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Abstract: Bridge piers with low aspect ratio or low transverse reinforcement are vulnerable to shear failure
under seismic action. The existing fiber element model ignores the nonlinear shear deformation of piers and could
not be used to model the seismic behavior of bridge piers failed in shear or flexure-shear modes. In order to
simulate the seismic behavior of bridge piers, a rotation-based shear failure model was built based on 36
quasi-static test results of circular piers failed in shear or flexural-shear modes. A numerical analysis model
comprising the nonlinear fiber beam column element and the zero-length shear spring element was built on
OpenSees analysis platform to simulate flexural shear interaction of piers. The rotation of the end region of the
pier in the analysis model was used to monitor shear failure initiation of the specimen. Before shear failure, the
cyclic behavior of the pier was controlled by fiber beam column element. Then, seismic response of the pier was
governed by the shear spring element to simulate the strength and stiffness degradation behavior as a result of the
shear failure. The analysis model was verified through a comparison with the quasi-static test results of 12

nonlinear shear dominated circular bridge piers. The results indicate that the simulated hysteretic curves agree
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well with the test data, the stiffness and strength degradation of the piers as a result of shear failure could be well

simulated and the rationality of the model is verified.
Key words:

deformation capacity

BY 5 LU AR 1) 68 S0 3 1B Ak i R 2 i A 4t v
Tz N, LS A A 2 BT A S SR
Bao SEBRE AR ERI 45 AR W], IR A ik
TN Sy RAEBT UM, 5 AR 28 R0 NI TR
o, JEPERZE, ST EROA RIS, T DUE AR
Aot 2 g SR A PR O A MR A R AR
R RMFRPUR S IR TR R R FE
MWL T $E . ITak, BEAE 4 4E oo gl
HESRIEE, LR RS 0T A A VR Bt IR R S i e
IR H 28 AT 35 g e A D), e
G LT YL TR S T R B I AR T sy, %
TR A B D) B BT R A T TR e LA, ASREXS
KPR AT UER IR T A 350 LR AN 7
TRE T AR R T AR B DA T, [y Aha
BHAT T REMFU ARG TADESR, Hrp
BYP) S TR AR E BT V), HH 5 A e
FRIE, BN TR At b A ) 2 B HSE o A 2 ABE B )
FH . Lee M1 Elnashail® 5t T T 4 8 0 F2 )7
ADAPTIC ST T A0 37 TR e - S8R 10 25 B B o My
PR, DAL oo P S ih AR T, A4k
PEBY V) AR Y DL 21 4 50 76 AR T (1Y) B 1) 35 3 P oA
fl, Wi EIEME J13% 218 MCFT(The Modified
Compression Field Theory, MCFT) vl i AE £k 1
B L) AR B (1 4 i £ 9K H] Ozcebe & Saatcioglu!™”
FEBUP BY D) RS, 0F 25 BT F R AN A TR e 3
B R 9] it e 3R 4T T R B Z 4T . Elwood!!
ST 85 R Ge vt o0t e Sr T VR AT
BY NG 4k AR S BRI AR TR e &3 A5, B
16 R A SCT BB AR A v BT ) Al S A A (1) 2K
B, HT OpenSees FH ST 1-6, FIHAHERE
FERL T BT P e &, L T B T 15 A Y
5 s R A8 AR 5 TR g A AT v ] o AT AR AR
AU, TR R IT I TAEEY ) Al s
IR A eI, AT T A 125 B 0{E 20 A
A, Elwood 57 71 ARALL 25 B ARCUREA 177 Vi o 1 A A 1311
SRl B R NV ERAG TARGFIORG R o (HAR R AT B )
Sl HS RBEAR TR AR ORI B s SRR IR T, PR T
AR (3 YRRl hy SE MR 3R B, Shoraka 45!

seismic design of bridges; RC bridge piers; nonlinear shear effect; simulation; OpenSees;

B4 3 -85 U)- 75 RS 5 41 0 20 B ASFI (Axial-
Shear-Flexure Interaction, ASFI)XJA¥: i) B Uil A
BT TR S e, Bl g R0 R W sk
BERARAG T ARG (AL R . Ghannoum %1 LA
FEZRAE VR DG AR D dia b, 8 LT 5 BRI AN 77
TRAE AT IR THE I, O A ZRAE A5 B o Bl =5 ik
HAEERAGAT Sy BEAT T O AERR B . JR[E 2y
) S 0 05 R e R 1 B K0 3 AR AR
AT THIL IR R .

&%) Elwood"5 Ghannoum!'5g X i 5k
BRSO VR D) 2 S T 25 B AAIAN £ 0 45 Ve ek 1 AfE
ZAERIR AR, W R, R A R
MRS I3 M o A7 00 R AN TR Ut 1 45 4 25 B A0 {1 0
AT SR 0 2 T4 A T VR R AT B, R
{5 B3 BOAT A 7™ T I 52 R i B 3B AR FRO AT S04

AR T B A 0 B R 3 BB
HRBAR T 36 NS BYRTBY D) AHA BT A 10 A A v
B MU= I A, B TR T B
I 518 45 RN HL 23 B T M 358 DI AR IR I 98 1 4%
DB A, IR 70 A 57 T MR U AR BT DDA
DRI SR AT S A2 DI i B s 0 rh v 3
BUUIHOA I R AE N 21 AR BEGE DI RE T 2% 18R
PEBT DI RN B ST U 7 BT A, s LL 12
A T T 485 T 0 A3 Ve ok IR 0L 7 g e 5 RO K
P, AR S BT T RAIE

1 BREHNTERXREIL

11 TEHESEE R EARIER

R 8 £ A5 T it - 5 A S B K 0 M o A Y
RISEAABE AW ATT TR e L W S0 000 17 (32 7 T 23t Ay
S RS BY [ N2 R o T 32 S e ARG M I
5 W AR AV [ ST AR R R Rk AR T, AR A
b Y 2T YE R BTN A B e Bl 5 3 A TR 5
S0y S NARRAE I BI VIS, AR R KR
SIS IO . B R 52 75 L 2 B e AR
FERIOCR, RSZICFE MM wr e, Qs 1 .

Bl 2 Fon MR AE A T AP R AR I il K
A LR, PR SN AR 553 B BRI B RO



30 T s

&
g

XS MRS, 25 i s 0T I PR AW B 28/ 18
PEOUBYSRE R B HTBT e 1), WlPF R AR IR LTS
0 3, RAR U1 B 2(c) RS S 1 BT A i 2
Ao XTI BRI, igd Mk 2 X
O (R R PR Ao 280/ TS S Xt I (A PR A 2o 7B
DVBORAT, 5275 RN FHEREZ OPERE, 20Tk
R FF 325 I N RIS ) HAE FofriiRds . 8y
PIRR KR, W ERARE LA DI 3, Al kA i
B 2(c) A SN 2 o A - A2 T 2k o AR
BRI RS 2 FEREARE AT

y e

B R BA Sb

Fig.1 Flexural-shear analysis model of piers
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Fig.2 Deformation components for RC bridge piers
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Table 1  Test data for circular RC bridge piers

E& Mg Or D/m dy/mm n A DJmm  s/mm  J. MPa fu/MPa f/MPa B
NO.1 0.00976 275 6 0 1.09 235 100 28.8 368 364 By 4]
NO.2 0.01275 275 6 0 1.09 235 50 29.3 368 365 51
NO.4 0.0066 275 6 0.115  1.09 235 100 29.8 368 366 B
NO.6 0.01 275 6 0.12 1.09 235 50 28.6 368 366 G|
NO.8 0.00944 275 6 0.11 1.09 235 35 31.4 368 366 UR)
Arakawall? NO.10 0.0131 275 6 0.114  1.09 235 50 30.2 368 366 L]
NO.12 0.00613 275 6 0247  1.09 235 100 27.8 368 366 574
NO.13 0.00945 275 6 0.225  1.09 235 50 30.5 368 366 314
NO.14 0.0126 275 6 0219  1.09 235 35 31.3 368 366 By
NO.15 0.0143 275 6 0 1.64 235 75 32 381 363 BEy
NO.17 0.0096 275 6 0.11 1.09 235 75 313 368 366 CLRY)|
NO.19 0.01 275 6 0.11 1.64 235 75 31.2 368 366 874)




32 T Vi 7 &2
(B:)
1% EVCE RS o D/m  d/mm n i DJmm  smm JOMPa o poMpa o fMPa ERIEA

NO.22 0.0121 275 6 0.167  1.64 235 75 20.5 381 363 )
NO.23 0.01263 275 6 0.081  1.64 235 75 422 381 363 Y
Arakawal™® NO.24 0.0094 275 6 0221  1.09 235 75 31.1 381 363 237)
NO.25 0.0107 275 6 0231  1.64 235 75 29.7 381 363 51
NO.27 0.0105 275 6 0363  1.64 235 75 18.9 381 363 L)
NO.28 0.0097 275 6 0.166  1.64 235 75 413 381 363 L)
petrovsl! M2EI 0.0298 307 6 0.055 293 235 75 35.9 240 240 Ep
M2E2 0.0227 307 6 0.1 2.92 235 75 34.4 240 240 Y
Wong??" No.2 0.01258 400 6 0.39 2 364 65 37 340 475 L]
Priestley®*! NRI1 0.02553 610 6.4 0.057 1.5 578 76.2 30 361 462 58y
NO.2 0.0232 400 6 0 2 364 60 37.2 328 296 Lt

NO.3 0.0346 400 6 0 2.5 364 60 36 328 436 £
NO.4 0.0191 400 10 0 2 360 165 30.6 316 436 )
NO.5 0.0278 400 6 0 2 364 40 31.1 328 436 Y
NO.6 0.0161 400 6 0 1.5 364 60 30.1 328 436 237)
Ghee NO.7 0.014 400 6 0 2 364 80 29.5 372 448 By
NO.8 0.0348 400 6 0.2 2 364 30 28.7 372 448 L
NO.11 0.0196 400 6 0.2 2 364 60 29.9 372 448 L
NO.12 0.0297 400 6 0.1 1.5 364 30 28.6 328 436 Sy
NO.13 0.04 400 6 0.1 2 364 30 36.2 326 436 Y
NO19 0.014 400 6 0.1 2.5 364 80 34.4 326 436 237)
Kenchiku®" ws21bs 0.0212 250 8.9 0.194 1 170 33 26.5 335 375 L]
ws25bs 0.0176 250 8.9 0.097 1 170 46 26.5 335 382 1)
Hamilton™! UCI4 0.03475  406.4 45 0 2.58 771.2 171 34.7 691.5 458.5 5y

HA O WL B DIRA 2 BT AF 125 iR A 9L
R AR TERE ), MR EOR, BUKH sh R TE g
178K . Ghannoum!" 5L T 56 AN25 BYRY AR T AR 1
BAEAT AT, JROCT W N AR AR A Y )
IR 21 0 1158 2
6, = 0.044—0.0172—0.02177 ~0.024——==0.009

Jr
@)

e d 2 BRI A2 30 S 42 e MO 32 355 oL
IR v B BN g, 4% R A

bd
A v ONEREARSZ ST ) b R BN 1 A
W

v

&

Leborgne U {50 1 71 468 T 5500 22 13 T 4[]
HAZ:

@:002%4un§—oownzonma (4)

Ghannoum 5 Leborgne FIRfF 5K, 5ETEEL
THHSAT B DI IR I 3 AR DX F 22 s b L i
I ENE AT TN Y A& A1) d L b e A rA LA

TEART AT S0k A, A SCEESE T 0 B ) 22 Kk 4T
iR

@=A+Bn+nglM (5)
Qf:A+Br7+D/1+E% 6)
0, _A+B¢7+C—+D/1+E'Dsf—f,yI @)

k&b 4. B. €. D. E ¥ ARIARE,
F PR LA BN v, FERFYHI &5
T BY i JE 4SS TR O V200 A ST BY iR S AT i O M
BT, HAZ NG R A, 5ok,
TR BT bl A R4 7 G B MR SRR AR TR e )
mi ke 2, 2X(6) 2(7) N BY 5 LU R g 27 5 il 2 (1)
MR, AR 2 o, 1% F A5
4,
sD

A, A A FRARE A A A
FRA A SCAE R 36 MR AR T 38RE, 230344
WG~ HATE AT, 58N

P = ®)



N 33

6, =0.017-0.01977 —0.045—— +0.008 /yA
=0 0197 =0.045=+0. © 0.58—=—=10.02 12)
@:—omn7—ammn+aouz+oo3é; (10) d%=5% (13)
@=001L4HBU—0043;+00MA{HD2g{ Ny Kfoznf (14
D c Kb A BIVIROA 2R R AL s o R
(11) WP RANENE KL dy WAFTELR: A A%l

KO~KADWAHXFRE R 53514 0.82. 0.72
0.84, WARNXODKER R, RAOKERZE. 77
(1), nI AR Bl e D) Bt s LE . 3 757 1)
PR Tk /D, BE DY 5 LR 7 2 5 40 i
b, XA E AT TR R I E IR A,
WA S AL LA S (1) A 4 [ 385 i A7 S8 D) e A
ZIBUR P EELX. D, K JEVE P A A K B
4 FAD)THEI 6 (8 52 T HUE R S A AL
X LEAB L

0.05

0.04 =
"m
=< s
= 0.03} LI e
<3 L
d - .
B 0.02 - 3
5 P
0.01F wlm g
] '/,/
0.00 L . : : : i
0.00 0.01 0.02 0.03 0.04 0.05
Gt B

B4 g Mih SRR SR EUE X
Fig.4

2 BYITREIEEL
2.1 BB ESTAH- LB EREL

BB 1 IR B R R O AR RS R AR
2 TR RN, e 52 ar 48 A ik BY D) 3 B TG AR A
MR BY UIARTE o 18] 5 4 BY D)5 PR s i) i 4L ih 26,
B BY DIl U i B D) st SR T NI BE AR 4 Ry i, B
PEB DI R FH (D) T B AR A b i 330 90
PRI B 1k B e SLIIRN R 11 6 1), BY D)3
HIGER R T B UM s (A Vg, A Vi
SELT RSB EAR X D, K JE P 5 fak B 0 W5
B PIARTE R ) BIABI PR 52 I, BRI
(152 J3 P RETF4f B 2 ih s il BY DIz, B D)5
FERLTT R 9B T IR 3% OB AR Ko 1IB 1L R TR R BT
BIRRE Ve HBHEXSB% Leborgne HA,
(12~ (14).

A /
»«:—UJ6~I54@—4MM9JL+07fi+
L d

b Ac

Comparison between the calculated and test extracted &;

TREE IR o WPTIHCTTZ, Kaeg MBI VIR LR

R Ve BT VIR N BT g s v Akt

BREL).
@?7}1}

4
Vst fevecens

BIUIBR 5 Ar V)

chg

Ve

i St
=< >

WO
K5 BYYI#E AR HhLk
Fig.5 Skeleton curve of shear spring element

22 BIYIBESITHEMN

BT 3 B T AR % Leborgne FRE 7RIS,
BUPIRATY, BYD)FE oAl T el B 2k
B A O 1L B e BT VIR f I, e Y
DIRER, BIVIH#E RICHI SR ETT 4R N e, AR S
BBy IR, eI E SO AR BT VIR R A
IR RO IR BB o S {EASEZY Hh>R A Pinch Limit State
Material AN BT U] 5 5 P ICHI AT - E R R, AE
AR BT, AR RE I L AE & 45105 AN
PR 105 B S IEREANE AT BT 5 5 BT I 0
FEANMIRE o [ BTD) 58 5 T R I L N 3
SO AR G 7 2 BT 3l 1A RS AR RS
SRTE X, T 22 SR 181HUH -

3 HUESTREMELKIIE

3.1 HREIEN

KHE @S EAE IR, DLRK R 5)
P PR ICARA AT AR TE, AL, TR 2 N
e T, AARROEARTE s AL 24 AN 3 ]
(1)K B BY ) S PR TN BY D) T, Y2 5
B3 WA KRR EAR TR, A5 ) oy 7 ) ] P AR BT
AN T 3 5T AUS 2R AF YR A B TR




34 T s

I

AR, HATA 3. W54 [MKEAN D, B
W R #0722 T2 S Ak AR T 2 A0 6 s A A B )
TR R A o MBE AR P & 1R S R A1 A 31 (11)
& SRy, AT aa BT U BRI 5
B BY 1) B N 4% AT 1R %2 IR

W &k Lk A & T Kent-Scott-Park 5 2 1]
Concrete01 #i7Y, JFf H AN FETREE 112 R )
WIRE, N J)-N AR g Qe it 2e 7y P BL, B THBOA I
W2k, TRRBCh EZR, 18RIk S oK AR B,
SERJEAN T FRAR, AR 25 18 T 4 A0 Vi e L I 2R
BN . T Steel02, W I WARSC R e FHE T
Giuffre-Menegotto-Pinto £ 2, BEAR LT (175 FE4M 17 71
PEIE AR T BB RE N .

TR HFE IR Bond_SPO1 KA 41
NI, AR ST R I (0 . ) - AR DG FR Sk N -
W EICR, LUK 05 70 i e rh 4k i 1
SO . T LU, 2 U I ) AR D% R T AN
U R BE T IR R, o IR e 1k 1) e K
YU AR I B Hog KU Re Ty, A4 i i oF
SR B S 2 IS, PR ROE KA. A
By 1 IX i DL ) A, O e Bl B 0 N TR T
Concrete01 (1) 5z K HTHe W AR 75 3 L — AN UK R 4L
KL 45 R (15) T4, BRIXAS 2 VAR ORI _E
Al e IR I S8 SOV LA 3, R B RERH L
e ) R R G AT (1) 3D 28T DR UE £ 4 2 AT F T A
M B R A G (AR TR IR P A

K =Ts% (15)
88/ 1,
3.2 fEBUIGHE

AR bR R T, S BRI PO
(] A1~A6 XIFFI Ghee!™5E ¥ NO.15~NO.18
NO.20. NO.23 3t 12 AN E TEAR 0 H S
TR AR, BT RIVE R AT . PR
TEE B T AY, THUES e 0t g R ey S A 2
JECHB I A [ o W SE R 6 AN IEA N
LHHIAIEA, Ghee 5881 6 Malfl, NO.15.
NO.17 1 NO.23 JyB BRI, LR A BIUIMIR .

Bl 6 S Rl S8 A ] e e e . MR
Ha] LUE IR IR MR I 52 ) PR e e
b, BEAE M A A IGR, IEPERE X L ik 3 T
JE SCHI B DI IR TG #, A N BY DI I B,
i ] 0 206 5 PS8 T 4yt R S 1) T PR B AAABEAL &5 R

LA, AARNIRE . B PR A Ao IR AL BL
WG 4 RS L

7 ) Ghee 58 IR PHA AT I ZxT L o i 22
VEHIIRIE Ghee (15556 2 K SORE ] 52 75 W BE RS/ )
JRHE b, TR A Rk, DRI AEAR A v
FEARZ RGN, 2wt BT 21 1P 4R K
JE LE ARG 5 RS i Ko (HSAR TS, B AR 2K
i 0] i 2 RRGR 25 R W) & AT, R EAS ORI 12
R RAR G IR AU T A7 A 11 2 1512 1) o AN P12 IR
AT

150

100
50
Z of
€ 50
=100F
~150 . . . ’ 1
-45 =30 -15 0 15 30 45
{7 %8 /mm
(a) Al
180
120+
60+
g o
;f;
= 60 f
—120
*] 80 — i L = 1 i = i .
—45 =30 =15 0 15 30 45
{7 f/mm
(b) A2
240
160 |
80
=
=
S of
T 80t
=160[
—240 + + . - £
=30 =20 -10 0 10 20 30
i #%/mm
(c) A3
120
80
L, 40t
=
= o0
=
~40
-80
~120 . . X X
-60 =40 =20 0 20 40 60
A F% /mm

(d) A4



1 2 35

Fig.6

150
100

far /N

_50,
=100
150

-200 e e i 4 oy oy oy
=50 -40 -30 =20 =10 0 10 20 30 40 50
i #/mm

(e) AS

(H A6
Bl6  wl B B s i (o] i 26 A Ll

Comparisons of the simulated and tested hysteretic

curves for specimens tested by Si Bingjun
300

2001
100

z
g ol
R
a
E

-45 =30 -15 0 15 30 45
{5 /mm

(a) NO.15

100 F

/KN

i

T

7

=100

=200

-300f

4 P . “ "

00‘40 =30 -20 -10 0 10 20 30 40
{2 /mm

(b) NO.16

400
300}
200}
100}
0F o
=100 B
-200}
300}
4005040 30 20 -10 010 20 30 40 50
{3 #%/mm

(c) NO.17

for /KN

600

4001

200

T E/KN
(=]

=-2001

=400

=600 i = c L : = L
-40 -30 -20 -10 O 10 20 30 40
{2 F%/mm

(d) NO.18

600

400

200

/KN
o

=200

=400

-600 " i 4 i i ;
-40 -30 -20 -10 O 10 20 30 40
H7F%/mm

(e) NO.20

=300+
=400 s d 4 L . l
-40 -30 -20 -10 O 10 20 30 40
frF%/mm

(f)NO.23
Bl 7  Ghee B0 150 i [a] il 42 (0% EL

Fig.7 Comparisons of the simulated and tested hysteretic

curves for specimens tested by Ghee
AV4
4 iR

AR T AN A T R MBS B R 43 AT 1)
FORERY, T UERAE T DM OB PR X e £
BUDIMOAR I R AR Z1, BYDIR AT LA AR T4
MR TR SO, B YRR 5 BABY D) AR T 425 il i
RN AR 36 /N5 BY K BT DR R TE A
BB RS EAE, TR T BRI T
TR R AR BT DRI IS B 3B AR X ey, a ot [l
M N7 T M 308 1) A A I 9 v s DX A IR A
o 1L OpenSees HUEM TV & HAL T % B
L5 -BY-h RS N B A BT, A rhE
R BB DX i MY IBBT DIBIR I R A o de )i
DL 12 ANBYD) 0842 1 1) (5 7 A AT S R 40 )
TRI 5 A, e B ) S PR EAT TR
UE, 455 S WA SC BT 37 A B o0 B A28 ) 5t B 1)



36

T ™

)1

2
5

LS BT RN SR ST ] g 2 3R A 52 D PO A4

s
S K

(1]

Sezen H, Moehle J P. Seismic tests of concrete columns
with light transverse reinforcement [J]. ACI Structural
Journal, 2006, 103(6): 842—849.

Elwood K J, Moehle J P. Drift capacity of reinforced
concrete columns with light transverse reinforcement [J].
Earthquake Spectra, 2005, 21(1): 71—89.

PR, EARTE, mgL BT AT ITIR A TR R LA
BHEB TR [I]. THE AR5, 2011, 28(5): 737—
742.

Ai Qinghua, Wang Dongsheng, Xiang Min. Seismic
damage evaluation of RC bridge columns based on fiber
elements [J]. Chinese Journal of Computational
Mechanics, 2011, 28(5): 737—742. (in Chinese)

Zhao J, Sritharan S. Modeling of strain penetration effects
in fiber-based analysis of reinforced concrete structures
[J]. ACI Structural Journal, 2007, 104(2): 133—141.
Ceresa P, Petrini L, Pinho R. Flexure-shear fiber
beam-column elements for modeling frame structures
under seismic loading-State of the art [J]. Journal of
Earthquake Engineering, 2007, 11(1): 46—88.

FEVINAL, BOFTAE, a0 S 8 N AN R A2
SIERERIEERLT]. TR 1%, 2007, 24(12): 76—81.
Wang Xunliu, Lu Xinzheng, Ye Lieping. Numerical
simulation for the hysteresis behavior of RC columns
under cyclic loads [J]. Engineering Mechanics, 2007,
24(12): 76—81. (in Chinese)

e, ER . R R AL T A BT R
BRI TR, 2014, 31(7): 178— 184, 198.

He Zhongying, Ye Aijun. Reasonable discrete element
length of force-based nonlinear beam-column elements
[J]. Engineering Mechanics, 2014, 31(7): 178 —184, 198.
(in Chinese)

FE—, =SB, N A VR B T 2T A S A S G S AR AL
G0 TFEJI%, 2011, 28(4): 102—108, 127.

Zhuo Yi, Li Zhongxian. A practical simulation platform
of reinforced concrete fiber beam-column element [J].
Engineering Mechanics, 2011, 28(4): 102—108, 127. (in
Chinese)

Lee D H, Elnashai A S. Seismic analysis of RC bridge
columns with flexure-shear interaction [J]. Journal of
Structural Engineering, ASCE, 2001, 127(5): 546—553.
Ozcebe G, Saatcioglu M. Hysteretic shear model for
reinforced concrete members [J]. Journal of Structural
Engineering, ASCE, 1989, 115(1): 132—148.

Elwood K J. Modeling failures in existing reinforced
concrete columns [J]. Canadian Journal of Civil
Engineering, 2004, 31(5): 846—859.

Shoraka M B, Elwood K J. Mechanical model for
non-ductile reinforced concrete columns [J]. Journal of

[13]

[15]

[16]

[18]

[19]

[22]

Earthquake Engineering, 2013, 17(7): 937—957.
Ghannoum W M, Moehle J P. Rotation-based shear
failure model for lightly confined RC columns [J].
Journal of Structural Engineering, ASCE, 2012, 138(10):
1267—1278.

B, WAEAR, e, AR 2% R BT DI AR AN S VR
e AT MR SR AT (D] AR AR E AR, 2011, 32(11):
97—108.

Cai Mao, Gu Xianglin, Hua Jingjing, Lin Feng. Seismic
response analysis of reinforced concrete columns
considering shear effects [J]. Journal of Building
Structures, 2011, 32(11): 97—108. (in Chinese)

A, BRI, XL 25 AR B U A0 AR BN A R o
AR R A Ty v N D). R R R S R TR,
2013, 35(4): 13—19.

Lei Tuo, Qian Jiang, Liu Boquan. Modeling and its
application of reinforced concrete columns considering
nonlinear shear effects [J]. Journal of Civil, Architectural
& Environmental Engineering, 2013, 35(4): 13—19. (in
Chinese)

IMAHE, ERTE, 225, BT, MR LS
BRI A BT AR L] V5 24 23R, 2013, 30(2): 249—
254.

Sun Zhiguo, Wang Dongsheng, Li Hongnan, Du Xiuli.
Flexural-shear analysis model for reinforced concrete
bridge piers [J]. Chinese Journal of Computational
Mechanics, 2013, 30(2): 249—254. (in Chinese)

WAL, KA, WOGR, SR AR AR L BT )
BN IR TV AL (0], DU R A 2 AR (TR R
Jiix), 2011, 43(1): 8—16.

Yang Hong, Zhang Rui, Zang Dengke, Dou Desheng.
Fiber model based nonlinear shear effect modeling
method and its calibration [J].
University (Engineering Science Edition), 2011, 43(1):
8—16. (in Chinese)

Leborgne M R. Modeling the post shear failure behavior

Journal of Sichuan

of reinforced concrete columns [D]. Austin: University of
Texas at Austin, 2012.

Arakawa T, He M X, Arai Y, Mizoguchi M. Shear
resisting behavior of reinforced concrete columns with
spiral hoops [J]. Transactions of the Japan Concrete
Institute, 1998, 10(2): 155—162.

Wong Y L, Pauly T, Priestley M J N. Response of circular
reinforced concrete columns to multi-directional seismic
attack [J]. ACI Structural Journal, 1993, 90(2): 180—191.
Petrovski J, Ristic D. Reversed cyclic loading test of
bridge column models [R]. Institute of Earthquake
Engineering and Engineering Seismology, Iran, IIEES
Press, Report IZI1Z 84-164, 1984: 1—062.

Priestley M J N, Benzoni G. Seismic performance of
circular columns with low longitudinal reinforcement
ratios [J]. ACI Structural Journal, 1996, 93(4): 1—12.

(3% CHR[23]— [26]5E 5 50 )



50 T ® %

Hu Fangxin, Shi Gang, Shi Yongjiu. Analysis on voids in triaxial stress fields [J]. Journal of Mechanics
behavior of beam-column connections using high and Physics of Solids, 1969, 17(3): 201 —217.

strength steel based on fracture mechanics [J]. [22] Hancock J W, Mackenzie A C. On the mechanics of
Engineering Mechanics, doi: 10.6052/j.issn.1000-4750. ductile failure in high-strength steel subjected to
2013.10.0902. (in Chinese) multi-axial stress-states [J]. Journal of Mechanics and

[15] Kanvinde A M, Deierlein G G. Void growth model and Physics of Solids, 1976, 24(3): 147—169.
stress modified critical strain model to predict ductile [23] ASTM E8-08. Standard test methods for tension testing
fracture in structural steels [J]. Journal of Structural of metallic materials [S]. West Conshohocken: ASTM,
Engineering, 2006, 132(12): 1907 —1918. 2008.

[16] A5, BEF5T7, BRbh—. JETROWHUH] AN 25 01 i [24] Zener C, Hollomon J H. Effect of strain rate upon plastic
PEWTRLTIIN 5 25 B AR (7). LRE 1%, 2014, 31(3): flow of steel [J]. Journal of Applied Physics, 1944, 15(1):
101—108, 115. 22—32.

Wang Wei, Liao Fangfang, Chen Yiyi. Ductile fracture [25] Ak, MR, TIoil. AMAESLEAY RUREEH P e
prediction and post-fracture path tracing of steel BT T RIEHTIU[T]. R G #dk, 2012, 33(3): 48—
connections based on micromechanics-based fracture S5.

criteria [J]. Engineering Mechanics, 2014, 31(3): 101— Shi Yongjiu, Xiong Jun, Wang Yuanqing. Study on
108, 115. (in Chinese) damage behavior of weld of beam-to-column connection

[17] Liao F F, Wang W, Chen Y Y. Parameter calibrations and in steel frame I: experiment [J]. Journal of Building
application of micromechanical fracture models of Structures, 2012, 33(3): 48—55. (in Chinese)
structural steels [J]. Structural Engineering and [26] Wu Y M, Wang Y Q, Shi Y J, et al. Effects of low
Mechanics, 2012, 42(2): 153—174. temperature on properties of structural steels [J]. Journal

[18] ABAQUS User’s Manual, Version 6.8 [M]. Providence, of University of Science and Technology Beijing, 2004,
RI: Hibbitt, Karlsson and Sorenson, Inc., 2008. 11(5): 442—448.

[19] Anderson T L. Fracture Mechanics: Fundamentals and [27] XU7HH, SREEVT, MRDA—, 5 SR80 my X K24k A
Applications [M]. 3rd ed. Boca Raton, Florida: CRC W] 17T, 2002, 23(2): 157—163.

Press, 2005. Liu Yongming, Zhang Yejiang, Chen Yiyi, et al.

[20] McClintock F A. A criterion for ductile fracture by the Experimental research on fracture performance in weld
growth of holes [J]. Journal of Applied Mechanics, 1968, heat-affect zone [J]. Chinese Quarterly of Mechanics,
35(2): 363—371. 2002, 23(2): 157—163. (in Chinese)

[21] Rice J R, Tracey D M. On the ductile enlargement of

(#2565 36 M)

(23]

(24]

(23]

Ghee A B, Priestley M J N, Paulay T. Seismic shear
strength of circular reinforced concrete columns [J]. ACI
Structural Journal, 1989, 86(1): 45—59.

Kenchiku K S. Aseismic analysis of building structural
members: a list of experimental results on deformation
ability of reinforced concrete columns under large
deflection (No.3) [R].
Ministry of Construction, Japan, Building Research
Instiute Press, 1978: 1—280.

Hamilton C H, Pardoen G C, Kazanjy R P. Experimental

Building Research Institute,

testing of bridge columns subjected to reversed-cyclic

and pulse-type loading histories [R]. University of
California, Irvine, CA, Civil Engineering Technical
Report Series, Report 2001-03, 2002: 1—125.

A, PNAE, B0, ERTE, IR, AR
AR RS B A LB b R S B S BRI S]]
TRTREAER, 2011, 44(7): 90—99.

Si Bingjun, Sun Zhiguo, Du Xiuli, Wang Dongsheng,
Huang Zhaonan. Study on the seismic flexural-shear
damage mechanisms and rapid repair techniques for
carthquake damaged bridge piers [J]. China Civil
Engineering Journal, 2011, 44(7): 90—99. (in Chinese)



