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Abstract - The T-stub subjected to an axial tensile force shows various behavior characteristics according to the changes in the
diameter and tightening force of the fastener, the geometric shape of the T-stub, and the material properties of the T-stub and
fastener. Due to the influence of these changes, the T-stub shows three failure modes: plastic failure after the flexural yielding of
the T-stub flange, flexural yielding of the T-stub fillet, and fracture of the fastener. In general, a T-stub with a thin flange and
where the gauge distance of the fastener is long has a larger energy dissipation capacity than a T-stub with a thick flange and
where the gauge distance of the fastener is short, due to the plastic deformation after flexural yielding. In this study,
three-dimensional nonlinear finite element analysis was carried out to determine the effect of the fastener used for fastening the
T-stub on the energy dissipation capacity of the T-stub. For the fastener of the T-stub analysis model, F10T-M20 high-tension
bolts and @19.05-mm (3/4-inch) SMA bars were modeled, and the geometric shape of the T-stub was selected to represent the
flexural yielding of the T-stub fillet and the axial tensile failure of the fastener.
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Table 1. Material properties of T-stub steel used in the finite
element analysis

F F, E E,

(N/mm?) | (N/mm?) | (N/mm?) | (N/mm?)

325 490 | 205,000 | 2,062.5 | 0.0015854 |0.0815854

Table 2. Material properties of F10T-M20 high-tension bolts used
in the finite element analysis

F, E

(N/mm?) | (N/mm?) | (N/mm?)

900 1,000 | 205,000 | 0.0015854 0.0115854

Table 3. Material properties of SMA bars used in the finite
element analysis

Material variables Input values

E4 |: Elastic modulus of austenite 70,000 MPa

EM |: Elastic modulus of martensite 30,000 MPa

v |: Poisson’s ratio 0.33

M?* |: Martenite start temperature 244 K (-29.15C)

M7’ |: Martenite finish temperature 224K (-49.15C)

A?® | Austenite start temperature 248 K (-25.15C)

A’ |: Austenite finish temperature 265 K (-8.15C)

7. : Current experimental 293 K (19.8 SOC)
temperature
H |: Maximum transformation strain 0.05
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Fig. 3. Geometric shape of the T-stub
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Table 4. Geometric parameters and analysis models of the

T-stub

bf tw tf 9y r a b

Specimen «@

(mm) (mm) | (mm) (mim)) (mm) (mm)) (mm)

S-G210-T15-B300

300| 15 | 15 |210| 22 | 45 |97.5/3.
F-G210-T15-B300

63

S-G210-T21-B300

300| 13 | 21 |210| 22 | 45 |97.5|1
F-G210-T21-B300

.61

S-G210-T28-B300

F-G210-T28-B300

300| 16 | 28 |210| 28 | 45 [97.5(0.68

S-G210-T15-B300
—E T-stub flange width (mm)

T-stub flange thickness (mm)

T-stub high-tension bolt gauge

distance (mm)
S: SMA bars;

F: F10T-M20 high-tension bolts
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Table 5. ABAQUS options applied in the finite element analysis

Contacts Command Options
Washer contacts | constraints tie
T-stub — T-stub allow
T-stub — finite | separati|
high-tension bolts sliding |on after|adjust only
to remove
T-stub - SMA contact contact
over
Nuts - closure
high-tension bolts small sliding
Nuts - SMA
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Fig. 5. Loading protocol of a T-stub analysis model.
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Fig. 9. Three-dimensional nonlinear finite element analysis
model of the G210-T28-B300 analysis model (6 = 7mm)
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Table 6. Comparison of the energy dissipation capacities of the T-stub analysis models according to the changes in the fasteners (unit:

KN-mm)
£, by Step G210-T15-B300 G210-T21-B300 G210-T28-B300

SMA bars F10T-M20 SMA bars F10T-M20 SMA bars F10T-M20

1 1.1219 2.0244 1.0357 1.8315 0.4175 0.4287

2 0.3581 1.2514 6.9726 5.8529 18.9104 4.7656

3 7.2353 12.6549 30.3957 34.9000 33.7915 45.7320

4 24.7400 34.7846 53.4689 148.3135 75.4815 95.3536

5 43.8760 55.2665 94.8262 112.6222 110.6823 138.5651

6 48.3111 72.3850 133.0199 151.2016 161.9389 174.2530

7 68.5498 93.1504 165.2309 196.2817 206.0730 188.4584

8 87.6917 128.927 203.2396 257.6669 249.7283 252.3701

9 115.1947 177.9979 247.1554 327.6416 293.1400 305.3627

10 152.0839 224.8349 293.3095 403.1330 361.0665 314.7715

11 192.7162 277.0921 348.0382 485.6934 437.2081 373.2585

12 296.2276 432.1757 499.3695 706.7097 622.1557 715.8505

13 364.6922 565.9055 626.4547 851.8046

14 477.3506 697.5692 801.6767 972.2013

15 569.2145 871.3278 867.0746 1,308.4736

16 737.6491 1,073.8970 1,015.2802 1,596.7818

Ep, 3,187.01 4,721.24 5,386.55 7,561.11 2,570.59 2,609.17

236 s Tx =8 A26d A3E(EW A1305) 20149 69



Step 3
Step 3 Step 3
100 200 300
80 160 | > ¥ 250 |
. T 200
E 60 - 2 120 o 2
< Z ]
b1 =4 =
S =1 'g 150 4
8 2
__; 40 S 804 é
.5 '§ g 100 4
204 é 40
50 -
Ty ——5-G210-T21-B300|
04/ —— $-G210-T15-B300) e SN P T e v (;210 o1 mou‘ —— $-G210-T28-B300)
Z -~ F-G210-T15-B300 4 ) °r == F-G210-T28-B300
20 T T T T 40+ 50 T T T T
0.0 0.5 1.0 15 20 0.0 0'5 1'0 1'5 2'0 0.0 0.5 1.0 15 20
Displacement(mm isplac
plaESENIH) Displacement(mm) Displacement(mm)
S STEP ¢
120 o 250 ] 350 -|[STEP 6/
200 iR 300 4
250 o
Z = 200
= Z -
=2 =1 2 150
E 2 z
. 3 S 100
= = =
-1 Z B 50
< < £
o]
: A ——S-G210-T21-B300 | [——5-G210-T28-B300
L m 100 -+ //‘ ~-=-=F-G210-T21-B300| --=-=F-G210-T28-B300,
" |-+=~ F-G210-T15-B300) - T g e
-80 o . T
T T T T T T T 1 T T T T T T T 1 -150 T T T T T T T
0.0 0.5 1.0 15 20 25 3.0 35 4 0.0 05 1.0 15 20 25 3.0 35 40 0o 05 1.0 15 20 25 3.0 35
Displacement(mm) Displacement(mm) Displacement(mm)
300 4/
STEP 12
150 [STEP12] 755 ] 400 J[STEP 12|
350 o
200
300 o
150 o 250 ]
- o 200
= Z 100 i
z Z z
= 150 4
f: T 50 =
3 S E 100 ]
= = 0+ = 504
g ¥ g
2 < w0 £ o
50]
. 007 — 5-G210-T21-B300 100
: _—— L ; - ——$-G210-T21-B3 -100 4
7 e ——$-G210-T15-B300 7 . s
1007 ; : | A50 - LT e F-G210-T21-B300 -150 J
pat —=-=F-G210-T15-B300| H JESEEE
s 2004 -200
-150 . T T . - - - i i i % T : Z -250 T T T T T T T
] 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Displacement(mm)

(2) G210-T15-B300

Displacement(mm)

(b) G210-T21-B300

Displacement(mm)

(¢) G210-T28-B300

Fig. 10. Load-displacement hysteresis curve by step

2.3 T-stub?] oYX &ALk F7}

o= O

T—stub )4 mE]
sk

s1-s] oA
oy x| aAikse2 A (8)}
4~(eq—uivalent viscous damping factor)

st

o

Ep

§qu = 47T><E;0

(8)

Fig. 11& 7 #ol 3§ o x| ket §7H 44144
olo] A S ehdct Table 79 A" AT o] o

1.61, 3.639] G210-T15-B300 S|4 de FI0T-M20 1L

T 2sts] =2 A267A A3E(EA A13035) 20149 6%

Resisting force
A

/
0
] .
Definition

Fg. 11. Relationship between energy dissipation and the equivalent
viscous damping factor

237



SMA 7o HZAE T-stubo] ofuz]4ailse

Table 7. Comparison of the equivalent viscous damping coefficients of each T-stub analysis model according to the changes in the

fasteners
¢ by Swp G210-T15-B300 G210-T21-B300 G210-T28-B300
“ SMA bars F10T-M20 SMA bars F10T-M20 SMA bars F10T-M20
1 0.003364 0.005625 0.001601 0.002494 0.000480 0.000390
2 0.000515 0.001630 0.005658 0.003811 0.012251 0.002085
3 0.006371 0.010094 0.017006 0.014475 0.014571 0.012658
4 0.016130 0.020891 0.022987 0.047969 0.025262 0.019947
5 0.023858 0.028222 0.033722 0.031699 0.028836 0.024619
6 0.023269 0.033076 0.040968 0.038700 0.035894 0.028160
7 0.030194 0.041114 0.045143 0.046668 0.040252 0.028779
8 0.035844 0.051866 0.049609 0.056213 0.043665 0.035655
9 0.043376 0.064543 0.054700 0.064917 0.046477 0.040303
10 0.052170 0.073920 0.059183 0.072155 0.052105 0.039862
11 0.060504 0.082610 0.064415 0.078215 0.057905 0.044349
12 0.077735 0.105544 0.076879 0.094200 0.071178 0.066668
13 0.084210 0.117055 0.083461 0.098331
14 0.093639 0.123150 0.091722 0.097232
15 0.098772 0.131738 0.090246 0.107123
16 0.107925 0.141097 0.091659 0.111154
Eo. 0.757876 1.032175 0.828959 0.965358 0.428876 0.343476
TIncrement Ratio™) 73.43 85.87 124.86
Y Increment Ratio(%) = (§€q_‘5ﬂm/§5q_ﬂ07) % 100
AYEER A 4= T-stubo] B19.05mm(3/4inch) SMA 3.3 &
Aoz AZE T-stubHtt S7HAAAASTE H 2
th, o] T-stub?] ol A AAto] SMA 7 K} T-stub o] A4= FI10T IFHEE 9l SMA = 283 58
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