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Abstract

In the 1995 Kobe earthquake, many steel structures suffered damage at beam-to-column connections. And in those damaged
buildings, fractures of a beam flange at the beam-to-column connections were observed. After that, a remarkable number of
studies have been conducted to prevent early fracture at beam-to-column connections and enhance the plastic deformation
capacity of steel beams. In these researches, it was pointed out that the small joint efficiency of the beam web, which is
caused by the out-of-plane deformation of the skin plate of RHS column used for moment resisting frames in Japan,
decreases plastic rotation capacity of the beam limited by the fracture of the beam flange. In the high-rise buildings of
Japan, the on-site full penetration welding to beam flanges has to be achieved with the bolted beam-web joint (WBFW type
connection). However, the bolted beam-web joint has problem of the poor joint efficiency. Recently, the plastic deformation
capacity of the WBFW connections subjected to a long-duration earthquake of ground motion with many cycle of small
amplitude of deformation has become a very important issue for structural engineers in Japan. The plastic deformation
capacity of the WBFW type connections is evaluated by low cycle fatigue characteristics plotted with fracture life as the
vertical axis and ductility factor as the horizontal axis. However, it is difficult to evaluate several test results with various
test conditions such as steel grade and beam span.

In this paper, cyclic loading tests focusing on suggesting an appropriate evaluation method of plastic deformation
capacity of WBFW type connections were carried out. Three types of specimen were tested. Each group of specimens has
similar joint efficiency and connection details. The 400MPa conventional strength steel was used for the first group of
specimen, and the 490MPa conventional strength steel and the 590MPa high strength steel was used for the second and third
ones, respectively.

The test results can be summarized as follows:(1) the beam-to-column connection made of the 590MPa high strength
steel fractured in 14 cycles of constant rotation angle loading of the 1.56,, although that of the 400MPa conventional
strength steel showed sufficient plastic deformation capacity; (2) the plastic deformation capacity of the 590MPa high
strength steel is almost the same as that of the others in evaluation of low cycle fatigue characteristics based on the
maximum rotation angle; (3) finally, it was very effective to evaluate several test results with various test condition such as
steel grade and beam span.
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1. Introduction

In the 1995 Kobe earthquake, many steel structures suffered damage at beam-to-column connections. In those
damaged buildings, fractures of beam flange at the beam-to-column connections were observed. After that, a
remarkable number of studies have been conducted to prevent early fracture at beam-to-column connections and
enhance the plastic deformation capacity of steel beams. In these research studies, it was pointed out that the
small joint efficiency of the beam web, which is caused by the out-of-plane deformation of the skin plate of the
rectangular hollow section (RHS) column used for moment resisting frames in Japan, decreases the plastic
rotation capacity of the beam limited by the fracture of the beam flange. In the high-rise buildings of Japan, the
on-site full penetration welding to beam flanges has to be achieved with the bolted beam-web joint (WBFW type
connection). However, the bolted beam-web joint has problems due to its poor joint efficiency. Recently, the
plastic deformation capacity of the WBFW type connections subjected to a long-duration of ground motion with
many small amplitude cycles has become a very important issue for structural engineers in Japan. The plastic
deformation capacity of the WBFW type connections is evaluated using its low cycle fatigue characteristics
represented by graph with fracture life as the vertical axis and ductility factor as the horizontal axis. However, it
is difficult to evaluate several test results with various test conditions such as steel grade and beam span.

In this paper, cyclic loading tests focusing on suggesting an appropriate evaluation method of plastic
deformation capacity of WBFW type connections were carried out. And then, application of the evaluation
method was verified by comparing with previous tests.
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Fig. 1 — The difference of connection

2. Test plan
2.1 Test Specimen

The list of test specimens and the connection details are shown in Table 1 and Fig. 2, respectively. The specimen
was a wide-flange beam made of section (depth x width) of H-600x200 with WBFW connection. The strong
column was used as a jig. A difficult construction condition is realized by using the inside edge penetration at
both beam flanges. The test specimens consist of three series that were made of a different strength of steel
which were 400MPa conventional strength steel (400MPa steel), 490MPa conventional strength steel (490MPa
steel), and 590MPa high strength steel (590MPa steel). The connection strength considered in designing the test
specimen and the ratio of connection strength is summarized in Table 2. And, the adjustment results of the
strength balance are shown in Fig.3. In order to adjust the strength balance between beam and beam-web joint,
super high strength bolts (F14T) and high strength bolts (S10T) are used respectively for the beam-web joints
made of different steel. The material test results and stress-strain relationship of the beam-flange are shown in
Table 3 and Fig.4, respectively.
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Table 1 — The list of test specimens 600
Column Beam | Beam span | Ductility factor
Steel grade section section L (mm) Omax 10 web bolt
400MPa 151
steel 2.02
RH600x200 3,000 1.33 13-M20 405050 200 505040
490MPa x11x17 153 (S10T) TT T 1 T T 11
seel | pHs00va00x 204
32x19 3,000 1.11 f 00
590MPa BH600x200 i'ggg ﬂg 13-M20 § ©) 00000
steel x12x19 : - (F14T)
3,050 1.39 . . .
3,050 1.84 Fig. 2 — Connection detail
o5 Each strength of fracture ® :400MPa steel
Maximum strength of beam-web -490MPa steel
) connection
20 1 PS A @ :590MPa steel

1.5 [ ] \

o
(] @ Y [ ]
10 e O ey e 2
05 +
0.0 | | | | | | |
Maximum strength of beam-end Full plastic moment Maximum strength of 4 bolts Maximum strength of
connection - of upper and lower edge side tear off fracture
- Yield moment
Full plastic moment of beam
Full plastic moment of flange Maximum strength of all bolts Maximum strength of

Full plastic moment of web inner tearing fracture

Fig. 3 — The adjustment results of strength balance

Table 2 — The connection strength considered in designing the test specimen and the ratio of connection strength

Connection strenath 590MPa steel 490MPa steel 400MPa steel
9 ©) @ |ratio (DI@)| @ ® |ratio(@Q/@)| @ @ | ratio (D/®)

1| Maximum strength of beam-end connection |1 My | oMo 1.07 iMu_| oMy 118 My | oMy 1.23
1797 1676 1308 1108 1130 915

2 Full plastic moment of web and flange osMip | 6Mup 2.21 o6Mip | 6Mup 1.81 oMy | 6Mup 2.01
1154 522 713 394 612 304

3 Yield and full plastic momennt oMy | oM 1.17 oMy | oM, 1.22 oMy | oM,y 1.18
1676 1427 1108 907 915 778

4 Maximum strength of 4 bo_lts sMu1 | My 0.97 sMu1 | Mwy 0.87 sMu1 | (Mw 157
of upper and lower edge side 370 381 263 301 363 231

5 Maximum strength of all bolts sMu; | My 1.16 sMus | My 1.04 sMus | My 1.37
442 381 314 301 316 231

6 Maximum strength of tear off fracture eMus | Moy 1.45 eMus | Muy 1.42 sMus | Moy 1.56
553 381 427 301 360 231

7| Maximum strength of inner tearing fracture |2 Mus | Moy 0.93 eMua | Mu, 0.91 sMus | Moy 1.00
354 381 273 301 231 231

iMy: Maximum strength of beam-end connection, jM.,: Maximum strength of beam-web connection, ,Mp: Full plastic moment of beam, , My,
pMuwp: Full plastic moment of flange and web, ,My: Yield moment, gMy1: Maximum strength of 4 bolts of upper and lower edge side, sMy,:
Maximum strength of all bolts, gMys: Maximum strength of tear off fracture, sMus: Maximum strength of inner tearing fracture
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2.2 Loading method

The test setup is illustrated in Fig. 5. A constant rotation angle of ductility factor @n. / 6, shown in Table 1 is
employed as the loading protocol for the each specimen. Here, the plastic rotation angle 6, (400MPa steel:
0.0062rad., 490MPa steel: 0.0075rad., 590MPa steel: 0.0108rad.) is obtained from the full plastic moment M,
divided by the elastic stiffness K. Here, note that M, and K is theoretical value. However, yield strength oy in
calculating M, was used in the material test results (Table 3).
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Table 3 — Material test results

Steel Member | Thickness Yield strength | Tensile strength | Rupture elongation
grade t(mm) | o, (N'mm) | o, (N/mm?) E.l. (%) - -
400MPa | Beam-flange 17 298 453 17.0
steel Beam-web 11 319 468 20.6
490MPa | Beam-flange 17 347 508 25.9 Reaction wall
steel Beam-web 11 408 554 272 .-
590MPa | Beam-flange 19 510 641 28.0 Oil jack I
steel | Beam-web 12 539 658 215 o - | Lateral bracing
_F . minus  plus [ ;
700 — o [N/mm’| ||[al| -lll@“
- — :400MPa steel — : | ) .
—-— :490MPa steel — Zli i o
o N S
- - - :590MPa steel - i H 3 s
- . - ER o
i — _.‘._.'_\_\_\ | Beam joint_f— I R
o R 1 dE
. [ H 8
210 J R i
2 2 | | m m | H Pin
100 4 =
11Tl ‘ ‘ 1] Reaction floor
£[% AR 11 1 O (OO Ot i 11 i
"% % ¢ &5 & & i BN
0 5 10 15 20 25 30 35
Fig. 4 — Stress-strain relationship Fig. 5 — Setup

3. Test results and consideration
3.1 Overview of test results

The test results of each specimen are summarized in Table 4. In all of the specimens, the growth of a ductile
crack at the toe of the weld access hole caused the rapid strength degradation. Compared to ductility factor of
about 1.50 of each specimen, the number of loading cycles until fracture of 400MPa, 490MPa and 590MPa steel
is 107, 64 and 14 cycles respectively. The test specimens of ductility factor of about 2.00 showed similar results
to that of the ductility factor of about 1.50. Consequently, in the case of a comparison with the same ductility
factor, the test results indicate that the plastic deformation capacity of high strength steel is lower than that of the
conventional strength steel.

Overall behavior, M/ M, - 8/ 6, and M / M, - @relationship, are shown in Fig. 6 and Fig. 7. Compared to
the same ductility factor, Fig. 6 indicates that the specimen made of high strength steel was fractured at an early
stage. On the other hand, Fig. 7 indicates that the absolute rotation angle & of the specimen made of high strength
steel is larger. Consequently, large plastic rotation angle &, produces large deformation because the parameter of
this paper is only material strength. It indicates that one of the reason why plastic deformation capacity is
difference is the plastic rotation angle &, of each specimen. Here, the strain history of beam-end flange of each
specimen is shown in Fig. 8. Strain history is used the mean value of strain gauge of beam-end flange occurred
flexural tensile in the first cycle. In 1.06,, the difference of strain by material strength is not observed. However,
in case of comparison with 1.5 and 2.0 6,, larger strain is occurred in the specimen made of the higher strength
steel. Therefore, large @, produces large absolute amount of incremental deformation to 4,. As a result, the
difference of plastic deformation capacity was observed.

4
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Table 4 — List of test results

Steel Displacement K K M max M
. K/ K P MMyl N, | N Fracture mod
grade amplitide | [kN-mrad] | [kN-mirad] | | kN-m] | penemp [Vl P e | 7| racturemoce
+1510, 165,500 118 1%%57 +11.1%1 +ig;§ +107c| 289 | 312
400MPa steel 140000 o o5
2,020, 159,600 114 951 a7c | -30c | 147 | 159
1056 -115
+1336, 149,800 L7 | Y012 Y09 1 g6 | -04c | 220 | 246
-1091 -0.98
490MPa steel | 1536, 142,200 140000 | 102 | *1%8 1 gi0g | 099 102N g0 ) 1g0 | 101
-1154 -1.04 | -59c
2040, 143,600 103 | *H8 O3 g7e | asc | 65 | 73
-1226 -1.11 Fracture
1110, 165,500 152000 | 100 | ‘156 090 | 457¢ | gy | qg5 | 1gp | OF beam-flange
-1615 -0.96 | -53c
1150, 150,800 150000 | 101 | I 089 ) 30| ane | 80 | 87
-1577 -0.94 | -31c
590MPa steel | +1.190, 159,600 152000 | 105 | %8 1676 | ‘0% || a5 | 52 | 80
-1689 -1.01 | -22c
+1.396, 158,100 1.05 ?;382 ’?gf e | a | s
150,000 1695 Tor s
+1.840, 154,900 103 : | i6c | 17 | 20
-1784 -1.06 | -5

6, Plastic rotation angle, .K: Experimental value of elastic stiffness, (K; Theoritical value of elastic stiffness, Mmax: maximum moment, N:
Loading cycle until peak load decresed 10% from maximum load, Ns: Loading cycle until fracture (fracture life), 7,: Cumulative plastic
deformation until Ny, 77 Cumulative plastic deformation until Ny

MM
r

MM MM,

400MPa 104
steel

#rad ]

2.0 15 -1 10 1.5 20 0,02 J) ool 002

490MPa 4 d .....
steel

a8
4

00

Z.::.. /5
Y ] i - t e . t
2.0 -i. 57, 5 10 15 20 20 -1 0 05 fo os

0 15 20 002

590MPa
steel

& [rad.]

b
-2.0 -L5 -1.0 002

i 4 _’

Fig. 6 — M/ M,- 0/ 6, rerationship Fig. 7= M/ M, - @relationship

e




q’@ 16" World Conference on Earthquake, 16WCEE 2017
a8 - Santiago Chile, January 9th to 13th 2017

6 150 200 156 2,00
P P P

=

35 £[%)] 35 £[%] P ’ 35+ £[%]
3.0+ 3.0+ 3.0+
251 254 254
2.0+ 204 204
151 154 154
1.0+ 1.0+ 1.0+
05+ 054 05+
0.0 ; ; ; oledl oo ; ; ; ordl oo ; ; \ olrad]
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
(&) 400MPa steel (b) 490MPa steel (c) 590MPa steel
Fig. 8 — Strain history of the beam-end flange in tensile side
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1000 +
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Fig. 9 — Low cycle fatigue characteristics based on the ductility factor™®!
Fracture life N, Fracture life N,
1000 +— 1000
 — This test results * Previous test results
I @®: 400MPa steel T - A:sci
T : 490MPa steel T : Reference [2]
100 .
100 2 %\ ° @: 590MPa steel ¥ R : Reference [3]
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i . I Ml : scwtl
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Fig. 10 — Low cycle fatigue characteristics based on the maximum rotation angle™™ !

3.2 Low cycle fatigue characteristics based on the maximum rotation angle &max

The low cycle fatigue characteristics based on ductility factor of this test and previous test results [1]~[8] is
shown in Fig. 9. Here, the previous test results are summarized in Table 5. They are plotted with fracture life Ny
as the vertical axis and ductility factor 0.« / 6, as the horizontal axis. In the case of the low cycle fatigue
characteristics based on the ductility factor, the plastic deformation capacity of the specimen of large &, is low.
On the other hand, the low cycle fatigue characteristics based on the maximum rotation angle 6., the absolute
rotation, of this test and the previous test results [1]~[8] is shown in Fig. 10. It means that the horizontal axis of

6
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Fig.9, the ductility factor Gm.« / 6y, is changed to the maximum rotation angle Gnax. In the case of the low cycle
fatigue characteristics based on the maximum rotation angle G, the differences in the plastic deformation
capacity of each specimen is decreased. In other word, the plastic deformation capacity of 590MPa steel is
almost the same as that of the specimens with made of the other steel.

Table 5 — List of previous test results

Series of Steel | Bean span | Bean section | Sear span ratio Beam-end gy, 0y pMp My MM cK 9, 0. 16 O max Ny N¢ Reference
specimen grade | L [mm] [mm] L/D connection type | - [N/mm?] [kN-m] [kN-m] |72 [kN-mirad] | [rad.] mat e [rad.] [eye] [cyc] number

ToA 0.0072 20 21

sc 400MPa| 2017 | RHA400x200 50 Shop welding | 277/421 374 487 130 62300 | 00060 128 0.0072 262 302 m
2.00 0.0120 58 66
3.00 0.0180 17 20
132 0.0075 - 266

- 490MPa| 2050 | RH600x200 34 Shopwelding | 345/531 | 1054 1,337 127 185000 | 0.0057 175 0.0100 - 12 7
2.19 0.0125 - 70
263 0.0150 - “
0.90 0.0065 187 216
N 130 0.0093 51 67
G On-site welding 1,263 1.16 200 0.0143 3 m
490MPA| 3000 | BH600x200 50 387/511 | 1077 152000 | 0.0072 3.00 0.0215 4 5

130 0.0093 60 82 13
K Shop welding 1392 128 2.00 0.0143 15 20
3.00 0.0215 5 7
GL  |d490MPa| 4100 | BH800X300 51 Onsite welding | 357/512 | 3356 4075 121 454000 | 0,007 130 0.0100 103 103
2.00 0.0154 31 2
1.20 0.0090 89 100
! 2.00 0.0150 31 3

scs | 490MPa| 2492 | RH500x200 50 Shop welding | 351/547 740 o74 132 103000 | 0.0075 o o > : [
4.00 0.0300 4 5
1.20 0.0090 % 106

scL | 4o0MPa| 3770 | BH800x300 47 Shop welding | 340/508 | 3130 3926 125 437000 | 0.0075 200 0.0150 8 38 8]
3.00 0.0225 - 13
4.00 0.0300 - 5
0.80 0.0058 428 531

SCWB | 4%MPa| 2492 | RH500x200 50 Onsite welding |  352/525 739 846 114 103000 | 0.0073 120 0.0086 105 19 0]
2.00 0.0144 19 3
3.00 0.0216 - 7
1.20 0.0085 83 101

scw | d490mPa| 2325 | RH500x200 47 Shop welding | 3687553 774 882 114 108000 | 00074 2.00 0.0144 15 15 m
3.00 0.0216 3 4
2.00 0.0217 - 10

HT60-SCF-F | 590MPa | 1,200 | BH200x100 60 Shop welding |  445/610 105 118 112 10000 | 00108 3.00 0.0325 - 4 @
4.00 0.0433 - 1

4. Conclusion

In this paper, cyclic loading tests focusing on suggesting an appropriate evaluation method of plastic
deformation capacity of WBFW type connections were carried out. The test results can be summarized as
follows: (1) the beam-end connection made of 590MPa steel was fractured during the 14th loading cycle of
constant rotation angle 1.56,, although that of the 400MPa steel showed sufficient plastic deformation capacity
(over 100 cycles) under the same ductility factor; (2) the plastic deformation capacity of the 590MPa steel was
almost the same as that of other steel grades regarding the evaluation of low cycle fatigue characteristics based
on the maximum rotation angle Gn.x; (3) finally, the low cycle fatigue characteristics based on the maximum
rotation angle On.x Was also effective for previous researches with various test condition such as steel grade,
beam span and beam section.
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