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Evaluation of Seismic Damage for RC Bridge Piers Il : Numerical Analysis
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ABSTRACT

In the companion poper“), nonlinecr finite element analysis procedures are presented for the seismic damage evaluation of RC bridge piers. This
poper defines a domage index based on the predicted hysteretic behavior of a RC bridge pier. Damage indices aim to provide a means of
quantifying numerically the damage in RC bridge piers sustained under earthquake loading. The proposed numerical method is applied to RC bridge
piers tested by other, and compared to existing damage indices. The proposed numerical method gives a redlistic prediction of damage throughout
the loading cycles for several test specimens investigated.

Key words : RC bridge piers, seismic damage, nonlinear finite element andlysis, damage index
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Fig. 3 Transform the circular column to an idealized equivalent rectangular

column

[tem Prototype Model Remarks
Longitudinal reinforcement 24 No. 11(36mm) 21 No. 3(9.5mm) 0=2%
Spirals No. 5(18mm) Wire = 4mm diameter Smooth wire
Spirals pitch 76mm 19mm 0,=1%
Spiral yield strength 414MPa 380 to 450MPa -
Column diameter 1.22m 0.3m Scale 1:4
Column length 5.5m 1.37/m Scale 1:4
Cover 50mm 12.5mm Scale 1:4
Embedment length of bars Tension = 1.4m Compression =0.72m | Tension = 0.35m Compression = 0.18m -
Axial load 3225kN 806KN 0.17. A,
Lateral load capacity 1550kN 388kN Ve=M,/H
Spacing of longitudinal steel 100mm 25mm -
Table 2 Average material characteristics
Specimen Concrete strength(MPa) Steel yield strength(MPa) Spiral vield strength(MPa)
A2~A3 29 448 434
Ad~AB 355 448 434
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Table 3 Comparison of test with analysis
, A-2 A-3 A4 A-5 A6
Specimen
Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana.
Yield load P ,(kN) 65.0 64.3 65.0 67.3 64.0 68.1 64.0 65.0 66.0 69.2
Load | Maximum load P, (kN) 75.0 760 720 723 72.0 80.8 930 90.1 76.0 820
P,/P, 1.15 1.18 111 1.07 1.13 1.19 145 1.39 1.15 1.18
Yield disp. §,(mm) 19.0 15.0 19.0 173 16.0 14.9 20.0 133 18.0 157
Disp. | Ultimate disp. &,(mm) 76.0 55.6 - - - - - - - -
8,16, 40 37 - - - - - - - -
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Table 4 Comparative evaluation of progressive damage for specimen A2

Cycle Notes Park & Kratzilg & Mander & | Softening Index Hindi & Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) (1997) Sexsmith(2001)
1 First cracking, Yielding 0.10 0.05 0.00 0.57 0.00 0.07
15 Spalling of cover 0.28 0.77 0.02 0.81 0.12 0.24
2 bﬁfkri‘:ga;t lzﬁg't'ggnjogs 047 095 0.18 087 037 048
30 Failure of spiral on right side 0.90 0.99 0.80 0.94 0.82 0.99
Table 5 Comparative evaluation of progressive damage for specimen A3
Cycle Notes Park & Kratzig & Mander & | Softening Index Hinldi & Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) (1997) Sexsmith(2001)
1 F'E;;;f‘zk';g" dm’gnor 020 025 001 075 0.14 0.16
100 Significant spalling 0.72 0.99 0.20 0.78 0.36 0.17
150.5 Failure 097 1.00 0.31 0.80 046 099

Hed HM3E (8 H25%F) 20026
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Table 6 Comparative evaluation of progressive damage for specimen A4
Cycle Notes Park & Kratzig & Mander & | Softening Index Hinchi & Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) (1997) Sexsmit(2001)
1 Zf\jefrigﬁggétsp;!ﬁng 046 0.70 0.06 090 033 050
3 Significant spalling 0.51 090 0.18 0.90 0.39 0.50
18 gﬁ?&?iﬁ% 091 099 .00 0.90 1.00 058
25-26 Hoop failure 1.00 1.00 1.00 0.90 1.00 092
Table 7 Comparative evaluation of progressive damage for specimen A5
Cycle Notes Park & Kratzig & Mander & | Softening Index Hin@i & Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) (1997) Sexsmith(2001)
1 Cracking, Spalling, Yielding 0.55 0.78 0.14 0.90 0.55 0.63
3 Significant spalling 062 0.74 0.39 0.90 0.62 0.72
8 |Some bucking, Necking of spirals 1.00 0.99 1.00 0.90 1.00 0.99
9 Failure 1.00 099 1.00 0.90 1.00 0.99
Table 8 Comparative evaluation of progressive damage for specimen A6
Cycle Notes Park & Kratzilg & Mander & | Softening Index Hindi & Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) {(1997) Sexsmith(2001)
Spalling commenced
1 at quarter cycle, 0.68 0.90 0.20 094 0.62 0.99
Yielding will before end of cycle
Significant spalling
2 Necking of spirals 0.76 097 040 0.95 0.70 0.99
Buckling of longitudinal bars
3 Failure 0.82 0.99 0.60 0.95 0.82 099
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Specimen Concrete strength(MPa) Steel vield strength(MPa) Spiral yield strength(MPa)
A7~A8 328 448 434

A9 325 448 434
A10~A12 270 448 434
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Table 10 Ground motions selected for generating random displacement histories for specimens A7 to A12

Specimen Event Description Purpose Record Scale’ PGA, ¢
1 Damaging earthquake First major event Loma Prieta 1989 Presidio 12.00 1.20
2 Minor earthquake Aftershock Imperial Vglley 1979 1.80 034
Superstition Mt.
A7 . San Fernando 1971
3 Minor earthquake Second aftershock 2011 Zonal Ave. 120 0.10
) . San Fernando 1971
4 Severe earthquake Failure of bridge 455 S. Figueroa St 360 054
) ) Imperial Valley 1979
1 Minor earthquake Minor damage Superstion M. 1.80 034
' o San Fernando 1971
8 2 Minor earthquake Additional damage 2011 Zonal Ave. 1.20 0.10
3 Damaging earthguake First major event Loma Prieta 1989 Presidio 12.00 1.20
, ) San Fernando 1971
4 Severe earthquake Failure of bridge 455 S. Figueroa St 360 0.4
1 Major earthquake First major event San Fgrnando 1971 325 143
Orion Bivd.
' San Fernando 1971
2 Minor earthquake Aftershock damage 2011 Zonal Ave. 1.20 0.10
A9 3 Moderate eartquake Additional damage El Centro 1940 1.00 035
' San Fernando 1971
4 Minor earthquake Aftershock 455 S. Figueroa St 1.00 0.15
5 Severe earthquake Failure of structure San Fgrnando 1971 325 143
Qrion Bivd.
' ' San Fernando 1971
1 Minor earthquake Minor damage 2011 Zonal Ave. 1.20 0.10
2 Moderate eartquake Additional damage El Centro 1940 1.00 0.35
' San Fernando 1971
A0 3 Minor earthquake Aftershock 455 S, Figueroa St 1.00 0.15
4 Major earthquake First major event San Fgrnando 1971 325 1.43
Orion Blvd.
5 Severe earthquake Failure of structure San Fgrnando 1971 325 143
Crion Blvd.
) . ) Northridge 1994
1 Major earthquake First damaging earthquake VA Hospital 1.00 0.42
' Northridge 1994
Al 2 Minor earthquake Aftershock Grifith Observatory 1.00 0.26
3 Minor earthquake Additional damage Taft 1952 1.00 0.36
Failure of . )
4 Severe earthguake column SCT Mexico City 1985 1.00 0.17
' ' Northridge 1994
1 Minor earthquake Minor damage Griffth Observatory 1.00 0.26
AL 2 Minor earthquake Additional damage Taft 1952 1.00 0.36
i ) ) Northridge 1894
3 Major earthquake First damaging earthquake VA Hospital 1.00 0.42
4 Severe earthquake Failure of column SCT Mexico City 1985 1.00 0.17
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Table 11 Comparison of test with analysis

] A-7 A-8 A-9 A-10 A-11 A-12
Specimen
Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana. Axp. Ana.
Yield load P ,(kN) 60.0 498 64.0 66.4 65.0 68.0 58.0 64.3 65.0 65.5 64.0 63.5
Load | Maximum load P ,(kN) | 78.0 84.0 720 75.9 750 78.6 740 747 69.0 740 720 744
P,/P, 1.30 1.69 113 1.14 1.15 1.16 1.28 1.16 1.06 113 1.13 1.17
Yield disp. 8,(mm) 16.0 88 155 14.4 165 155 17.0 153 180 16.1 13.0 149
Disp. | Ultimate disp. &,(mm) | 825 774 81.5 746 N6 67.8 912 71.3 | 1030 659 | 103.0 798
8,16, 52 88 53 52 56 44 54 47 57 4.1 79 54
1 1
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Table 12 Comparative evaluation of progressive damage for specimen A7

Half-Cycle Notes Park & Kratzig & Mander & Softening Kunnath Kunnath Analysis
No. Ang(1985) |Meskouris(1987)| Cheng(1995) | Index(1997) | et al.(1997a) | et al.(1997b) Y
45 First cracking 0.16 0.16 0.00 0.60 0.01 0.01 0.05
49-52 Spalling 028 0.40 0.01 0.81 0.18 0.20 0.27
64 Significant spalling 067 0.93 0.20 0.95 0.25 0.26 0.59
220 Visible: bucking of 072 097 025 095 032 033 059
longitudinal bars
269 - 270 Spiral failure 0.80 0.99 040 095 050 051 098
Table 13 Comparative evaiuation of progressive damage for specimen A8
Half-Cycle Notes Park & Kratzig & Mander & Softening Kunnath Kunnath Analvsis
No. Ang(1985) |Meskouris(1987)| Cheng(1995) | Index(1997) | et al.(1997a) | et al.(1997b) y
33 First cracking 0.06 0.10 0.00 0.20 0.00 0.00 0.06
46 -47 Spalling 0.24 0.35 0.00 0.70 0.01 0.01 0.23
114 Significant spalling 047 0.79 0.07 0.86 0.07 0.07 049
220 Bucking of 072 095 026 092 032 033 099
longitudinal bar
267 Necking of spial 0.80 097 0.40 092 0.5 053 099
reinforcement
270 Two spiral failed 080 097 045 092 0.60 060 0.99
on the left side
Table 14 Comparative evaluation of progressive damage for specimen A9
Half-Cycle Noles Park & Kratzig & Mander & Softening Kunnath Kunnath Analysis
No. Ang(1985) |Meskouris(1987)| Cheng(1995) | Index(1997) | et al.{1997a) | et al.(1997b) y
22 First cracking 0.06 0.08 0.00 048 0.00 0.00 0.05
49 Spalling 045 075 0.07 0.90 0.10 0.08 048
122 Significant spalling 0.57 0.93 0.22 0.90 0.24 0.26 054
190 Initial bucking of 0.60 0.94 023 0.90 025 027 0.54
longitudinal bar
260 Spiral failed on the left side 09 0.98 064 094 069 0.83 082
50 eH=EX|ZIBEs =23 HMeH M3z (83 H25%) 20026
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Table 15 Comparative evaluation of progressive damage for spacimen A10

Half-Cycle Notes Park & Kratzilg & Mander & Softening Kunnath Kunnath Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) | Index(1997) | et al.(1997a) | et al.(1997b)
12 First cracking 0.14 0.15 0.00 0.40 0.00 0.00 0.1
30 Spalling 0.25 0.32 0.00 067 0.00 0.00 0.22
194 Significant spalling 0.50 0.90 0.12 0.84 0.25 0.25 054
260 Spiral failed on the left side 095 0.99 067 092 0.78 0.86 0.99
Table 16 Comparative evaluation of progressive damage for specimen A11
Half-Cycle Notes Park & Kratzig & Mander & Softening Kunnath Kunnath Analysis
No. Ang(1985) | Meskouris(1987) | Cheng(1995) | Index(1997) | et al.(1997a) | et al.(1997b)
27 First cracking 0.28 0.34 0.02 0.78 0.01 0.01 0.18
38 Spalling 0.50 085 0.10 0.88 0.30 0.30 0.38
Significant spalling,
252 Some bar buckling, 0.98 0.99 0.43 095 0.48 0.59 0.70
and necking of spirals
270 - 271 ;‘]N?th'r:; tfi'izz 1.00 099 0.85 095 080 1.00 070
275 Fracture of longitudinal bar 1.00 1.00 087 095 097 1.00 099
Table 17 Comparative evaluation of progressive damage for specimen A12
Half-Cycle Notes Park & Kratzig & Mander & Softening Kunnath Kunnath Analysis
No. Ang(1985) |Meskouris(1987) Cheng(1995) | Index(1997) | et al.(1997a) | et al.(1997b)
2 First cracking 0.05 0.07 0.00 047 0.00 0.00 0.05
83 Spalling 041 0.70 0.03 0.89 0.03 0.04 0.18
Significant spalling,
205-206 | Buckling of long. bars, and 0.73 0.95 0.15 094 017 022 0.41
initiation of spiral necking
255 Spiral failed on the right side 1.00 0.99 0.61 0.98 0.75 0.84 099
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