 1350
Column to column Co, 4000 49001 4900 700 [J 350

*1 : Electroslag welding

00000000000 38700020070

*2 : Submerged arc welding

*3 : Charpy absorbed energy
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goooooo
Welding conditions
. . Volt i i
Welding process | Welding consumables | Welding pass Current ollage Welding speed Heat input
(A) V) (cm/min) (kd/cm)
ESW JIS Z 3353 YES51 1 380 52 1.6 741
SAW JIS Z 3183 S582-H 1 1900/1500™ 40/45™ 18 485
Co, JISZ 3312 YGW18 1-44 230-280 28-32 19-65 040

*1: Twin electrode leading electrode/trailing electrode
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Location of Charpy impact test specimens
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Macro-appearance and hardness test results of welded joints
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Results of tensile tests and impact tests

Test of weld metal Test of welded joint V-notch Charpy impact test
Welding process Yield Tensile Tensile Location of Absorbed energy (J)
strength™ strength™ strength™ fracture (average of three tests)
Depo™ 70 F.L.+1mm 89
364 530 X
ESW O O Depo™ 184 F.L.+3mm 110
362 526
F.L. 140 F.L.+5mm 145
. F.L+1mm 61
472 674 546 Base metal Depo™ 97
SAW F.L.+3mm 57
480 678 553 Base metal F.L. 71
F.L.+5mm 35
653 701 603 Base metal Depo 139
co, F.L+1mm 240
682 696 613 Base metal F.L. 198
*1:N/mm? *2: Center of weld metal *3: Edge of weld metal
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Mechanical properties of sample steel using structural experiment

Thickness | Yield point | Tensile strength | Elongation™ | Yield ratio
(mm) (N/mm?) (N/mm2) (%) (%)
124 439 538 23 82
111 439 531 23 83

9.1 437 527 24 83

*1 : Gage length = 200mm

gooodooodooogooooomod
Chemical compositions of sample steel using structural experiment (mass % )

Thickness C Si Mn

p

S Ceq P f

HAZ

12mm 0.12 0.24 1.41

0.010

Cc™M
0.002 0.37 0.20 0.37
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Str:

10,000kN test machine

in gage

\
BN

—

%

800
700
600
500
400
300

Stress [N/mm2]

jJl200000000000000DODOO0
Stress-strain curves obtained from stub-column test

7

0rnpoooooooooo
Set-up of stub-column test

01000000000

7

) /\ Nl

10 15
Strain [%]

0120000000000000
[ List of beam-column specimens

Strain gage

Q ©
D t L
. DIt N/N
- (mm) | (mm) (mm) ’
K

No.1 216 12.4 17.5 1400 0.3
= No.2 300 124 24.4 2000 0.3

© ©
No.3 308 111 27.7 2000 0.3
Displacement measurement N04 324 91 357 2 000 03

L : Length of stub-column specimen

N : Applied compression load
N,:=0 A (/A Section area )

No.1

No2 DNO.DDDDDEII]DBPDDDDGPDDDDDDDDNO.DDNO.
oboobOx0s 0000000O0Ne.DDODOOODODOOS O
goooboooooboooooooooooooboooooobooo
dbododooooooooooooooooooooooo
goooooooooooooooooboooooooooooo
vbownooooooMm, 000000 0Onoboboon
oode 00000D000000O0DOOOOOOOOODODOOO
goood
323 O00O0O0ODOO

00000000 o0ooooooo000O0O0Dd400N/mm2d
500N/mm20 00 00070009%0 00000000000 O

No.3

No.4

20 25

[0 Results of stub-column test

= - — . 000000000000000000000000000000

D/t mex e 000000000000000000000000000000
(N/mm?) (%) 0 /0 € /€
Nol T = 1050 157 S8 000000000000000000000000000000
00000MIM000000000@MDtG, 000000000

No.2 17.4 480 271 1.15 13.3 kg

No3 ™ 26 069 102 34 0000000000000 0000150000

No.4 27.0 422 0.55 1.01 2.7 0o (D14),,=(D/1), (0‘./E]DEIEI (1)

No.5 34.7 410 0.28 0.98 1.4 :

oooooooooooooooooboboboooooooooo

D, t: Width and thickness of stub-column specimen

0 .. - Maximum strength obtained from stub-column test
€ obtained from stub-column test

0, Yield strength obtained from tensile test
€

m;

.- Strainato

,i=0 y/E (E : Young’ s modulus)
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3,000kN oil jack for shear lpad

)

Cyclic loading

Applying constant axial load

I

5,000kN oil jack for axial load

Beam-column speg¢imen | I

01B00oooooooog
Set-up of beam-column test
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350 | [Nol

250
150

50
-50

Moment M[kN ‘m]

-150

-250

-350

-450
-0.05

-0.03 -0.01 0.01 0.03 0.05

Rotation angle 6 [rad]

800

500 No.3

400

200

Moment M[kN 'm]
o

-200

-400

-600

-800
-0.02

-0.01 0.00 0.01

Rotation angle 6 [rad]

Moment M[kN ‘m]

Moment M[kN ‘m]

-0.02 -0.01 0.00 0.01 0.02

Rotation angle 8 [rad]

-600
-0.02

-0.01 0.00 0.01 0.02

Rotation angle 6 [rad]

0u000o0ooooooooa
Results of beam-column test

jJooooooooo
[ Results of stub-column test

Mo CI—. W=

(kNOm) (rad) 0 ../0
No.1 301 0.05 6.6
No.2 693 0.02 3.1
No.3 619 0.02 3.2
No.4 508 0.01 16

M,.., - Maximum moment strength obtained from beam column test

8 .- Rotation angle at M, on skeleton curve obtained from beam
column test

0 ot Elastic rotation angle corresponding to M,

M, : Full plastic moment of specimen considering axial load
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