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Study on seismic damage assessment and performance level
quantification of hollow pier
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Abstract; Accurate quantification on the damage state of a hollow pier is the basis of determining its seismic
performance level, and also an important content in the performance-based seismic framework. Therefore, based on the
quasi-static test results of 19 hollow piers, the damage characteristics and evolution mechanism of hollow columns are
analyzed in depth. The classification of performance levels for hollow specimens is conducted and the quantified
relationship between the performance levels and indexes are established. Based on the evolution curves of damage
indices, the applicability of some existing damage models to the seismic damage assessment of hollow piers is
discussed. The results show that compared with solid-section pier, the shear-flexural coupling action of hollow pier is
more remarkable. Moreover, the plastic damage scope is larger and the phenomena of longitudinal rebar yielding and
crushing of core concrete is more severe. Due to the varying sectional stiffness along pier, the vulnerable part of round-
ended hollow pier moves from the pier bottom to the upper edge of internal chamfer. The five performance levels of hollow
pier, namely, intact, minor damage, moderate damage, major damage and collapse control, can be well quantified by
using the crack width, reinforcement/concrete strain and damage components ( strength/stiffness degradation and
residual displacement) . The damage curves of these models differ remarkably, and the scatter of the damage indices
under the same state is evident. The Park-Ang model can reasonably describe the process from initial loading to moderate

damage, but it overestimates the severe damage state of the hollow pier. It is observed that Zeng’s model agrees well
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with the test results with less scatter, indicating that the proposed formula can be used for seismic damage assessment on

concrete hollow pier.
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Table 4 Improved model based on both degradation

and cumulative effects
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Table 2 Improved model based on the energy term
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Table 5 Summary on design parameters of specimens

fFER G5 BGE (mm) BB R S (MPa)  BUEIEp (%) YFifiE BHERe (%) d(mm) @ s (mm)

JIE Tz A2 2950 5.9 0.05 4.5 1.79 2016+4P12 2.35 10 110
DI 1950 3.9 0.05 4.5 2.12 20012+8P16 2.24 10 90

D2 2950 5.9 0.05 4.5 2.12 20P12+8P16 2.24 10 90

D3 3950 7.9 0.05 4.5 2.12 20P12+8P16 2.24 10 90

Jtzs i E1 2950 5.9 0.05 2.5 2.12 20012+8P16 3.10 10 65
12 2950 5.9 0.05 42.5 2.12 20P12+8P16 1.34 10 150

Fl 2950 5.9 0.05 4.5 1.87 16D012+8P16 2.24 10 90

F2 2950 5.9 0.05 4.5 2.81 24P12+12P16 2.24 10 90

Gl 1950 3.9 0.05 4.5 2.15 20012+16P16 2.13 10 100

G2 2950 5.9 0.05 4.5 2.15 2012+16P16 2.13 10 100

G3 3950 7.9 0.05 4.5 2.15 2012+16P16 2.13 10 100

FIE 25 0 H1 2950 5.9 0.05 4.5 2.15 20012+16D16 3.04 10 70
H2 2950 5.9 0.05 4.5 2.15 20P12+16P16 1.42 10 150

1 2950 5.9 0.05 4.5 1.63 2612+6P16 2.13 10 100

2 2950 5.9 0.05 4.5 2.69 3212+16D16 2.13 10 100

SAl 5000 6.1 0.15 32.0 0. 906 2412 0.325 6 280

SA2 5000 6.1 0.15 34.7 0. 906 2412 0.91 6 100

Bshas B SA3 5000 6.1 0.15 32.0 0. 906 2412 1.51 6 60
SB1 5000 6.1 0.1 32.0 0. 906 2412 0.91 6 100

SB2 5000 6.1 0.2 33.4 0. 906 2412 0.91 6 100
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Fig.1 Geometry and rebar arrangement of specimens( unit; mm)
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Table 7 Crack width under different performance levels

(mm)

EER/N

Qe HfH

AR e

i gm0 B

D1 0.07~0.32 0.21 0.32~2.37 0.43 2.37 3.10

D2 0.20~0.46 0.31 0.46~1.64 0.51 1.64 2.20

D3 0.13~0.15 0.13 0.15~1.19 0.19 1.19 2.35
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Table 8 Classification on performance levels and index quantification of rectangular hollow piers

Y PEREAKME RUEVIE (mm)  CFIIREEL RN GINIE DA it SRR Iz IR Ak BRI
I FEASE I 0~0.2 <0. 002 <0. 0025 0~0.8 — — —
I BRI 0.2~1.3 0.002~0. 005 0.0025~0.014 0.8~1.8 — 0.67~1.0 0.20~0.70
I AR 1.3-2.5 0.005~0. 011 0.014~0. 06 1.8~3.0 0.95~1.0  0.37~0.67 0.87~1.74
v JEE >2.5 0.011~0.025 0.06~0. 09 3.0~4.1 0.85~0.95  0.22~0.37 1.74~2.70
\ Pl 18] 5 — >0. 025 0.09~0. 12 4.1~5.0 0. 85 0.14~0.22 2.70~3.48

=9 EHim=OBIMREKEX S RIBRENL
Table 9 Classification on performance levels and index quantification of round-ended hollow piers

L PEREKME RUETEE (mm)  PEIREELIRNAE AL AR (hx:aia IR Wi BE R Ak AN
I FEA ST U 0~0.3 <0. 002 <0. 0025 0~0.5 — — —
II Uity 0.3~2.3 0. 002~0. 005 0.0025~0. 016 0.5~1.3 — 0.7~1.0 0.17~0.24
[} LR ] 2.3~3.4 0. 005~0. 009 0.016~0. 06 1.3~2.7 0.95~1.0  0.41~0.70 0.24~1.40
I\ JeE >3.4 0.009~0. 017 0. 06~0. 09 2.7~3.6 0.85~0.95 0.33~-0.41  1.40~2.11
\ P 535 — >0.017 0.09~0. 12 3.6~4.5 0. 85 0.28~0.33 2.11~2.84
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Fig. 8 Variation of damage indices with the number of cycles of loading of some specimens
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Table 10 Mean and standard deviation of damage indices under different damage levels for rectangular hollow piers

A SARSEU epadith A JEE Eeilialbe
A=
FHfE PRifE2E FHMHE PRifE2E THE PRifEE FHE PRifE2E FHME PRAfEZ

M1 0.03 0.01 0.12 0.03 0.41 0.11 1 0.3 1.62 0.41
M2 0 0 0.04 0.01 0.34 0.11 0.93 0.3 1.57 0.4
M3 0.11 0.01 0.19 0.02 0.31 0.03 0.43 0.04 0.5 0.05
M4 0.03 0.01 0.09 0.02 0.24 0.04 0.43 0.06 0.59 0.04
M5 0.03 0.01 0.08 0.02 0.26 0.05 0.57 0.12 0.91 0.19
M6 0.02 0.01 0.09 0.02 0.28 0.1 0.75 0.32 1.8 1.28
M7 0.03 0.01 0.19 0.06 0.74 0.21 1.77 0.51 2.78 0.84
M8 0.02 0.01 0.08 0.02 0.24 0.05 0.48 0.09 0.73 0.13
M9 0 0 0.12 0.04 0.46 0.07 0.74 0. 06 0.85 0.03
M10 0 0 0 0.01 0.12 0.03 0.26 0.05 0.39 0.08
M11 0 0 0.02 0.01 0.49 0.17 1.87 0.61 3.57 1.13
MI12 0 0 0.01 0.01 0.2 0.04 0.48 0.1 0.75 0.08
M13 0.92 0.03 0.91 0.01 0.95 0 0.96 0 0.97 0
M14 0.08 0. 06 0.52 0.06 0.63 0.04 0.71 0.05 0.78 0.06

11 ER=OHARRGEENRGIERHERREES

Table 11 Mean and standard deviation of damage indices under different damage levels for round-ended hollow piers

AREE HAGEL LEpEintil A FEE il e
I fE PR FIME bRifiEZE FHE PRifEZE I fE PR FIME bRifiEZE
M1 0.02 0.01 0.17 0. 06 0.41 0.15 1. 04 0.21 1.78 0.73
M2 0.00 0. 00 0.08 0.03 0.31 0.12 0.96 0.22 1.71 0.70
M3 0.11 0.05 0.23 0. 09 0.32 0.12 0.45 0.02 0.53 0.21
M4 0.03 0.01 0.11 0.04 0.20 0.08 0.39 0.03 0.54 0.21
M5 0.03 0.01 0.09 0.04 0.21 0.08 0.54 0.04 0.90 0.36
M6 0.02 0.01 0.09 0.04 0.19 0.08 0.50 0.07 0.96 0.41
M7 0.03 0.01 0.33 0.13 0.85 0.34 2.03 0.25 3.35 1.33
M8 0.02 0.01 0.11 0.04 0.22 0.08 0.48 0.04 0.75 0.29
M9 0.00 0.00 0.19 0.07 0.44 0.17 0.73 0.04 0.85 0.34
M10 0. 00 0.00 0.01 0.00 0.06 0.03 0.20 0.03 0.34 0.13
M1l 0.00 0. 00 0.03 0.01 0.38 0.17 1.88 0.41 3.71 1.45
M2 0.00 0. 00 0.03 0.02 0.10 0. 06 0.47 0. 06 0.90 0.39
M13 0.92 0.33 0.92 0.34 0.94 0.35 0.96 0.01 0.97 0.39
M14 0.08 0.07 0. 60 0.25 0.78 0.30 0.84 0.03 0.87 0.35
GBI Pars g, HILrA s 1o R in R, JEInE

(1) thk B, prafiml (M3 BRoh) 1A BEALMAR S AR FE ko X, &SRR £
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W %, W AR B BE IS, S IR B Rk,
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KA aE R bl 45 450405 5 2 AT S LA S0 8K JE il JEE R B I s AR R R, HiIm R AT,
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Table 12 Range of damage indices provided by

different scholars

LAY I 1 1T v v
Park-Ang  0~0.1  0.1~0.25 0.25~0.40 0.40~0.80 =0.8
43K%E 0~0.2 0.2~0.4  0.4~0.65 0.65~0.90 >0.9
PREME  0~0.1 0.1~0.25 0.25~0.60 0.60~0.90 =0.9
AL 0~0.1  0.1~0.25 0.25~0.50 0.50~0.85 =0.85
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Fig.9 Mean of damage indices under different damage

levels for hollow piers
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