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Numerical Study on Seismic Performance Evaluation of Circular
Reinforced Concrete Piers Confined by Steel Plate
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Abstract This study quantitatively evaluated the performance improvement of a circular reinforced
concrete pier under dynamic load with strengthening using a steel plate. Various three-dimensional
elements were applied using the finite element program ABAQUS. The analytical parameters included the
ratios of the steel cover length to the pier's total height and the ratios of the steel cover thickness to
the pier diameter for inelastic-nonlinear analysis. The lower part of the pier had fixed boundary
conditions, and lateral repetitive loads were applied at the top of the pier. The pier was investigated to
evaluate the dynamic performance based on the load-displacement curve, stress-strain curve, ductility,
energy absorption capability, and energy ratio. The yield and ultimate loads of piers with steel covers
increased by 3.76 times, and the energy absorption capability increased by 4 times due to the
confinement effects caused by the steel plate. A plastic hinge part of the column with a steel plate
improved the ductility, and the thicker the steel plate was, the greater the energy absorption capacity.

This study shows that the reinforced pier should be improved in terms of the seismic performance.
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Park et al.2005)[2]2 98%
o] ey AdnlE WHIAA R8sl Tt
ATE 3190 Belal et al.(2015)31= AFLEZE
YE 750l 9§ Bwe] ne, Bwe] 7], 24
o YAt e "R Sto] AsS EA5HIT Han
et al(2016)[4]2 wZ+9] QJRo] A, TAHRASE
2]H(CFRP, Cabon Fiber Reinforced Polymer), A3
BT BAsto] 4 AR 58S HEsto] U
HEAHE AA6IFH M, Park et al.(2020)[5]2 2
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Element Analysis, FEA) Z2T7%<21 ABAQUS(2017)[6]
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Where, f, denotes a concrete stress, ¢, denotes

&

concrete longitudinal compressive strain, &,

denotes strain at peak concrete strength, £,

denotes tangent modulus of elasticity of the

,
concrete, £E,.. denotes secant modulus, [’
denotes confined strength of concrete, f,
denotes unconfined concrete strength, ¢,

unconfined concrete strain, f’; denotes constant

lateral confining pressure.

T
\ Confined Concrete

— Unconfined Concrete

~ Cover Concrete
(Linear Relation)

Compressive Stress

€

28, Espan

1 . .
' Compressive Strain

Fig. 1. Compressive Stress-Strain Curve of Confined
and Unconfined Concrete(Mander et al., 1988)
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Fo =0.30£2/%) .
0y = ELSt 7lf & < e, (7)
&, .
g, chm,(?)(lz;7 if e > e, (8)
t

Where, f,, denotes crack stress, f, denotes
specified compressive strength of concrete, o,
denotes tension strength of concrete, ¢ denotes

tension strain of concrete, ¢, denotes strain at

fem

concrete  cracking, denotes  average

compressive strength.
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where, S denotes slope of the line separating the
elastic energy from the inelastic energy, P1, P2, P3
denote loads, Si, Sz, S3 denotes corresponding slopes.

AP oA B]&(Energy Ratio, ER)°] 75%°14F
FZ2E2 AADuctile) o2 EHF31H, 70-74%A 7
HFA4d(Semi-Ductile), 69%°15t= F/d(Brittle) 22
= 1—4_

L o O

XeJ
Qr

:

3. feteAsiM DAY
3.1 aiMR2Z| Iz R M 54

HAIZIYE w49 AREA 2 7IE AHE@
2 Wilds B7ra-sid 9 A Q015)121&
ysiglon, EAYESY FHENE TS| e
Mander ®@& #835131ch. ZAE die 2,000
kg/m®, GG 26,986 MPa, FolsH] 0.14, ¥=7
T 24 MPacl® wZ}9] ¥ HAAAR] B B
SM3552 W= 7,850 kg/m?®, ©dAI4: 210 GPa, &
S8 9 I39k532 355 MPa, 490 MPag #8313t}
FZIZEE CDPR4E ALsl1A WAZ = (Dilation
angle)= 36, BAIZ(Eccentricity)2 0.1, °]& 4<%}
Lot ASASAE H|(fho/feo)= 1.16, &5 S8 &
S/ e HWA @AY A9 H(k)E 0.667, &
2% (Viscosity parameter)= 0& 2253t

aAA12]19] HE w7t Zd-g -850] AU =]
525 m, 741 m, JELL 200 mmrtet ¥k,
FELLE 190 = ol 537) viZSkiT Fig. 34+ &
o] A QR B Ako| mE ASEA 4 floto]
3%e] BArzolet A BAFAE sfAHsE H8ot
grt. 27 ol w7 A EoH|(LH)= 0, 25, 50,
75, 100 %= A-gstlon, B FALt nAE H
(TD)= E7Z4=olH(LH) 100 %E 7|&22 0, 0.2, 0.4,
0.6, 0.8, 1.0 %7H] S7HA A AESIIT. LH 2o 4
$ AR FA= 4 mmE L3 o2 HLot.

25 % 50 % 75 %

Fig. 3. Ratio of Steel Cover Length to Pier Height (LH)

[ o

0 % 100 %



Zoor Y AFEIIIINERZA WAET Bl B SiMH a7

3.2 oHAZEO| FAAXH H SkSKst

Fig. 4= siA=HO] vi(Mesh), 28 24(Flement)
7 2 AR e dERAL Qlnh wzh AR
(Pier or Loading Cap)®t =3 EE C3D8RY] &7
=(Soild) R AS Hesty B EFAQA W7 7
= S4R9] Ao AF AEsIoih 22 E iR v
422 ERO(Embedded Region Option)& 2-835F%
o w3y 38 EE Tie Optione -850 A<}
ZAYETL AAE sH=F SHATHI3ZL

Zed 94 S5 AuEy, w7k ARE 3607, 232
ZE w7k 199870, SE 1070, F&EE 227, 4%
BAAE 25 %9] =old] 7|2 198712 84 45 g
et W42 AFe NEEkY o, WAl Fop
£l Fig. 53 22 F7I5k5(cyclic loading)Z 715+
t}. Fig. 59 F7sls2 AA 7 AEAHIE EYE
=29 33] wiEsHslginh JHEskEe Ars oS
"o 5 W elel Boks-S W] Mo W] HlE 19914 5
7HA] WS 0 71l

—) Loading Cap: C3D8R
Dynamic Loading

Gravity Load

(Whole structure) col C3D8R
mmm= Column:

Boundary Condition

Encastre (Fix) mmmm) Retrofit Material: S4R|

Fig. 4. Boundary and Loading Conditions of Meshed
Numerical Model

Amplitude
(=] ~

)

Cycles

Fig. 5. Lateral Dynamic Loading

3.3 sfMEHE NMNEM HAE

Choi et al.2009)[14]= Z3HE FAA ] FAE
Z A EEy dAY, A 25 9 ES), AA
S, ZAIAL} FA Ao]e] HEA 59 AFEAHE E

2 P2 (constitutive mode)E  A|StoFA Lt
Choi et al.(2009)[14]19] 23 E FAIA|9 Ad 27t
2 AT {4 ATE Hlwste] BdP] A
& HESIYH. Fig. 62 FAAC] T E = 4248
I AP ES Ve it AdEne} sfjAd)= H|E
T BAIAY A ] 2.56 %, Bt 1.17 %, B TA
A9 ZL A 6 %, B 2.64 %] Aol EHot H]
WEAS B9l siAo] H8gt 84, 894 A o5 B
AAZRA 59 Aol AR AoE sk

50 4

e
o
L

Stress (MPa)

Experiment{E.Choi)_plain
10 4 ABAQUS CAE_plain
Experiment{E.Choi)_1mm
ABAQUS CAE_Imm

T T

04 T T T T T

0 0.005 001 0015 002 0025 003 0035 004
Strain

Fig. 6. Comparison of Choi et al.[14] and FEA Result

N

3L
15
=
™
ox,
ol
o
of,

N
S

ol
ok
N
4o
ol

Stress Ratio
w

0 T T T T d
0 0.002 0.004 0.006 0.008 0.01
Strain

Fig. 7. Stress-Strain Curves According to LH Ratios



SHARSH| &8k =2R] A223 Al1E, 2021

Stress Ratio
=Y
.

S
L

0.004 0.006 0.008 0.01

Strain

0002
Fig. 8. Stress-Strain Curves According to TD Ratios

Fig. 73} Fig. 82 B3| @& §9-9
5 YERL ok HEY nzte] A9

261 kPaclglew TD 0.29] A$ =3+38L 4

D 1.0%0 A% F3+88L 923 kPag Z7I5th 3

o 88 =Y ¥ 37} WYE T W3

B w2 7343

w

(e}
-
[e]
-

Logd (KN)

Displacement (mm)

Fig. 9. Load-Displacement Hysteresis Curve with and
without Steel Plate

1000
800
600

200 | e T
200 4/,

+ + + t + t + t !
-200 -150 -100 -50 50 100 150 200 250

Load (KN)
§ _

-600,
801

TD 0.4
Displacement (mm)

—= TD.0 —=TD_0.2 D06 —®-TD 0.8 ——TD_10

10. Load-Displacement Skeleton Curve of TD
Ratios

Fig.

Fig. 99} Fig. 10 TD 3i4

ojETAI 2L

S5 zte] S5

R T Qleh shalEs L)

120

& 37t wet BB PESHS(LHO, 180.75kN) 71
FO0F 31 % 76 %, 112 %, 112 % FASIALL, TDH]
£ Z7lo] wEt 66 %, 110 %, 188 %, 236 %, 298 %
Fordet. w7t QFlof BAtsl= o] BAR|7F St
ol wet w7te] ShE-He] FAL STk AS gl
g 4 ik

Table 13} 2%= TDS} LH 34 o] mE &35
3 9], Feketeat HAE vlwste] Yepfltt of7]
A FEHE Hdskse] 75 %9 AHE FEFORE
AAot ¥} FEoLSY oe-HY 34 dAe A
o7 A%sto] Histaol sEAT This o] He=
gty SRt Sl= oke-HY FAA ks &

Aol sigshe w85 gos 2HsH15].
Table 13} 20] WERH vie} o] LH1.091M 355

g2 vR7} wzko] vjs) 2.114), I8 2,044 F
7t em, TD1.09IA FE-382 vHEA} nzto] vls)
3.98H, SeFetE2 3.548 S71sH3itt.

Table 1. Comparisons of Load and Displacement
According to LH Ratios
Load Displacement
Case Ratio
Yield Ultimate Yield Ultimate
Initial 0 1.0 1.0 1.0 1.0
0.25 131 1.33 1.0 0.97
0.5 1.76 1.79 1.52 0.89
LH
0.75 2.11 2.04 1.24 1.01
1.0 2.11 2.04 1.51 1.02
Table 2. Comparisons of Load and Displacement
According to TD Ratios
Load Displacement
Case Ratio
Yield Ultimate Yield Ultimate
Initial 0 1.0 1.0 1.0 1.0
0.2 1.66 1.68 1.24 0.98
0.4 2.11 2.04 1.51 1.01
TD 0.6 2.88 2.68 1.52 0.99
0.8 3.36 3.17 1.56 0.99
1.0 3.98 3.54 1.00 0.99
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Table 3. Comparison of Stress, Strain, ER with LH

Case Stress Ratio | Strain ER(%) Class
Initial 0 1.00 0.037 84 Ductile
0.25 1.32 0.037 98 Ductile
I 0.5 1.78 0.033 93 Ductile
0.75 2.04 0.039 97 Ductile
1.0 2.04 0.039 99 Ductile

Table 4. Comparison of Stress, Strain, ER with TD

Case Stress Ratio | Strain ER(%) Class

Initial] 0 1.00 0.037 84 Ductile
0.2 1.48 0.038 87 Ductile

0.4 1.83 0.039 99 Ductile

D 0.6 2.21 0.038 93 Ductile
0.8 2.58 0.038 94 Ductile

1.0 2.91 0.038 90 Ductile
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