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DAMAGE EVALUATION CONSIDERING INPUT ORDER OF STRAIN AMPLITUDE FOR BUCKLING
RESTRAINED BRACES WITH CROSS-SHAPED CORE AND WELDED BOX-SECTION MEMBER
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Takuya UEKI, Haruyuki KITAMURA, Toshiaki SATO,
Daiki SATO, Kazuaki MIYAGAWA and Yukio MURAKAMI

This paper discusses about the difference of damage degree calculated by Miner’s rule and by energy evaluation method. The

dynamic loading tests for the buckling restrained brace is carried out by exchanging the input order of large and small amplitudes

considered to be the cause of the dispersion. As a result, it is confirmed that the damage degree calculated by energy evaluation

method is estimated to be small by about 15% when receiving large deformation first. Furthermore, It is found that the damage

degree by the average amplitude method using the cumulative average strain amplitude is evaluated to be small compared with the

case using the logarithmic mean strain amplitude.

Keywords : Damege degree, Miner'srule, Average anylitude method, Buckling restrained brace
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Fig.1 Configuration of buckling restrained brace
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Fig.2 Definition of strain amplitude
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Fig.3 Shape of specimen (Basic model size)

Tablel Results of material testing (Basic model size)

) Yield Tensile | Yield .
Member Material Thickness Strength | Strength | Ratio Blongation
(mm) | (N/mm?) | (NImm?) | (%) (%)
Axial LY 225 16.0 208.9 310.5 67.3 61.3
Edge SN490B 16.0 345.1 520.5 66.3 28.3
Restraint | SM490A 19.1 370.6 520.9 712 274
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Table2 Loading pattern

Frame Loading jack
(1.5MN) Test Loading Aet
. Body Pattern (%)
LT U1 o I
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| x || F3 | Amplitude 20
- F4 30
- 7] L
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] o | F6 20-10
= i — F7 10-30
| ili F8 | Multistage 3010
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| i ;| F10 302010
F11 1.0-20—3.0-20-10
Fig.4 Loading system F12 3020102030
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Table3 Target number of cycle

No. Loading pattern Target damage index Target number of cycle
Act (%) Dm N (cycles)

F5 |10 —~ 20 0.50 — 0.50 405~ 90

F6 [20 — 1.0 0.50 — 0.50 90 — 405

F7 |10 - 30 0.50 — 0.50 405 — 37

F8 |30 ~ 1.0 0.50 ~ 0.50 37 — 405

F9 |10 ~20 ~30 033033~ 0.33 270~ 60 — 25

F10 (30 —~ 20 ~ 10 033~ 033~ 0.33 25 —~ 60 — 270

F11|10 - 20 »30 ~20 ~ 110|017~ 017~ 033~ 017~ 017|135~ 30 — 25 — 30 — 135

F12130 - 20 -10 -20 -30/017—-017—- 033~ 017~ 017[ 12 — 30 — 270~ 30 — 12

Axid stress o (N/mm?)

Axial stress ¢ (N/mn?) Axia stress ¢ (N/mm?)

Axiad stress o (N/mm?)
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Fig.7 o—e¢relationship (Multi-stage amplitude)
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:ﬂ?g l;—v:[y ?;0; (cny/clze) 7 | Dm | De |DeDm Ae(ﬂ/j)g‘ De1 Ai‘g/j;‘ De2 |Det/Dm [DeaDe1
FL | o032 | 1023 | 17950 | 104 | 125 | 120
Cosant | F2 | 119 53 | 8666 | 098 | 092 | 0.94
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Fig.15 Shape of specimen (Full-scale size)

Table5 Results of material testing (Full-scale size)

Thickness | _Yied Tensile | Yield Elongetion
Member Material Strength | Strength | Ratio
(mm) | (N\mmd) | (NI | (%) (%)
Axial LY225 15.9 206.9 310.9 66.6 611
Edge SN490B 16.1 376.4 530.4 71.0 28.4
Restraint | SM490A 116 3537 526.9 67.1 284

(unit : mm)

H!H\III\IIIHIIHII i

Test Loading Aet H [ Actuator 1.5MN)!

B Pattern 9 £ \j |
wy (/0) = Ii IF T — H
P1 0.5 %

Table6 Loading pattern

T P Specimen —
P2 | Constant | 20 —c —
P3 Amplitude 3.0 P F
P4 4.0 — —
o5 Two-stage 05930 Simmia 3500 T
Amplitude | 0.593.
Arpluce i RNA RN RRAARNARh
Fig.16 Loading system
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Fig.17 Ae& - N relationship Fig.18 Ae&—n; relationship
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Table7 Result of damage index for full-scale size

Loading Test Aet n/2 Aeq 16t Aeq 26t
Pattern Body %) (cycle) n Dm De |[De/Dm e(?%) De1 e(xg/o) De2 [De1/Dm|De2De1
P1 0.57 1860 11418 0.97 101 104
Constant P2 21 112 3937 114 113 0.99
Amplitude P3 312 44 2521 1.10 1.09 0.99
P4 4.13 19 1563 0.90 0.91 1.01
0.58 250 1501 0.14 013 0.9
291 5 333 011 013 126
0.58 250 1603 0.14 0.14 1.06
2.89 5 324 011 013 123
0.59 250 1472 014 013 0.94
2.83 5 322 0.10 013 125
Two-stage 0.58 250 1399 0.14 0.12 0.92
Amplitude P5 281 5 318 0.10 0.12 125 0.73 1.32 0.63 1.17 0.80 0.89
Repetition 0.59 250 1431 0.14 0.13 0.92
2.80 5 314 0.10 0.12 1.24
0.59 250 1433 0.14 0.13 091
281 5 302 0.10 0.12 119
0.64 250 1460 017 0.14 0.83
293 2 112 0.04 0.05 1.04
Total 1782 12323 1.65 1.73 1.05
Increase Original 652 3598 0.43 0.63 0.34 0.53 0.30 0.79 0.89
Level of L1 | Amp.X15 136 1905 034 113 0.30 0.97 0.26 0.88 0.87
Amplitude Total 788 5502 0.77 — 0.64 — 0.56 0.83 0.88
Decrease Amp. X 15 135 1960 0.34 114 0.31 0.99 0.27 0.90 0.87
Level of L2 Original 1180 6782 0.86 0.66 0.67 0.56 0.59 0.77 0.89
Amplitude Total 1315 8742 1.21 — 0.98 — 0.86 0.81 0.88
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Table8 Parameter for FEM analysis

Case | Length of plasticizing | Cross sectionof | Cross section of )
No. section L (mm) axial member | restraint member L-oading pattern

1 W Ho ! Ae=1.0%—3.0%
372 | moem TS

> 1247 x90 'x16 [0141x19 D e =3.0%10%

3 A gi=1.0%-3.0%
1540 W H 4 t

4 1447 x80 'x16 O141x12 7Am=3.0‘%—»1,0‘%

Axial member

Restraint member

Fig.27 Analytical model
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In recent years, buildings in Japan have been required to have high earthquake resistance that can be used
continuously after the large-scale earthquakes occurred. In order to achieve this, the damage control design that
allows to prevent the damage of main structure by absorbing the seismic energy in damping devices is effective. In
addition, it is important to judge appropriately the damage state of the damping devices after the earthquake occurs.

The Miner's rule has been widely used as the damage evaluation for the random waveform, including the plastic
region. On the other hand, the damage evaluation method using the quantity of total energy absorption is considered
to be a simple method in comparison with the Miner's rule. Therefore, the authors proposed the average amplitude
method as one of the energy evaluation method that can evaluate equivalent to Miner’s rule. In this method, the
random waveform is replaced by a constant average amplitude waveform so that the total energy absorption becomes
equal. However, it was confirmed that there was some difference compared with the damage degree calculated by the
Miner's rule.

In this paper, it aims to clarify the influence on the damage degree by the input order of the magnitude of strain
amplitude and the difference in the calculation method of the average strain amplitude. The buckling restrained
brace (BRB) to be evaluated is composed of a cross-shaped axial member using a low yield strength steel and
restraint member of the welded box-section.

First, the basic model specimens which exclude the influence of the buckling restraining capacity by shortening the
length of the plasticized region of the axial member and by increasing plate thickness of the restraint member is
prepared. Then, the multistage amplitude loading tests in which the input order is switched and the dynamic loading
tests by the response waveform in which only time axis is reversed are carried out.

Next, using the real-size specimens, the continuous two-stage amplitude loading tests in which large and small
strain amplitude are alternately repeated and the dynamic loading tests in which the input order of magnitude of
strain amplitude is exchanged are conducted.

Furthermore, it is evaluated that the influence on the strain behavior of the BRB by the input order of large and
small amplitudes using FEM analysis.

The main results in this paper are summarized as follows:

1) The ratio of the damage degree obtained by the energy evaluation method (average amplitude method using
logarithmic average strain amplitude) to the damage degree obtained by Miner’s law is decreased by about 15% more
when receiving the large amplitude first.

2) The order of the input amplitude including both the increase and the decrease like a seismic wave has little
influence on the above damage degree ratio.

3) The damage degree by the average amplitude method using the cumulative average strain amplitude is calculated
to be smaller than the damage degree calculated using the logarithmic mean strain amplitude.

4) As a result of FEM analysis, it is considered that the local strain concentration by small amplitude input and the

residual deformation by large amplitude input influence the change of the restoring force characteristic after that.

(2016 4F 12 7 9 HIsiAs~231, 2017 4F 4 J 25 HIRMLE)
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