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Seismic Perfformance Assessment of RC Pier Walls
under Cyclic Out-of-plane Loading
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ABSTRACT >> The purpose of this study is to investigate the seismic behavior of reinforced concrete pier walls under cyclic
out-of-plane loading and to develop improved seismic design criteria. The accuracy and objectivity of the assessment process can
be enhanced by using a sophisticated nonlinear finite element analysis program. A computer program, named RCAHEST
(Reinforced Concrete Analysis in Higher Evaluation System Technology), for the analysis of reinforced concrete structures was
used. A 4-node flat shell element with drilling rotational stiffness is used for spatial discretization. The layered approach is used
to discretize the behavior of concrete and reinforcement through the thickness. Material nonlinearity is taken into account by
comprising tensile, compressive and shear models of cracked concrete and a model of reinforcing steel. The method is verified
a useful tool to assess the seismic performance of reinforced concrete pier walls subjected to cyclic out-of-plane load through
comparing with reliable experimental results.

Key words out-of-plane, pier walls, seismic behavior, layered approach, material nonlinearity
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Tension stiffening model

Compression stiffness model
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* p, = transverse confining steel ratio; f,, = yield stress of the confining steel

e, = steel strain at maximum tensile stress; f,. = confined concrete compressive strength

sm

ftg, = fatigue parameter for concrete; ftg, = fatigue parameter for steel

€, = compressive strain in analysis step; e,

£, = ultimate strain of concrete; ¢,

cu

= tensile strain in analysis step
= ultimate strain of reinforcing bars



meutstoR HI=GIEE W ASZAE B wZo] WEldsdEt 77

2
olr
B
S
o2
Ru)
LY
wx
od
ek
4
39,

4 ol
)
o

f
=)
o o

o o
.

N
B
T
o 1o @ o

2
*

A H2Eade nne] dAe TAR

g
o
)
=
e
o
s
e
<
o2
iu
Ju
&
S
e
T‘
p
%
¢
o

N

=
cd
©
L

I

Pl
i)
av
Bul

e} A|(Limit

Structural Performance Level

(REHs2F)

& Important (ER

[ Ordinary (2gf) | Fully Delayed

) (2Edis) | Ols28)

Operational | Operational (2RR)

Stability

Minimum
Hazard Level
(HLHESE)

Intermediate
Hazard Level
(BURESE)

Maximum
Hazard Level
(FUHHE*F)

Seismic Hazard Level
(REAYEFT)

(a8 5y M7 EAA HE "

State Design) 0|2 =3to] AMgalal 9lom, o|F 7|
o0& A%v|udA|(Performance Based Design) ©|&2=
Hasto] a2 AstEE Ao vk E3F 845HE A
571&0 A FRES AASY] §3 /e d
ol oAl ¥ Qi

A7k YRAAE 2B A% 7Hsd Wildse
sl A48 HSREE 24T

|3
3 Mt AAEAE ZHSHTL A= AA Ad el Wl

ofl4 588t 4 Q= AW HAAHE B2 ol T
= njg] 445, ol BABIEE st AAoelt™
a9 5 7129 dAakse] A ARk WA

AAE VERT glon H5EEE A9 % P ae

o] 284 So| ©2 5z s 2HHLY ol

UAAA AR 2T A8 o 7N AR

Ao} fApsiey e
o] Aol 7129l A7t BV L atgste] &

29} Zbo| A5zat §7) vlwste] Epgo RN AEEA

e 4] wzke] YA 77t 7hssteE skt ¢

75 Fe aFo] A WAEHA| got BTt Q7 EA

orom 7|srg) 42 AHuldh abo] WAt Bt

th 283 B S AU &) T

EE

ARl B4 9 Bogo] Bagt A

il

&

Performance Level

Damage State

Engineering Limit State

Damage Indices

ay B s g i
(e.g., Stability)
Compressive D.1
Tensile D.1.
(IR 6) NEATT SANEE BB XTRY B
(B 2) H5+E UMt XiTiay B9t
. ] Damage
Performance level Service Repair

State Index

Fully operational Full service Limited epoxy injection Hairline cracks 0.1
Delayed operational Limited service POXY e 1911 Open cracks. 04

Concrete patching Concrete spalling
. 1 f kli
Stability Not useable Rep acementA 0 Bar buc hng/F'racture 075
damage section Core crushing




rg
A
al
5
0
12
j°_

oy

78

=22 Miod FMisz (BH HI513) 2006. 10

Slof ol A57Ie WRAAA AAE £AEHY gt 4, SiM of W D
7F Aol ol= 17 63 Zo] e A& HoH
& SO dg ¢ Aok EAEY HEEe &Y A o] ArellA Ajtet A7 o) ehd S A
Aol AN EARGol Bt AFAROVE AR s /) Aol 2 7, 8ol ek ok 22 agaels
gon) EAMYEE B /) B T ool gl o) w4 AEAE M—S}Oﬂu}. o] 4ge 715— A2z
AT A2 55Ee FHR & A E 54 w2729 A A5
B
— 4#1@ 5.33"
96 "
1 /—D "
lr S ——— = -
18 " o
#6 1
_r P._t
A \ A
— "l @
E r ! /—#6 @7"
i~ 1.' #3@9"
#6 @ 7" for L Walls L/ @9
B B #8 @ 7" for H Walls — D5
. + L
T: /‘f 1548 @7 225" 4745" - 1648 @ 7"
£ 2 = ¥ L= 1548 @ 7"
18" ’—li —” | — 11 k |,—-8#4@7.2"
T | 116 " | #8
[nd 1 N
#3 #3 56
- (101 0100 0101 03
D5
Typical Pier Wall
Cross-tie Distribution :
[ For N wall = No Cross-ties
|[ ...... : ]| |DIID:D:EID:DI For P wall = Partial (as shown)
For U wall = Uniform Distribution
Section A-A Section B-B
(28 7) HA pZto] HIMM(1 in, = 25.4mm)
— 4#7@ 5.33"
L 9% " |
I s - — k~10" N
18" ] : :
-4 o L‘ ~—
T g
T Y Dbs@
:g ||
. # @ 9" /—hD5@4.5 -
1 - N
e #H@7 - B
e | l 0 ) LT

T_ | 116" |
¥ 1

Typical Vertical &

. . None
Horizontal Reinforcement

(38 8) AEA Y crosstie

Partial Uniform

AMNI(1 in. = 25.4mm)

ol

s171 91



HeUISIOR HIEGIES W AREARE WAl o] WAILSE)) 79
olE AuAl T ABFYFHE I 9o et Ak 2 OVE A1g3lo] WASS mE o)k E3L crosstied)

ok AR} uhe) liw wZpjols 94 2402 B9
on|, BE *‘f‘*iﬂb— E

1% 745 A5olch 28 AAS) ASIE 18 103} 20
Agh B ol WS 3812 sdon] 4

515 =9 20%S A Y7k SE|ich

o] AYAE HRRANNS SN BOEAE B4
WZ4g 7|29 AToIN AR 487 AEaYE ek

o4 7 59 Aghmg®
s A3
2y 1

=24 9

2]

F9t "% 9] 271 1S Mander
R A= Lo =
112 Y fateasis 43
doj 278 7he-A HELS A
ARAE Ldgsioirt.
3% 12~3Y 172 o] AT HHRAL HEH 93
4314 Ao} Ao] ot 51509 B0 eRE we
A(envelope)o] Fef2 vyebdl Aufojct. Ay} )44

2% 4EA} 44E o) BT 5 2 34

-

1

317] 95t} @4
L3 42700 842 o
7_|¥

rol

Load Cell 7h FVEE WA st olHd A Has ukE
- Z715Hp0] AL Fob 24UA] Gool4 Hlg WY
Load Ca
e O FE we Felufz Zacisel 2t B4, 27
oad Cell
o 2229 HF So] 1 78 Yolojth ¥ H4 w2
et Ry #9oW Ag whsiel jgdlz adagen & e
11‘51: K:p g& digte g By WAl w7zko) 2/3 EojztA] A=l
<Ctuator \ ‘
o] A9 sjAlof| ofgt et HYIAA=E AT
i
INAARAN
String
Potentiometers X
(38 9) A3l setting AN
10
B B ey 1 LS S
sM*WWIW !
g PrTTR R A .
g T I
| T
o S Y ¥ !. ' 1 FY R B S SR
-10 L " L
20 40 60 80 100
Displacement Cycle
(122 10) sI=018(1 in, = 25.4mm) (18 11) psiesnd
(8 3) A8 HeE8d
Concrete Reinforcement
. Axial load
Specimen f; (MP3) f, (MPa) 1(211(N) oal
(No. 6, 8, and 3) (D3)
LU 339 413.7 620.5 880.7
LP 343 413.7 620.5 880.7
LN 36.9 413.7 - 880.7
HU 39.3 413.7 620.5 1000.8
HP 39.0 413.7 620.5 1000.8
HN 38.5 413.7 - 1000.8




80

SIEREISER=2E Al0d Mss (BAH HI515) 2006. 10

300
250 —
z
=
-
S
-l
w
o3
2
<
-t
50 — [ Experiment
Analysis
S N ) B B BRI B
o] 50 100 150 200 250 300
Displacement (mm)
(32 12) M LU SIE-1H9 TMo| EM
300
. 250 —
3
=
o
1
|
®
I
5]
3]
|
50 — ® Experiment
Analysis
0 T I T | T ] H I T l T
0 50 100 150 200 250 300
Displacement {(mm)
(28 13) MEH LPY SIE-1H9 Dol TN
300
250 —
Z
=
S
3
ad
‘®
3
2
«©
-4
Experiment
Analysis
0 50 100 150 200 250 300
Displacement (mm)

(I8 14) 24X LNO| siE-HY| JMo| =M

300

Lateral Load (kN)

0 l 7 | T ‘ T I T l T l ¥
0 50 100 150 200 250 300
Displacement (mm)
(I3 15) MM HUS| 515-HY =Mo| ZabM
300
Z
-~
e
©
[
o
wad
®
[
2
5]
|
I R R I
0 50 100 150 200 250 300
Displacement (mm)
(T8 16) NE HPO| SHE-19 Tio| ZatM
300
250 —|
= 200 -
=
s ~
<
S 150 -
®
i i
g
-3 100 —
50 — ® Experiment
Analysis
0 ! T I H | T ‘ T | T i T
0 50 100 150 200 250 300
Displacement (mm)
(B! 17) Al HNQ) sI5—H2Q| Mol metM



Heusion Hi=Eslag e AZZARE Al w49 HdsHEHYL 81
Al wlaste] & 4o Aelsigich o] FoA o] o3t Etste] Heplgro s WEsIES v AIEIYE Y
Nagle] gugier SN SR UITHORRE 71 4 e ANASL vnd F ek e Ao W
el Vo AR &, PR doRRE  wEo.
2R 5 AFseol Hrh v2lol] ulste] 15% A3ts) AT g asiy AnzRe e 4y 77 1)
e o] HNE SR Fstlon], FEHA= 5 A2 AY FARME & 4= 1o crosstie7} AMEEA] ¢
T AHH A WY 75%0] 2Etgle T 2 AFA LN, HNO| &40 th& A¥ iliEP i e Rk
S o2 AAo] A} WEH TEeigle W] 3 AT & 5 Aok EF, 2437 Gt crosstieE
WolZ Aot AMESE AEA LP, HP= oh2 AEA R &4o] Zn|shn
FEraasi daola skl gt AN YA sHANAE SpThE & 5 Qloh o3t AR st
o] Bt MEAT7E 44 1.063 0.0224, s FABt) whE &R HIkE et I vl
WAL AubHos ARATNE bAZoR Hrlskm 9 e 2% 183 1Y 198 SINE B S 9tk & 1
on] WEALTL 0.020] BHstel AREIR|E WA w7 180l AT At A SRS S BIER
o] BlEbA ASEAL Ak sl Qe Aoz s At 112mmeofA LU A3A= 0.29, LP A3EA=
ok 223 M=ol digt AR Byt HE 0.28, LN A& 0.290[c}. 2|1 A3HH L] 205mmeoi| A
Al 717} 0,899} 0.100.8 4, MAAAEY] HAZFe A LU AdF= 0.55, LP AFAE 0.51, LN AFA= 0.68
A Hep oha 324 Briskal glov Ws A7t 0.109] olty. I 199 iAo st dAE SdAle g
(B 4) 48 9 oM ZAo| H
Test Analysis
. v
Specimen k“;\‘;" s, 8, u k“]‘\;" 8 s, P (DA3) )4
) mm mm ) 3) mm mm 4
LU 184.4 455 259.1 5.69 169.8 40.1 2253 5.62 1.09 1.01
LP 181.7 455 279.4 6.14 169.0 40.3 2554 6.34 1.08 0.97
LN 177.3 473 208.3 4.40 167.4 40.0 2252 5.63 1.06 0.78
HU 280.7 65.5 266.7 4.07 267.4 452 2252 498 1.05 0.82
HP 275.0 68.1 307.3 451 263.8 462 225.2 4.87 1.04 0.93
HN 269.7 62.7 254.0 4.05 263.6 449 2252 5.02 1.02 0.81
Mean 1.06 0.89
Cov 0.02 0.10
1.0 T 1.0
!
- ’ -
/
I‘ ¥
¢4 I JI ______ o4 y o
Stabitity g ] Stability P
> / ) - - !
2 06 /' ; 4 06 ,/ /
£ /S £ !
@ ’ ’ @ / 4
[<)] 7 V4 // o - R /
g . Z g / L7
w_(;el_a;;d_o_p,er_aa;n_al_ E ' __D‘era;;d~o~p;|"al’(‘ig r{al Pt
3 0.4 8 0.4
- a Y e
0.2 — . 0.2 — -
/ . / /,
__F_y:_ dperational Py herational ~
DO = T l H ’ T I H ! T ' ¥ 00 = H I T l T ' 7 | T ‘ T
0 50 100 150 200 250 300 ] 50 100 150 200 250 300
Displacement (mm) Displacement (mm)
(O3 18) LE ANl WTsTt (O3 19) HE MM WHLESHY



82 SIAKIZIBSS] R T

Hi10A Hisz (B84 MI518) 2006. 10

(a) Experiment

1.02E-03
7+ B.81E.02
4 o131E01
1.80E-01
b 261&.01
3.26€-01
381801
457E.01

Current View
Min = 1.02E-03
XA =.1.05E.03
Y = A.6TE+01
Z= 6.76E.04
Max= 457€-04
X = 1.4TE+02
Y ®w 727E+01
Z=487E+00

Time = 4.75E+03

(b) Analysis

mZHuel HE % s 2o

(T2 20 |

& solsEm AsHHY 112mmollA HU A&A= 0.29,
P A& 0.28, HN A= 0360k 2181 Aot
9 205mmejlA HU A@AE 0.65, HP AdAE= 0.52, HN
AZA= 0.740]ch

17 202 wpAlEe) aaEEe) &

asi

2R ST} AlFA

B v AN F2EY Fa% HdE AFEHA
237 B Bt dAEE G °‘E} ol gt 7HA]
3 aayde &ReEs %’8}0% ZEIYE ¥4
W7o HAEE A ANT & eH q}x 1435871}
283 4= g Ao wohEr,

i FE o] gl

o] sjAate} AgATele]
e 5t

34 =2 JWMRCAHEST)S 0|23t 24, 3412 Wi
o) Al Fl= 7|E HATEIE HA] wZhY WAA
B} M8 Ao e

o{[‘

5.4 E

o Ao|NE BoEIe) WA B2 B4y AF
WHASEILE S8 Aol B9 XS A
A BYe HET SAaL HNTZIBS A
Ffol, MEElE Hozo] A ARRAE WY
2vg sidsdch ARAsel v HER SAdA=

251

FJ—.~F—?~

i
i)

T
1o
Y
p

o

s

(1) of Al Alter vy fetaasisd A Hoist
ol digh Aggl/eigte]l Bt =
0.020]1L WAL gt A3
HEA 4L 0.899) 0.100.24], AFAANE v|wa &
kst ol FelE ok

(2) o] AxtollA] At HW?ﬂ %@Mﬁﬂﬁ% AZFFRE

£ ABiL glon ARz ehd 39 9wy
of AR YABHE SAXSES BolFa itk
(3) @3 WA A FHo wEHA G 7)1E HEEa
2 94 mzef that veng SO B 9T
i Wbl A
(4) LTI E ¥4 1 KA o7 7
sto g Fokd x]x]x]oaoﬂ,au at}awo]uq A A A

ol RAAS Ae g3t 7|2 YolEE A4
shc.

(5) o] AT BE-we ZTAe] AN AeAn B
k7)1 Ee) Bas @9 SO glold tha ol

Holx itk wEhd 339 HZEITE A bofA
Gzbdo] FHge] mhE Ao A& (anchorage

slip), YRS vmely, 28] A3 B9l 59
Z44Q E94 B9 ddsh] At 3 AAde
(interface element)S 712 18 Bar| 9od

0|8 59| ATHAR hRUA} Fch

AL =
o] ATE WHLAYA/GATHS Foje] x|2E 7
MEEH 748 dﬂ%ﬁwﬂwﬁoﬂ olste] =G
Yok A7 Ao ZAEgU



MOWSOR HIEGIES W AZRIRE HA 320l YHSET} 83

L
J]
Ao
e

. Priestley, M. J. N., Seible, F. and Calvi, G. M., Seismic
Design and Retrofit of Bridges, John Willey & Sons, Inc.,
1996.

. ZEE, A1¥E, “Analytical Approach to Evaluate the Inelastic
Behaviors of Reinforced Concrete Structures under Seismic
Loads”, 3=tA|A3&t3| =57, A5, 23, 2001, pp. 113-124.
CAHE, 93, AEE, HUIRAANEE e AZEaY
E daso /ey d=FaEssewd, Alld, 63,
1999, pp. 47-56.

- HHE, £95, AEE, “UHEsES W ASEIEE 4
29wy 34, SEARNFBE] =7l AdE, 12, 2000,
pp. 35-49.

. Kim, T. H., Lee, K. M. and Shin, H. M,,
Analysis of Reinforced Concrete Shells Using Layered
Elements with Drilling Degree of Freedom,” ACI Structural
Journal, Vol. 99, No. 4, 2002, pp. 418-426.

L REE, )47 ST olgF YAZAE WA
WAAS 7L SpARSle g, Al Fest, 2003,

. Kim, T. H, Lee, K. M., Yoon, C. Y. and Shin, H. M.,
“Inelastic Behavior and Ductility Capacity of Reinforced

“Nonlinear

Concrete Bridge Piers under Earthquake. I: Theory and
Formulation,” Journal of Structural Engineering, ASCE,
Vol. 129, No. 9, 2003, pp. 1199-1207.

. Kim, T. H,, Lee, K. M., Chung, Y. S. and Shin, H. M.,
“Seismic Damage Assessment of Reinforced Concrete
Bridge Columns,” Engineering Structures, Vol. 27, No. 4,
2005, pp. 576-592.

. Kim, T. H, Kim, B. S., Chung, Y. S. and Shin, H. M,,
“Seismic Performance Assessment of Reinforced Concrete
Bridge Piers with Lap Splices,”
Vol. 28, No. 6, 2006, pp. 935-945.

Engineering Structures,

1.

12.

13.

14,

15.

16.

17.

18.

. Mander, J. B., Priestley, M. J. N. and Park. R. “Theoretical

Stress-Strain Model for Confined Concrete,” Journal of
Structural Engineering, ASCE, Vol. 114, No. 8, 1988, pp.
1804-1826.

Mander, J. B., Panthaki, F. D. and Kasalanati, K.,
“Low-Cycle Fatigue Behavior of Reinforcing Steel,” Journal
of Materials in Civil Engineering, ASCE, Vol. 6, No. 4,
1994, pp. 453-468.

Kakuta, Y., Okamura, H. and Kohno, M., “New Concepts
for Concrete Fatigue Design Procedures in Japan,” [ABSE
Colloquium on Fatigue of Steel and Concrete Structures,
Lausanne, 1982, pp. 51-58.

Taylor, R. L., FEAP - A Finite Element Analysis Program,
Version 7.2, Users Manual, Volume 1 and Volume 2,
2000.

Applied Technology Council (ATC), Seismic Evaluation
and Retrofit of Concrete Buildings, ATC-40 Report, Redwood
City, California, 1996.

Lehman, D., Moehle, J., Mahin, S., Calderone, A. and Henry,
L., “Experimental Evaluation of the Seismic Performance
of Reinforced Concrete Bridge Columns,” Journal of
Structural Engineering, ASCE, Vol. 130, No. 6, 2004, pp.
869-879.

Federal Emergency Management Agency (FEMA), NEHRP
guidelines of the seismic rehabilitation of buildings, FEMA
273, Washington, D. C., 1997.

Haroun, M., Pardoen, G., Bhatia, H., Shahi, S. and
Kazanjy, R. “Structural Behavior of Repaired Pier Walls,”
ACI Structural Journal, Vol. 97, No. 2, 2000, pp. 259-267.
Park, R., “Ductility Evaluation from Laboratory and Analytical
Testing,” Proc. of the Ninth World Conference on Earthquake
Engineering, Tokyo-Kyoto, Japan, Vol. VII, Balkema,
Rotterdam, 1998, pp. 605-616.



