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ABSTRACT

In this paper, the effect of cumulative damage for reinforced concrete bridge piers subjected to both single and
multiple earthquakes is investigated. For this purpose, selected are three set of accelerograms one of which
represents the real successive input ground motions, recorded at the same station with three months time interval.
The analytical predictions indicate that piers are in general subjected to a large number of inelastic cycles and
increased ductility demand due to multiple earthquakes, and hence more damage in terms of stiffness degradation
is expected to occur. In addition, displacement ductility demand demonstrates that inelastic seismic response of
plers can significantly be affected by the applied input ground motion characteristics. Also evaluated is the effect
of multiple earthquakes on the response with shear. Comparative studies between the cases with and without
shear indicate that stiffness degradation and hence reduction in energy dissipation capacity of piers are pronounced
due to the multiple earthquakes combined with shear. It is thus concluded that the effect of multiple earthquakes
should be taken into account for the stability assessment of reinforced concrete bridge piers.
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Fig. 1 Dimensions and cross-section details of test
specimenl )

Table 1 Material properties and applied axial force™”

Transverse Longitudinal
Concrete | Axial | reinforcement | reinforcement
Specimen | strength | force |_,. Yield
(MPa) | (kN) |Yield strength Ratio | strength
120C-U 304 528 466 0.0252 450
100T-U 38.6 -440 466 0.0252 374
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Fig. 2 Comparison between experiment and analysis
with and without shear

Table 2 Strength comparison between experiment
and analysis with shear at different
ductility levels

Peak strength corresponding to each cycle

Speci- Cvel (kN)
men | V¢ u=1 u=2 u=3 u=4

Exp. |Anal.| Exp. |Anal.| Exp. [Anal.| Exp. |Anal.
120C-U| 1Ist | - - 2855(280.0|282.1(246.0| - -
100T-U| 1st {123.0]115.0(1485]130.0|153.6}142.1|158.6|149.0
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Fig. 4 Analytical models of the ramp structure
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Table 3 Peak ground acceleration for the selected
records

Peak ground acceleration

Station (earthquake) - () :
Longi- T Verti-
: ransverse
tudinal cal
Duzce(K)
(Kocaeli EQ) 0361 | 0310 |0205
Set 1 Duzce(D)
(Duzce-Bolu EQ) 0514 | 0377 |0345
Bonds corner(I)
Gop o| (mperial Valley EQ) 0588 | 0775 | 0425

Coyote lake dam(M)
(Morgan Hill EQ)
Hollister city hal(L)
(Loma Prieta EQ)
Set 3| Arleta-Northhoff
fire(N) 0.308 0.344 0.552
Station{Northridge EQ)

0.711 1.298 0.388

0.215 0.247 0.216
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Fig. 5 Static shear force-displacement response

Table 4 Static response parameters

Pier Axial force | Shear force | Yield displacement
(kN) (kN) (mm)
2395 2030 32
2830 1645 62
3180 2065 32
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Table 5 Comparison of maximum
ductility

displacement
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Fig. 10 Transverse hysteretic response under I and
I+M
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Table 6 Maximum ftransverse displacement response parameters (mm)

Inbut moti Without shear With shear
ribut Tmotion Pier 6 Pier7 Pier 8 Pier 6 Pier7 Pier 8
D 26.48 44.13 34.95 3354 53.49 42.76
Set 1 K 29.33 43.88 38.95 36.44 57.42 44.50
© D+K 50.56 83.80 69.05 56.43 92.75 77.38
K+D 29,33 48.88 39.01 36.45 57.59 4457
I 34.27 56.57 46.70 37.30 59.98 49.84
Set 2 M 63.25 105.69 88.37 69.52 112.22 93.17
¢ +M 64.33 107.14 90.04 66.35 109.33 92.99
M-+I 63.25 105.69 88.37 69.52 112.22 93.17
L 29.13 47.86 38.38 36.47 57.48 4493
Set 3 N 28.18 46.85 37.52 31.94 51.63 42.08
[S)
L+N 33.00 55.08 44.48 40.34 64.97 51.06
N+L 33.00 55.27 44.65 37.63 61.20 49.76
3000 3000 3000 3000
Pier 6 without Pier 6 with -—— Pier 6 witiwul Pier 6 with
shear (D shear (DHK) shear (I+M)/ shear (I+M),
1500 1500 /1 __ 1500 i/ 1500 e
E 0 E 0 § 0 E 0
§ 5 g g
@ -1500 % -1500 @ -1500 % -1500 |
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-100 -50 0 50 100 -100 -50 0 50 100 -120 60 0 60 120 -120 60 0 60 120
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(a) Pier 6 (a) Pier 6
3000 3000 3000 3000
—— Pier 7 without Pier 7 with —-— Pier 7 without Pier 7 with
shear (D+K) shear (D+K) shear (I+M) shear (I+M)
1500 . 1500 P _ 1500 ve 1500 | :
8 8 8 / 8
& 0 £ 0 & 0 y & 0
5 P 5 4 5
% -1500 | & -1500 & 1500 < % -1500
-3000 -3000 . -3000 ~3000
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3000 3000 3000 - - 3000
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shear (D+K) shear (D+Ky 2 shear (I"'ﬂ) / shear (I+My )
1500 1500 1500 b 1500 /
z Z z / / z
@ -1500 % -1500 % -1500 @ -1500
-3000 - -3000 -3000 - -3000
-100 -50 0 50 100 -100 -50 0 50 100 ~120 -60 0 60 120 -120  -60 0 60 120
Displacement (mm) Displacement (mm) Displacement (mm) Displacement (mm)
(c) Pier 8 {c) Pier 8

Fig. 12 Transverse hysteretic response with shear

under D+K

364

Fig. 13 Transverse hysteretic response with shear

under I+M
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Table 7 Maximum transverse displacement components with shear (mm)

I . Pier 6 Pier7 Pier 8
nput motion
Total Flexure Shear Total Flexure Shear Total Flexure Shear
D 33.54 20.92 12.62 53.49 41.65 11.84 42.76 25.64 17.12
Set 1 K 36.44 20.27 16.17 57.42 40.18 17.24 4450 28.69 15.81
© D+K 56.43 35.94 20.49 92.75 69.72 23.03 77.38 40.32 37.06
K+D 36.45 19.97 16.48 57.59 39.38 18.21 4457 28.55 16.02
I 37.30 25.84 11.46 59.98 4961 10.37 49.84 31.66 18.18
Set 2 M 69.52 37.19 32.33 112.22 68.41 43.81 93.17 39.77 53.40
N I+M 66.35 37.19 29.16 109.33 72.93 36.40 92.99 42.65 50.34
M+I 69.52 37.19 32.33 112.22 68.41 43.81 93.17 39.77 53.40
L 36.47 19.69 16.78 57.48 40.86 16.62 4493 28.39 16.54
Set 3 N 31.94 22.37 957 51.63 42.91 872 42.08 28.00 14.08
© L+N 40.34 21.68 18.66 64.97 44,99 19.98 51.06 31.59 19.47
N+L 37.63 25.67 11.96 61.20 50.56 10.64 49.76 32.35 17.41
220) W3}, 7o) He Yo A5 Had] 71Qe
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Fig. 14 Transverse hysteretic response with shear

under N+L
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Table 8 Maximum transverse shear force response
parameters (kN)

Pier Model D+K [K+D | I+M | M+I | L+N | N+L

Without shear | 2356 | 2008 | 2453 | 2467 | 2073 | 2062

Pier 6
With shear | 2088|1485 | 2110 | 1972 | 1526 | 1723

Without shear | 1557 | 1256 | 1590 | 1586 | 1349 | 1346

Pier 7
With shear | 1617|1279 | 1626 | 1624 | 1432 | 1378

Without shear | 2552 | 2289 | 2693 | 2681 | 2340 | 2332

Pier 8

With shear | 2138|1967 | 2158 | 2147 | 2103 | 2017
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