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ABSTRACT

This study presents experimental and analytical results of post-tensioned
precast concrete segmental bridge columns using energy-dissipating (ED) bars.
Three ungrouted post-tensioned, prescast concrete-filled-tube segmental bridge
column specimens were designed.and tested. All specimens were composed of
a load stub, a footing, and four circular segments.post-tensioned with internal
unbonded high-strength strands. Moreover, Specimen 2 had four ED bars
anchored between the first segment and footing; and Specimen-3 had four ED
bars anchored: between the second segment and footing. The effects of
different anchoring position on segment’opening and energy dissipation could
be examined. In all specimens,_ the ratio of ED bar-area to cross-sectional area
of the segment, p, was 0.66%.-A correlation study was conducted on the test
specimens usingsthe computer program PISA 3D: The objective of the analysis
was to perform a parametric study on 24 post-tensioned bridge columns,
verifying the effectstof the. ED bar area, initial strand force, and column
height-width ratio on the ¢yclic behavior:

The test results showed that (1) the ED bar could increase energy dissipation
in the hysteresis response, and Specimens 1-3 had the equivalent viscous
damping ratio of 6.5-8.8%, and (2) plastic hinge length in the first or second
segments varied with anchoring position of ED bars and lateral displacement.
The parametric study showed that when the bridge column had p=1.2%, the
equivalent viscous damping ratio was increased to 12% with zero residual drift.
When the bridge column had p=2.4%, the equivalent viscous damping ratio
was 14.8%, and the bridge column showed residual drift of 3.12% after
reaching 6% peak drift. A design procedure was proposed based on the
experimental and analytical studies.
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2.1 Z BRI ERDLKLRE

Specimen 1 2 3
L, 0.5D 0.5D 0.5D
L, 0.2D 0.5D 0.2D

%22 REIFRRRE

Cylinder NO. |28 Day (MPa)|SP2 Test(MPa) |SP3 Test(MPa)
1 44.8 49.0 50.9
2 45.1 45.7 49.5
3 44.0 48.9 51.6
Average 44.6 47.9 50.7
# 23 &t 4 BEmn R
Thickness (mm)| Fy (MPa) Fu (MPa)
S 240 339
3 269 345
F 2405 ok S R K
Fy (MPa) Fu (MPa)
SD280 307 497
SD420 474 682

%25 R KR B RER A

Cube No. (5cmx5Scmx5cm) |SP2 Test(Mpa) | SP3 Test(Mpa)
1 66.4 70.9
2 63.9 72.1
3 58.0 71.8
Average 62.8 71.6
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%26 = 2FMAL Drift TA, ~A, ~ A

17 2L ¥

st2

<~ F -t

L
1B

()if 88 1 G ¥7a ¥ 2 EBB LA, ~ A,

Drift(%) A, A, 91)1 Ay, Ay Ay, A(mm) | Ap, (mm)
a 0.62 1.10 0.00000 0.00 0.62 1.10 3.0 3.5
b 2.07 3.66 0.00108 0.54 2.07 3.11 9.8 11.5

0.9 4.65 8.23 0.00367 1.84 4.65 6.39 22.1 25.9
1.5 7.73 13.68 0.00937 4.68 7.73 9.00 36.8 43.1
2 10.31 18.24 0.01424 7.12 10.31 11.12 49.0 57.5
3 15.47 27.36 0.02439 12.19 15.47 15.17 73.5 86.3
4 20.62 36.48 0.03370 16.85 20.62 19.63 98.0 115.0
5 25.78 45.60 0:04398 21.99 25.78 23.61 122.5 143.8
Note : a = Drift 0.1% (C, =D.) »*b =Drift 0.4% (C, =D/2)
(b):880 2 4 =2 5 ezt 555, 75 B A A,

Drift(%) A, A, 6, A, Ay A A(mm) | A,, (mm)
a 0.53 0.93 0.00000 0.00 0.53 0.93 2.5 2.9
b 1.70 3.02 0.00085 0.42 1.70 2.59 8.1 9.5

0.9 4.64 8.21 0.00340 1.70 4.64 6.51 22.1 25.9
1.5 7.73 13.68 0.00820 4.10 7.73 9.58 36.8 431
2 10.31 18.24 0.01118 5.59 10.31 12.65 49.0 57.5
3 15.47 27.36 0.01363 6.82 15.47 20.55 73.5 86.3
4 20.62 36,48 0.04701 8.50 20.62 27.98 98.0 115.0
5 25.78 45.60 0.01823 9.11 25.78 36.49 122.5 143.8
Note : a=Drift 0.1% (C,'=.D) » b.=Drift 0.3% (C, = D/2)
()i 3 e ere @ w2 M BB EA, - A,

Drift(%) A A, 9[71 Ay, Ay, A, A(mm) | A,, (mm)
a 0.57 1.01 0.00000 0.00 0.57 1.01 2.7 3.2
b 1.54 2.72 0.00063 0.32 1.54 2.40 7.3 8.6

0.9 4.64 8.21 0.00466 2.33 4.64 5.88 22.1 25.9
1.5 7.73 13.68 0.01089 5.44 7.73 8.24 36.8 431
2 10.31 18.24 0.01509 7.54 10.31 10.70 49.0 57.5
3 15.47 27.36 0.02495 12.48 15.47 14.89 73.5 86.3
4 20.62 36.48 0.03396 16.98 20.62 19.50 98.0 115.0
5 25.78 45.60 0.04480 22.40 25.78 23.20 122.5 143.8

Note : a=Drift 0.1% (C, =D) » b=Drift 0.3% (C, = D/2)
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(d)ied 15 A, 2% - =

B2 WATELT A0

6, 6, Ay, A, (—A“zA ~Aaz') s 100(%)
st2
0.00000 | 0.00000 0.00 1.10 0.000
0.00108 | 0.00110 0.55 3.11 0.286
0.00367 | 0.00374 1.87 6.36 0.488
0.00937 | 0.00947 4.74 8.95 0.577
001424 | 0.01439 7.20 11.05 0.674
0.02439 | 0.02462 12.31 15.05 0.795
0.03370 | 0.03404 17.02 19.46 0.865
0.04398 | 0.04439 22.20 23.41 0.871
()W 23 B A 25 - BT SA 2 BHaREL T A
8, 0, A, AL, (A“Z#)xlom%)
st2
0.00000 | 0.00000 0.00 0.93 0.000
0.00085 | 0.00085 0.43 2.59 0.182
0.00340 | 0.00345 1,72 6.48 0.404
0.00820 | 0.00828 4.14 9.54 0.461
0.01118 0101130 5.65 12.59 0.498
0.01363. .| 0.01385 6.93 20.44 0.538
0.01701 001732 8.66 27.82 0.557
0.01823 .| 0.01861 9.30 36.30 0.522

(1 3355 A, 8 % = =it

Asﬂvi}%&éﬁ?‘;ﬁi—ﬁ Aq\ L

6, 6, A, A, (A”ZA_#)MOO(%)
st2
0.00000 | 0.00000 0.00 1.01 0.000
0.00063 | 0.00064 0.32 2.40 0.184
0.00466 | 0.00470 2.35 5.86 0.367
0.01089 | 0.01096 5.48 8.20 0.438
0.01509 | 0.01518 7.59 10.65 0.435
0.02495 | 0.02510 12.55 14.81 0.501
0.03396 | 0.03417 17.09 19.40 0.537
0.04480 | 0.04506 22.53 23.07 0.571
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227 Z wERB D R wIE RS
(a) Specimen 1
Drift(%) 0.9 1.5 2 3 4 5
Tendon Foce (kN) 43.12 145.33 236.82 421.84 577.69 733.42
gl (mm) 1.21 3.27 5.14 8.90 12.27 15.84
g2 (mm) 0.00 0.02 0.03 0.05 0.05 0.07
C, (mm) 166.08 140.52 133.00 128.55 129.59 132.93
C, (mm) 258.61 238.19 243.55 238.49 244.07 242.04
£, 0.00400 | 0.00670 | 0.00900 | 0.01400 | 0.01900 | 0.02500
£, 0.00176¢( 0.00214 | 0.00220 | 0.00245 | 0.00253 | 0.00276
(b) Specimen 2
Drift(%) 0.9 1.5 2 3 4 5
Tendon Foce (kN) 40.83 150.86 244.80 424 .41 578.49 719.29
gl (mmy 1.12 2.86 3.97 479 6.05 6.44
g2 (mm) 0.33 0.90 1.88 5.05 7.69 11.17
C, (mm) 164.45 143.53 138.65 139.74 140.41 143.64
C, (mm) 194.33 184.42 165.21 149.27 150.81 154.81
£, 0.00360 | 0.00600--0.00750-.0.00900 | 0.01100 | 0.01200
£, 0.00257 [ 10.00348 + 0:005600 | 0.01000 | 0.01500 | 0.02200
(c) Specimen 3
Drift(%) 0.9 1.5 2 3 4 5
Tendon Foce (kN) 58.12 167.71 246.83 423.17 568.57 725.03
gl (mm) 1.60 3.86 5.43 9.04 12.24 15.84
g2 (mm) 0.00 0.04 0.05 0.07 0.09 0.09
C, (mm) 150.00 137.52 132.47 129.83 131.80 135.82
C, (mm) 259.15 240.99 239.87 242.39 241.29 248.49
£, 0.00380 | 0.00700 | 0.00900 | 0.01400 | 0.01900 | 0.02550
£, 0.00168 | 0.00207 | 0.00219 | 0.00238 | 0.00260 | 0.00267

Note : gl = first segment opening , g2 = second segment opening.
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428 L@ TR BFORIEERR
Specimen No . 1 ’ 3
Section
1 329(0.4%) 335(1.0%) 450(No 271)
2 335(0.3%) 327(0.7%) 440(No 300)
3 364(0.3%) 352(0.8%) 442(No 302)
Note : 4*4F % & H = % (kN-m)
3290 FEMW28 3 - wIERMA P L
Anchored Vertical Steel Veréip al S teel
Specimen Positioni L ED Size in 1zem
Se ~. Length nt 1 Segment
g e 2.3.4
1 0. No.
2 = 5
3 d — {] 5
- — .I
1
22 BB R
Bar ment h (in)
- . - 1
4 4
15
21
27
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2211 WS AL IR L HRES BRI R IERR VR
(a) Aswad and Burnley (1995)

By

i Embeded Pullout Bonded
Diameter Bar
(mm) Length Size Force Stress
(in) (kN) (MPa)
50.8 6 6 37 4.1
50.8 10 5 65 5.1
50.8 12 5 73.5 4.8
50.8 16 5 86 4.2
76.2 19 7 165 4.8

(b) 5 F4EE 4 32002 ;% #* DSI 35+ W x4

. Embeded Pullout Bonded
Diametes Bar
(mm) Ler}gth Size Force Stres
(in) (kIN) (MPa)
54 55 D36 1099 6.9
% 2.12 FH ok
8 gE ME /Mmtal
Specimen No: €, £, %) %)
1 0.031 | 0.0028 - -
0.014 | 0.0275 2.2 10.5
3 0.032 | 0.0029 2.9 11.1

213 FH S B RRTES AN - &5 % E2
(a) Specimen 2 (b) Specimen 3

Drift(%) | M, (kN-mm)| M., (kN-mm)| [Drift(%)|M , (kN-mm)| M, (KN-mm)
0.9 41667 173020 0.9 43919 206100
1.5 47697 214037 1.5 47579 227803
2 49991 218346 2 49542 234793
3 50873 199824 3 52464 229385
4 52142 184554 4 54237 213424
5 52488 163004 5 55827 195054
6 52964 164022 6 56842 183848
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4 3.1 #2734 v ek

step ASVt AL | T (kN) Presglji‘(bar) T,(kN) | Error( PTS x100) (%)
1 0.00022 112 10 92 -18.3
2 0.00041 214 20 184 -14.3
3 0.00086 447 43 395 -11.7
4 0.00154 805 85 780 -3.1
5 0.00224 1171 130 1193 1.9
6 0.00290 1516 170 1561 3.0
7 0.00356 1858 215 1974 6.2
8 0.00429 2242 260 2387 6.4
8 Power Seating | 0.00359 1877 - - -
9 0.00531 2773 Gy 2892 4.3
9 Power Seating | 0.00444 2321 - - -
332 2R3 A s R ek
step ASVt e 7, () Presgﬁf(bar) 7,(N) | Brror (-£—5 PTST x100) (%)
1 0.00023 120 10 92 -23.7
2 0.00051 267 20 183 -31.2
3 0.00082 429 43 394 -8.0
4 0.00147 768 85 780 1.5
5 0.00211 1103 130 1193 8.2
6 0.00273 1427 170 1560 9.3
7 0.00342 1788 215 1972 10.3
8 0.00417 2180 260 2384 94
9 0.00500 | 2613 315 2884 10.4
10 0.00527 2755 330 3031 10.0
10 Power Seating | 0.00440 2300 - - -
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3033 M2 ¥ - SRR S

SpP2 Section A Section B Section C
G opm| KT M T[99 S FLE R |9 Ak LR R | BV AL FRE R
(kN) (mm) (mm) (mm) (mm) (mm) (mm)
0.90% 156 - - - 130 - -
-0.90% 152 - - - 175 - -
1.50% 179 - - - 285 - -
-1.50% 176 - - 2 185 - -
2.00% 188 - - 3 305 - -
-2.00% 187 - - 3 315 - -
3.00% 201 - - 5 315 - 165
-3.00% 201 - - 6 335 - 170
4.00% 204 - - 7 355 1 225
-4.00% 204 - - 9 345 1 225
5.00% 202 - - 12 345 1 285
-5.00% 202 - - 13 385 1.5 230
6.00% 195 2 - 15 395 1.5 315
-6.00% 195 - - 19 305 1.5 285
4 34 HAE2 5o A EBEE R
SpP2 Section A Section B Section C
§ = | KM | el RS ko e L KB Al A R
(eN) (mm) (mm) (mm) (mm) (mm) (mm)
0.90% 63 - - 2 175
-0.90% 50 - - 3 145
1.50% 84 - - 5 245
-1.50% 70 - - 5 265
2.00% 99 - - 6 295 1 75
-2.00% 86 - - 6 285 1 35
3.00% 123 - - 9 365 1 175
-3.00% 116 - - 7 345 1.5 135
4.00% 146 - - 11 385 1.5 225
-4.00% 141 - - 8 355 1.5 205
5.00% 168 - - 14 395 1.5 285
-5.00% 167 - - 9 360 2 210
6.00% 182 2 - 16 415 2 325
-6.00% 184 - - 13 380 2 230
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# 35 FH2 AR O HELE RO R R DL RE R R

(a) & v B~

Push Direction gs:i}rﬁés ﬁg:iﬁ;s Test Test
Drift(%) L, (mm) L, (mm) Ly (mm) | Ly, (mm)
0.9 250 250 90 0
1.5 250 250 130 90
2 250 250 160 100
3 250 250 190 140
4 250 250 210 170
5
6
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% 3.6 A3 ¥ - SRR R

SP3 Section A Section B Section C
5 ang| FE HP |0 AL AL R 90 JU| JALE R |0 2| AR R
(kKN) (mm) (mm) (mm) (mm) (mm) (mm)
0.90% 153 2 130 0.5 - -
-0.90% 145 1.5 155 0.5 130 - -
1.50% 181 2.5 135 1 195 - -
-1.50% 166 3.5 165 1 155 - -
2.00% 192 5 275 1 260 - 115
-2.00% 175 5 195 1 210 - -
3.00% 208 8 279 2 275 1 185
-3.00% 193 8 285 2 300 - 195
4.00% 210 12 329 2 369 1 267
-4.00% 202 11 288 3 303 - 210
5.00% 210 16 330 3 375 1 290
-5.00% 204 16 303 3 302 - 255
6.00% 208 20 360 3 390 1 305
-6.00% 204 18 320 3 311 - 315
137 W3 ¥ cRBER R
SP3 Section A Section B Séction C
$— s K e LA R i A A AL [ ) AT R
(kN) (mm) (mm) (Ihim) (mm) (mm) (mm)
0.90% 59 4 140 1 d - -
-0.90% 56 4 160 1 145 - -
1.50% 79 5 145 1 200 - -
-1.50% 77 4.5 168 1 160 - -
2.00% 93 10 278 1 290 - 140
-2.00% 92 11 210 1 225 135
3.00% 121 12 300 2 300 1 190
-3.00% 122 12 290 2 305 1 200
4.00% 149 15 340 2 370 1 268
-4.00% 153 16 290 3 310 1 201
5.00% 175 18 355 3 378 1 290
-5.00% 181 18 320 3 330 1 260
6.00% 195 19 375 3 385 1 310
-6.00% 197 18.5 339 3 340 1 339
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# 38 M3 AT BRI IE BB G R PP AL BB

(a) &+ =4

Analysis

Analysis

Push Direction ASSUme ASSume Test Test
Drift(%) L,,(mm) L,, (mm) L, (mm) | L,,(mm)
0.9 250 100 100 0
1.5 250 100 120 0
2 250 100 125 0
3 250 100 130 60
4 250 100 132.5 90
5 250 100 182.5 100
6 250 100 202.5 125
(b) f o ] A
Pull Direction ':I;:lgs;s ﬁgggﬁ: Test Test
Drift(%) L,, (mm) Ly, (mm) L,y (mm) | L,, (mm)
0.9 250 100 90 0
1.5 250 100 100 35
2 250 100 140 65
3 250 100 155 82.5
4 250 100 180 110
b) 250 100 205 125
6 250 100 235 145

% 392 B 3% FYTe TR FER RS RIS

Specimen No

) 1 2
Section
2 365(0.7%) 298(0.9%)
3 328(0.7%) 300(0.9%)
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% 4.1 23 s
Model PT Column Size Prestressing ED Bar
Force
Segment Size | Segment | Column | A=0.25fc’Ac | p | Unbonded | Anchored | ¢
No. | Diameter | Hight Number | High | B=0.35fc’Ac | (%) | Length Position (%)
(mm) (mm) (mm) (kN) (mm) (Segment)
3 500 500 4 2450 A | 2300 |0.66 740 2 24
4 500 500 4 2450 A | 2300 | 1.2 740 2 2.4
5 500 500 4 2450 A | 2300 | 1.8 740 2 2.3
6 500 500 4 2450 A | 2300 | 2.4 740 2 1.9
7 500 500 8 4900 A | 2300 |0.66 740 4 2.5
8 500 500 8 4900 A | 2300 | 1.2 740 4 2.5
9 500 500 8 4900 A_| 2300 | 1.8 740 4 24
10 500 500 8 4900 A | 2300.| 2.4 740 4 2.0
11 1000 1000 4 4900 A 19048 | 0.66 1480 2 2.5
12 1000 1000 4 4900 A | 9048 | 1.2 1480 2 2.4
13 1000 1000 + 4900 A | 9048 |18 1480 2 2.4
14 1000 1000 4 4900 A | 9048 | 2.4 1480 2 2.0
15 500 500 4 2450 B 3220 “| 0.66 740 2 2.2
16 500 500 4 2450 B 3220|122 740 2 2.2
17 500 S00 4 2450 B 3220 | 1.8 740 2 2.1
18 500 S00 4 2450 B 3220 | 2.4 740 2 1.5
19 500 500 8 4900 B 3220 | 0.66 740 4 2.3
20 500 500 8 4900 B 3220 | 1.2 740 4 2.3
21 500 500 8 4900 B 3220 | 1.8 740 4 2.2
22 500 500 8 4900 B 3220 1 2.4 740 4 1.9
23 1000 1000 4 4900 B | 12667 | 0.66 1480 2 2.3
24 1000 1000 4 4900 B | 12667 | 1.2 1480 2 2.4
25 1000 1000 4 4900 B | 12667 | 1.8 1480 2 2.2
26 1000 1000 4 4900 B | 12667 | 24 1480 2 1.9
27 500 500 8 4900 A | 2300+ 0.66 740 2 1.3
Z 4287 1~2 8 3% e m B2 Ew R &R
Model No.
Section ! 2
1 312(0.6%) 304(1.3%)
362(0.6%) 327(0.8%)
3 355(0.5%) 332(0.9%)
A3 R T 827 Ere 4B 2 AR R R A
Model No. : 1 > 3 4 5
Section
7 353(0.8%) | 377(1.4%) | 368(3.6%) No gap NO gap
opening opening
27 350(0.9%) | 376(1.5%) | 351(1.8%) No gap NO gap
opening opening
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Strands

Anchorage
Load Stub
Segment
Strands 0%k
Anchorage l
Load Stub

Segment I
S

teel Tube
Steel Tube

Footing Footing

(a) 3D View

Strands

Strands
Anchorage Anchorage
Load Stub Load Stub
Segment Segment

;l_]]r/ Corrugated Duct

T-headed ED bar
Plastic Sleeve

(b) Specimen 1

Catonl

T-headed ED bar

Footing Footing

(c) Specimen 2 (d) Specimen 3

B 2.1 = 2342 7 3B
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Plane section-
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3720

840

19-15 mm ¢ Grade 270 low-relaxation
W prestressing strands, which are
posttensioned to 44% of ultimate

strength (2356 kN)

mfi _%L ::ZZ/—Load Stub

—D10 Hoop @400 mm

y 4

A36 Steel jacket

t=3 mm #5

#3@400mm
D25 Rainforcement
A36 Steel Jacket

/ /—A36 Steel jacket t=3mm

t=3 mm

Section B-B

130 mm diam. PVC
o
§ /_ tendon duct
B} ] A306 Steel jacket #3
t=3 mm #3@400mm
DSESCevs A36 Steel Jacket
ID 50 mm =Smm
Af T I B A36'Steel jacket #6 ED Bar
Bonded ", i i H t=5 mm DSI sleeve
Length kil Section A-A 1D 50 mm
. Unbonded
Length / #6 ED bar (SD 280)
| Footing
Bonded
% Length /_
(o2e]

1500

( dimensions in millimeters)

Specimen 2

B 2.14 #4822 5 B
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#6(T-headed bar) 'SD280
Fy 280Mpa

N

230 1000 250
¢ 70mm inside diam. J |
42, 630 425
PVC (1=3mm) | |
Bar A —\ E
° g
NV ® -
JI I I 1L I I IL
O q
Bar A j
Bar B \ 7 © IN
BarE \ N E@ O @
LY/,
#6(T-headed bar) SD280 I I B 7
Fy 280Mpa — =
g
b I 1L I I IC 9
#6 Spiral @50mm » kR 1
diam D=430mm "/ @ @ - — |
s [ s
y _/ i
Bar C - - — - - — - -
175 ! 145 ! 130 !75! I?i! 200 ! 125 ! i! 1 [)! 145 ! 175
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Strain

Concrete

||< Lui >l ED Bar
(a) Unbonded region of bar
£l
Area = €*Lua
Bonded Length [|< Lui >! Bonded Length
(b) True strain distribution
g e Area = €*Lua
S
N

Lua Lua
T e B I

(c) Idealized strain distribution
(Raynor 2002)
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