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Introduction

» After strong earthquakes (1994 Northridge) many bridges
collapse or are severely damaged

« Concentrated damage is designed to occur at the ends of columns
based on current design methodology (Plastic Hinge)

» Seismic repair of damaged columns is preferable to replacement

* Rapid construction, minimal interruption, and economy are desirable
in any repair method

* There is little research regarding repair of severely damaged RC
bridge columns of existing bridges
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Introduction

* Most existing bridges in high seismic regions are cast-in-place

» During large earthquakes the longitudinal reinforcement buckles or
fractures and concrete crushes and spalls: repair of such damage
involves removal of core concrete and replacement of the buckled and
fractured steel reinforcement which requires significant time and effort

* Phase |: Repair of FOUR columns constructed with Accelerated Bridge
Construction (ABC)

* Phase Il: Repair of TWO Cast-In-Place (CIP) columns and TWO ABC
columns [one column was separated from the cap beam]
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PHASE |: Repair of Accelerated Bridge
Construction (ABC) Columns

« The use of precast bridge elements is popular for accelerated bridge
construction

« The ability to repair
damaged bridge
components is a good
alternative to replacement

« Elements with grouted
splice sleeve connections
are good candidates for
repair due to localized
damage
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Original Test Specimens (ABC)

« Description of Splice Sleeve System
— Lenton Interlock
* Threaded bar
* Non-Shrink Grout
» Splice Sleeve

Factory dowel
(threaded reinforcing bar)

Threaded end

Cast iron sleeve

High-strength grout

S ]

Field dowe
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Original Test Specimens (ABC)

» Description of Splice Sleeve System

— NMB Splice Sleeve
» Grouted bars
* Non-Shrink Grout
» Splice Sleeve
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ABC Test Specimens
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Pier cap is
upside down

Splice
Sleeves are in
the pier cap
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Material Properties

Material properties NM-0O1 | NM-R1 | NM-02 | NM-R2

i ksi (MPa) |68 (469) | 68 (469) | 68 (469) | 68 (469)

Longitudinal bars
[ ksi (MPa) 93 (641) | 93 (641) | 93 (641) | 93 (641)

Concrete compressive strength Test day, ksi (MPa) | 5.5(38) | 6.4 (44) | 8.4(58) | 9.3 (41)

Material properties LE-O1 | LE-R1 | LE-O2 LE-R2

f-ksi(MPa) |68 (469) | 68 (469) | 75 (517) | 75 (517)

Longitudinal bars
Ju ksi (MPa) 93 (641) | 93 (641) [ 103 (710) | 103 (710)

Concrete compressive strength Test day, ksi (MPa) | 6.0 (41) | 6.1 (42) | 82(57) | 9.4(65)
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West (-) East (+)
-
Hydraulic cylinder Pyl Push e

i ;J Spherical L/
lk bearing plate (T'

#4(13mm) spiral -

] e @ 2.5 in. (64mm) |’. o o }

21in.
(533 mm)

o
i

6 #8(25mm) bars o |. Bin
: Hydraulic actuator ( ) A-A (152 mm)
E Column 8.0 ft
E (2438 mm)
E A' * A . . .
e v' Longitudinal rebar ratio: 1.3%
I (1%-4%)
Cap heam
footi . . .
R /] — I 0 v' Volumetric spiral ratio: 2.0%
g ﬁ_99f"' AR | (>0.5%)
4ftor8 ft '

1219mm or 2438 mm




DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING

IMAGINE L disptier

Original Test Setup (Ameli et al. 2015; 2016)
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Test Procedure

10 10
Two cycles per drift
level 8 8
Loading rateupto 3%  °© 6
Drift Ratio: 4 4
1.2 in./min ) , £
Loading Rate after € . 5
3% Drift Ratio: 5 g
4 in./min ; 2 2
The axial load was & 4
set to 6% of the 6 e
column axial . [
compression capacity

-10 ' : -10
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Original ABC Test Specimen Results

Test criteria NM-0O1 NM-02 LE-O1 LE-O2
Maximum load,
kip (kN) 38.8(173) | 42.0 (187) | 36.3 (161) | 44.8 (199)
Wiahandniny 6.69 791 6.50 6.00
ratio, %o
s e 6.1 6.8 5.8 g 1
ductility
Reserve capacity,
kip (kN) 21.4(95) | 23.6(105) | 20.6 (92) 15.94¢7])
. East bar East bar West bar GSS bar
Failure mode
fracture fracture fracture pullout
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NM-O2 (Front)

5
NM-02 (Side

Damaged Original Specimens

LE-O2 (Front)

LE-O2 (Side)
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Repair Design Concept == Carbon Fiber Reinforced Polymer (CFRP)
Il Lﬁ) Il
& o c C )
ks ad
] g'"" E" =1 == [: ?
- =3 {T&E 51
04’ == N=2 )E q]'N= =
n= =2 CFRP
jackets
: n:1 P o
n=10_n=2 SYER-Nn=2 =
1 n=10 -

Pantelides et al. 1999
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Repair Design == | .ehman et al. 2001 repaired a damaged
column by casting a concrete jacket reinforced
with double-headed longitudinal steel around
the damaged region

- -— Qriginal Column

RC Jacket —
1- 10 No. 6 NewlNo. 3
Double-Headed Spiral @
Bars 1-1/2 Inch

Pitch
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Repair Design Concept === Carbon Fiber Reinforced Polymer (CFRP)

CFRP jacket
Expansive —— shape modification
Grout = =
Pl = Post-tensioned
Ziii{Z  CFRP jacket
TR
(d) (e) 0

Yan et al. 2006
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Repair Design Concept == Carbon Fiber Reinforced Polymer (CFRP)

10 mm @ 152 mm
B85 213m Grade beam-to-
BARS ____COLUMN . )
pE——— pile connection
0.30m ] E 0.30m
q\ 1=y M i (o B, M s
£ .CAP 22mm
5 & WIS o v 5 DYWIDAG
5 o ; . F temmBAR B
< ¢ : 2 ¢  CONCRETEFILLED
X Fs  STEELPLE
0.30m g° SECTION 1-1
CONCRETE|| | | ) 3
FILLED oIy
STEEL PILE 122m AP
| | 32mm DYWIDAG
| V1T v BAR
e it L PP e e

Pantelides et al. 2007
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Repair Design mmmp Carbon Fiber
Reinforced Polymer (CFRP) Donut
(Plastic Hinge Relocation)

(-) WEST  (+) EAST (-) WEST  (+) EAST (-) WEST  (+) EAST

P —_—— g

PULL PUSH PULL PUSH PULL PUSH
—_— |———rx() § A
i 4CFRPLAYERS o | b v
B 9 in. 15 in.— —34 in.
0.5 in. 25in. NI]
e 4 CFRP LAYERS e lj v
. -

o 6 #8 HEADED BARS A =
REPAIR _
CONCRETE 19 in.—

Parks et al. 2016
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Why CFRP?

« High strength

 Light weight

* Non-corrosive

O Improves ductile performance

O Enhances shear strength
O Provides stay-in-place form

\3

L
LB
]

Composite 1

» Ultimate Tensile Strength: 113 ksi
» Modulus of Elasticity: 9400 ksi
» Ultimate Tensile Strain: 1.2% ASTM D3039
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Repair — Bending Moment Demand
u u u
(Plastic Hinge Relocation)
HEIGHT
MOMENT
L DEMAND FOR
LATERAL T REPAIRTEST
LOAD } N\ g
-
3
v |
NG e
H I (N ORIGINAL COLUMN
(<] i \\ p—— |
! &
El?hrfar;g FOR \
ORIGINAL TEST “ \ yfphlt]r:\, OF
b REPAIR
: *
N\
MP]{ | ’ MOMENT
Joint
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Repair Procedure (Plastic Hinge Relocation)

CFRP = Carbon Fiber
Reinforced Polymer

REPAIR
CONCRETE

“'-.ﬁ -t

Spliced CFRP Shell CFRP Shell with Concrete Fill

12



DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING

IMAGINE  Urvens
Phase I: -
- - 178
ABC Test Results = o
- -
| | o ‘0 ey
Repair NM o B
oA g9 S
--178
H}SOO L i 1 i 1 L L i L L L 1 395 _26':-'
E 30004 (a) | NM-OlI L 339 g
& ] [ NM-RI Z
_i" 2500'- -NM-02 282 o -
2 2000 226 23 5
S 1500 169 2 [178
45} — L
2 1000 113 -2 2 189
— y = = + z
2 500 [s6 & = Lo =
7 | - 2 o 3
é 0- 0 ® 5 8
10 21 31 42 52 63 73 83 & F89 o
Drift (%) 178
267

3 6 4 2 0 2 4 6 &
Drift (%)

_ Experimental Program: Phase |
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Phase |:
ABC Test Results
Repair LE

Force (kips)
Force (kN)

e -_I.F.-(N
— - =+ [ E-R1 (Pushover)
——LE-R1 (Cyelic)

Force (kips)
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Phase |: ABC Test Results

NM-O1 NM-R1 LE-O1 LE-R1
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ABC Test Results Repaired Specimens
Test criteria NM-R1 NM-R2 (West) | NM-R2 (East)
Maximum load, kip (kN) 45.6 (203) 54.2 (241) 53.0 (236)
Ultimate drift ratio, % 6.96 5.89 4,60
Displacement ductility 6.0 3.9 39
Failure mode West and east bar fracture West bar fracture
Test criteria LE-R1 (Monotonic) | LE-R1 (Cyelic) LE-R2
Maximum load, kip (kN) 46.8 (208) 40.5 (180) 50.5 (22%5)
Ultimate drift ratio, % 6.88 7.20 6.17
Displacement ductility 6.6 - 4.6
Failure mode - East bar fracture | CFRP wrap fracture

14
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CFRP Shell Performance

Radial cracks in repair concrete (NM-R1)

T
£
=
o

|- 305

=

& S
o B
9 -
- E o~
B P - E £
E e 12 ~,  Topof = E

£ - 5 <
T o i _ .- Headed Bars i o ;
O 3 84 -~ 0.5% Drift Step|[F 203 2 &
:5 .- Ii]"nDnIT‘\up L 235 | LE-R2
£ E 4 . Ligpp< =
-~ R o) 2 102 3
g -~ "41" nlll‘ step| | S
=] 05 T T ——+0 =
= 0.15 020 025 0. 30 03'\\ 040 0. I"- 050 A
=] Strain (%)

Strain Profile CFRP Shell
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* Due to the lack of vertical CFRP fiber and too much expansion from
repair concrete, circumferential CFPR wrap cracked

LE-R2 will be repaired again

15
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PHASE II: Repair of Cast-In-Place and ABC Columns

The Phase Il method incorporates fibers in the hoop and vertical direction
of the CFRP shell implemented for four severely damaged specimens:

% Two columns cast-in-place (CIP) with severe damage including
concrete crushing and longitudinal bars fractured and buckled

+» Two columns are precast ABC specimens:
* one repaired for the second time with crack epoxy injection (PC2-O)

» one in which the column was completely separated from the cap
beam
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Phase II: Original Cast-In-Place (CIP) Specimens
F-CIP-O 21'in. A CB-CIP-O
_ﬁ.__ #4(13mm) spiral (533 mm) o i
0 @2.5in. (64mm) » .
Column :2: 1 4 & ::::: ColumnC .
Footing = “'%-E 6 #8(25mm) bars 5 159 2 E‘“ﬁ & ap beam
AV i V A = (152 mm) AV k%: V A
o Wy
E R imie ]ft J; e E
; ::: ] 14 (610 mm)|(610 mm) ;;:: |
o | 9t |
(1829 mm) (2743 mm)
#8(25mm)
= r L] bars top
e 3t g eI and
bottom
o fo v (914 mm)| 640 mm) k o
#8(25mm) a| [0 L S -
bars top
and | 9ft |
bottom 6 ft (2743 mm)
(1829 mm) Cap beam plan view
Footing plan view
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Phase II: Original ABC Precast (PC) Specimens

SEEE . ' 21'in. i 21'in. i Col @
Ll el B =5 0 (533 mm) #4(13mm) spira ¥ ® # | (533 mm) =y i
wsseeve oY | T | ¥a @25in (84mm) L% @ A1 THEH | 1 LK.8 sieeve
Cap  8in (203mm) ~ay HEH 6in | l. G#ssmm) 6LKE el o SIN ) Capbeam
— (152 mm) (152 mm) .
beam\debmded B*_ s % bars sleeve % o H_*B
i, Iy
E e g :% EE 21t 21 E[ %1 N Ei
(41 (610 mm) (610 mm)}) 'y
N L
| ot | | 9t |
(2743 mm) (2743 mm)

#3(25mm) bars #8(25mm) bars
top and bottom top and bottom
Al N _? T_ T,

- - 21 21 = T

(610 mm) (610 mm) :
4] (& L
ot | | 9 ft
(2743 mm) (2743 mm)
C@ beam glan view C@ beam g]an view
PC1-O PC2-0O
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Phase Il: Original Specimen Results: CIP Specimens

CB-CIP-O

CIP Specimens

% Severe concrete crushing
(12 in. to 16 in. above
interface)

+* Fracture of extreme bars
% Buckling of extreme bars
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Phase Il Original Specimen Results: PC Specimens

7 pc1o e . __PC.Z'Q

PC1-0O and PC2-0O specimens
% Concrete spalling (8 in. to
12 in. above interface)

All bars pulled out

No bar fracture/buckling

PC1-R1 specimen

s Rupture of CFRP shell

+» Severe extensive cracks
LE-R2
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Phase Il Original Specimen Results: CIP Specimens

MAX. LOAD (kips) 35.8 36.5
ULTIMATE DRIFT RATIO (%) 9.3 8.8
DISPLACEMENT DUCTILITY ) 8.9

18
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’ Pre-damaged condition before testing

Phase Il Original Specimen Results: PC Specimens

MAX. LOAD (kips) 41.0 49.9 39.7
ULTIMATE DRIFT RATIO (%) 6.7 5.6 5.5
DISPLACEMENT DUCTILITY * 5.1 4.9
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* CFRP shell: 19 in. high CFRP donut
with 30 in. diameter based on P.H.

* Repair Concrete: 11.0 ksi
non-shrink concrete

Phase II: Repair Design (Plastic Hinge Relocation)

Six headed bars:
* 17.5in. in the repair concrete
* 19in. in the footing/cap beam

West East West East
R () - (4)
Pull A Push 15in Pull c. Push
Columnz" 3é mn-'l 125 in. 9in.
- | | ;t'jl\’j( ) @18 mm) [ 1T (229 mm)
19n. | 1% in " t @
(483 mm) LH , : in.
* A i VA (445‘mm) (QQQ*M) ) @\
e 19*' CF_I{Q|_I1’2Vh I
13 in. ® she
\)( SR (483 mm) > Non-shrink
Cap beam i concrete 30lin.
orfooting 6 #8(25mm) headed bars (762 mm)
A-A

19
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FEM for CFRP Shell Design

42.3 kips

Displacement (mm)
Load direction 50 0 51 102 152

Unit: MPa

251
230
208
185
164

203 254

IS
e

Top

w
o
n

Force (kips)

N
o
1

! —— CB-CIP-R Pushover (FEM) -
- ---CB-CIP-O (Experimental)

Bottom 0

4 6 100
Displacement (in.)
© TH2V ’Evs\/(e)vveen rtihczcl)rl)aljgrzr)s and * The maximum hoop stress for
= the model with four hoop layers
0,
ACI 440. efficiency factor of 58% for 3D FRP stresses was 63.5 ksi or 97% of the
« Maximum hoop stress for 7H2V allowable CFRP ultimate stress
was 36.4 ksi or 55% of the allowable

CFRP ultimate stress
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Steel Collar Design (PC2-R :
gn ( ) Wu and Pantelides 2018
Qn = 0.5 Asa'v Jﬁ:Jr E.
_RLr 0.64 in.
== (16 mm)
— =—1.0in. (25 mm)
] v [ Stuas Detail of stud 0
—/ | 3/8 in. (9.5 mm)
L 6.0in.(152 mm) 1.510n. thick steel plate
12.5in. 7 (38 mm) '
(318 mm) B Studs
! 1.25n. cL
(32 mm)j T
Non-shrink
concrete

Elevation view Plan view

20
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Rapid Construction of Repair Total: 8 hours

1 hour 1 hour

— e

(c) CFRP shell -7 Hoop & 2 Vertical Layers (d) CFRP shell filled with non-shrink concrete
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Rapid Construction of Repair

= "
i

S

T ey

removal of previous CFRP donut (PC1-R2)

steel collar (PC2-R)

21
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Phase Il: Repair Results CB-CIP-R

Final damage (about
2.5in. inside donut)

/

Slip of the column at
5% drift ratio

Gap between column
and CFRP donut at
2% drift ratio

Final damage (PC2-R):
Concrete crushing 18 in.

above CFRP donut; two
extreme bars fractured

PC2-R

DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING

CB-CIP-R

F-CIP-R

PC1-R2

PC2-R

14 in. to 20 in. above donut .

2.5 in. inside donut
No bar fractured

10 in. to 20 in. above donut
No damage inside donut
Two extreme bars fractured

22
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Phase Il: Hysteretic Response CIP Specimens

267

-178

-89

-0

Force ( kN)

-89

--178

----CB-CIP-0
—— CB-CIP-R

267

12108 6 -4 2 0 2 4 6 8 10 12

Drift ratio (%)

CB-CIP

Force (kips)

60

40

20+

-20

-40-

-89

-89

Drift ratio (%)

F-CIP

267

-178

o
Force ( kN)

178
----F-CIP-0| |
——F-CIP-R

'60 T T T T T T T T T T T =
12108 6 4 -2 0 2 4 6 8 10 12

267
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MAX. LOAD (kips)
ULTIMATE DRIFT RATIO (%)
DISPLACEMENT DUCTILITY

35:8

9.3
9.9

Phase Il Original Specimen Results: CIP Specimens

CB-CIP-R F-CIP-R

36.5 47.0 44.7
8.8 8.1 8.4
8.9 6.8 6.0

23
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Phase Il: Hysteretic Response PC Specimens

267 267

1178 -178
— iy o/ rés . -89
g ’ z 8 z
S5 - X ~
8 0 8 g 0 8
S 2 9 2

- --89 - -89
L-178 L-178

= T T T T T T T T T _267 = T T T T T T T T T _267

-10 8 6 -4 -2 0 2 4 6 8 10 10 8 6 4 -2 0 2 4 6 8 10
Drift ratio (%) Drift ratio (%)
PC1 PC2
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Phase Il Original Specimen Results: PC Specimens
Second repair Repair with
with crack epoxy steel collar
injection
PC1-R2 PC2-R
MAX. LOAD (kips) 41.0 49.9 53.4 39.7 48.8
ULTIMATE DRIFT RATIO (%) 6.7 5.6 7.8 5.5 7.6
DISPLACEMENT DUCTILITY * 5.1 5.6 4.9 7.1
’ Pre-damaged condition before testing

24
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Second repair Repair with
Phase II: Repair Results with epoxy injection - steel collar
TEST CRITERIA CB-CIP-R  F-CIP-R PC1-R2 PC2-R
xﬁfs() LOAD 45.6 43.8 53.4 43.3
ULTIMATE DRIFT
RATIO (%) 8.1 8.4 7.8 7.6
Extreme bar Extreme bars
Concrete  Concrete fracture;
FAILURE MODE . . fracture; Concrete
crushing crushing . Concrete
crushing .
crushing
DISPLACEMENT 6.8 6.0 56 71

DUCTILITY
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Phase Il: CFRP Hoop Strain Profile

CB-CIP-R PC2-R
20 o of GFRP domut | - 0 ‘ ‘ ] | 508
- %0 Onut === - E 2|1 Top of CFRP Donut |- £
£ \ £E R i £
8 154 X 13815 § 5
= Drift ratio S Mm154 — - -381m
) o0—0.5% 2 g Drift Ratlg e
e o 1% / It 5._) —0—0.5% O
o 10+ 0 " Top of headed bars 254 2 © —0—1% 5
g ——2% a g .
L o e 8 —0— 2% e
o 3% = 210 3% 254,°
3 4% g 2 —%— 4% o
S 5% 1278 8 || % 5% 8
5 || 6% gz e 6% s
D | TT% © % 50| > 7% 11276
0 8% West East O 8% L
L —© = ’ West| East T
0.5 04 03 02 01 00 01 02 03 04 05 : ‘ ‘ : ‘ :
Strain (%) 04 03 02 01 00 01 02 03 04

Strain (%)
* Top 6 in. of the CFRP shell: CB-CIP-R: STRAIN 0.2 - 0.5%; PC2-R: STRAIN 0.2%

» The CFRP shell formed an effective tension ring
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O Analytical Study
» Description of Bond-slip
» Analytical Models

» Comparison of Results

Analytical Study
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Description of Bond-slip

« Bond-slip phenomenon between Pullout mode  Splitting mode
longitudinal bars and surrounding -
concrete cannot be ignored
(Eligehausen et al. 1982; Harajli 2009)

* Bond-slip deformation occurs either in
pullout mode or a splitting mode

For concrete not well confined bond
failure occurs in a splitting mode

« Bond slip affects global response by
reducing stiffness and strength

Analytical Study
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CEB-FIB Model Code 2012

Tomax === Pull-Out

rbu,splitl ’ === Splitting

o

Tou.sphit.1 - ;
1 stirups :
A
1151ed AN i
1l N\
______ A N
) ; ; » Slip s
S, S, S3

Analytical Study
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Analytical Models

Axial Load

Steel-Confined
Concrete

Model Fiber

« Distributed plasticity
considering bond slip

Cover Concrete

Cyeclic Load
-

Damaged Steel

concentrated in Section A-A
plastic hinge length i y Cover Concrete S oonined
. A A
* Using the
BeamWithHinges Modified Steel
element for column Plasiic fogs; |, Section BB CFRP-Confined

Concrete

Cover Concrete
Steel-Confined
Concrete

Wu and Pantelides 2018

Modified Steel

Section C-C

Analytical Study
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Considering Initial Damage

100 : . : . : . : . : 689
Reduced elastic modulus of steel, || — Original Steel ——
. - - ---Damaged Steel
adapted from (Vosooghi and Saiidi 2013) 804 | _____ Modified Steel 552
N p—— C . a
| r | e 2 r414
| DS-1 | NoModification | o =3
5 DS-2 | 0.67 | 0.0240.012 8 2
@ ir DS-3 0.5 0.026:0.014 5 -276 &
o | DS-4 | 0.3-0.4 | 0.0330.016 n
b Il — - Original DS-5 0.2 0.046+0.03
—Proposed Strain (g) -138
0 T T T T 0
0.00 0.02 0.04 0.06 0.08 0.10

Analytical Study

e DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING
IMAGINE T &y

Schematic of Bond-slip Model
damaged steel
/ g Bond-slip from two parts:
. Column & Footing/Cap-beam
P Low-cycle fatigue
€ * (Kunnath et al. 2004)
s / 4 100 689
3 / riginal Stee
nf.f x'f - gar%wgleitStelel /_
e A 80| - - Modified Steel 552
gt = X | £ _
”f’l i ) L414 &
LT EEEmmE o N 2 H
ne] FTE as[ | = -276§
ase| F | T n
Wi. | ER I.x’j L 138
.1' .l'lfj -
N _ e 000 002 004 006 008 010
bond stress-slip Strain

Analytical Study
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Analytical Models
Axial Load
Steel-Confined
Model RS Cyclic Load Cover Concrete Concrete
@ :
» Concentrated plasticity
. . Damaged Steel
in non-linear moment
rotational spring
» Using Hysteretic AV vA
material to define
Sprlng Zero-Length
Rotational Spring CFRP-Confined
Concrete
Cover Concrete
Steel-Confined
Concrete

Wu and Pantelides 2018

Damaged Steel

Section C-C

Analytical Study
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Moment-rotation Relationship
Moment ‘
6t:aucv,p.',r:yc.fit: epc,cyclic

Moment-rotation curve Mc
based on existing models M,
(Haselton et al. 2016)

M

i
0, 6. 6 Rotation

Analytical Study
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« Sectional analysis to get
moment-curvature

» Considering steel strain
and bond strength to
get rotation

IMAGINE u UNIVERSITY

OF UTAH"®

14
e
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Calculation of Moment-rotation Relationship

< Je Jo sy Lty
=z | Ess €y Es> Esh
BRIAIR N K
C<_L Bs il — [~ EI‘
il
- = A |k -~ o
— ||l ~
d W[k
"
=
Bond Slip Stresses Strains

Adapted from Wehbe et al. 1999
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Comparison of Results: Specimen CB-CIP-R

Drift ratio (%)

Test vs Model Fiber

60 PR R (R NS NS RSN R SR RS R 267 60 PR (NS ISR RN S R SR N SR R S RS R R R 267
----CB-CIP-R (test) - ---CB-CIP-R (test) L
40— Model Fiber L178 40— ModeIRS 178
>3 it s
189 & < 201 s/, =3
0 §5 o- oo 7 [V, 5
ST - e =
c O e o
sg > o
-89 3-20— -89
1178 -40- L-178
-60 T T T T T T T T T T T T T T T T T T -267 _60 T T T T T T T T T T T T T T T T T T T _267
-0 8 6 4 -2 0 2 4 6 8 10 -10 8 6 4 - 0 2 4 6 8 10

Drift ratio (%)

Test vs Model RS

Analytical Study
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Comparison of Results: Specimen PC2-R

B0 L L L L ! L L L L 267 60 PR INUR RS [PI NS SR R RS RS R 267
------ PC2-R (test) ----PC2-R (test)

a0l — Maodel Fiber 178 sl — Model RS 178
%20- -89 2 £ 20- 89 Z
8 g 3 S
& 04 rt0 2 © 0 0 o
® BT ©
o ST i3
-20 F-89 ® ©-204 --89 @

A0+ 178 -40 L-178

-60 L L L L L L AL R L LA B -267 -60 T T T T T T T T T -267

-0 -8 6 4 -2 0 2 4 6 8 10 10 8 6 4 -2 0 2 4 6 8 10
Drift ratio (%) Drift ratio (%)
Test vs Model Fiber Test vs Model RS

Analytical Study
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Comparison of Results: Hysteretic Energy
4000 1 1 1 1 1 1 1 1 1 452

- 40004 -ttt 1. 145D
= BZZ ------- CB-CIP-R (test) F 5]~ PC2R (test)
5 3500 [ —— Model Fib F395€ £ =
g o Model RS < ‘53500 [ —— Model Fiber -395E
5 ode [ argZ < B Vodel RS Z
>3000- 13395 T <
2 [° 5 530004 -3393
c [0 »/:ﬁ b
$ 2500 2822 < o500 & 282 @
2000 : 1226 gzooo- e -2262
) ':.05 i o2 :;:4 % et
21500+ na: 1698 24500 N 169
5 1000 d 1 1132 2 1000- YR NN 1132
S TS S R 2
2 o 23 5B E 5
E 500+ S 56 2 E 5004 Y CO N 56 2

0 i LI I R | O I ¢ g ©© 0l s BEE E E o 3

0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0 9.0 10.0 50 10 20 30 40 50 60 70 80

Drift ratio (%) T 77 Driftratio (%) '

CIP-R PC2-R

Analytical Study

31



] e DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING
IMAGINE E Univensiry

0 Retrofit of Bridge

» As-built multi-column bridge bent
» Practical design of CFRP donut
» Nonlinear pushover analysis

» Nonlinear time-history analysis
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As-built multi-column bridge bent o
16mm @127 & 178mm

4x16mm

L - 18.459 m -] J Stmm -
J_ J— J— ’i H— J— : 914mm - 4x32mm

1219 mm

\\ ‘ 0.914m SECTION A-A
o f
Cap Beam / . ——é _'A" 0.305 mj 4x32mm
: Slumy i 16mm @ 279 & 381mm
b rJ = T
4xi6mm | &
L]
2.565m 7.264m 7.264m 2.565m s1mm L S
o . E 251 1
7.188 m T——
0.914m ¢ v Vc: st4mm " 20x32mm
s SECTION B-B
Note: 1 in.=25.4 mm [t
0.457 m x 2134 m l";-iss"c";: 2134m
Grade Beam N
' 16x32mm
| — \ [ 13mm @ 305mm__ /~
0.914m N £
0.300m ¥ Piles \2743mx2743m L] | [J| | | E
18.288 P8
™| m T T T TPiescap T O 89mm 1 b =
1.220 m —=— I —= 2134m = Caaa >
914 mm

Pantelides et al. (1999)
SECTION C-C
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Schematic of bridge bent

Axial Load Axial Load Axial Load
Cap Beam ¢ B A ¢
Lateral Load / r ’—>
- —D S—e—8 e—

@ / @ B \_’A @

Rigid Link Element

Nodes

o | Ve

Column

/ :

Element

Spring Element

Longitudinal
Steel Bars

Headed
Steel Bars

Grade Beam

Piles Cap Piles Cap

Frictional Springs

Grade Beam
Frictional Springs

Wu and Pantelides 2019
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Soil-structure interaction (SSI)
Displacement (mm)
0 5 10 15 20 25 30 35 40 45 50
112 PR I I SR NS RS RS R T R Y 500
1011 ,’* """ *.. 450
90 T [ 400
79 *,’ ST -350
2671 -300Z
g 56—_ _—250 Q
2 454 200 O
34 - -150
224 o . -100 . - . .
. - %- - Grade Beam Frictional Spring | Simplified springs for pile
0 0

00 02 04 06 08 1.0 12 1.4 16 1.8 2.0

Displacement (in.)

calibrated from
Cook et al. (2002)
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Material constitutive models
Concrete Steel
00 1 L 1 1 0 73_ 1 1 1 1 1 1 _500
Tension

-0.7+ L-5 58+ L 400
=-1.51 10 5 ,\44- -300 _
= < 2 29 200 &
$-2.2- L-15 = = s
£ 2 ? 15- 1100 5
®_2.9- L-20 £ = 4
L 0 0 llo =
5-3.6 wBE S 2

-3.64 - 9]
£ 5 151 --100 §
o S 7]

4.4- --30 § 29 L-200

-5.11 Cover Concrete L-35 -44] L -300

— — Core Concrete Compression
-5.8 T T T T -40 -58 T T T T T T -400
-0.020 -0.016 -0.012 -0.008 -0.004 0.000 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

Concrete Strain Steel Strain

Rebar buckling was
considered (Dhakal and Maekawa 2002)

Retrofit of Bridge I
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Practical Design of CFRP Donut

pr ."__.ZJQXC Brown et al. 2016

Strut-and-tie model (STM)

I
" a‘i - ]B-ReEGION /\/
SN bs -—- Strut
PNk [ |p-REGION e = Tie
R t c
L1 — STRUT 0.5(Dub i * Node
He 5(Dg- - tx
o —TIE (Dr-bo) ‘ c! ‘
G- H| 44
‘\\ 1 ;—I FL // | \\/
AN il ‘X'f"A vl 1’ vl
| ) p #7 S *}8 // / 1 r D
)(l"f_’ T o~ 7 / s U
L 1, “——H‘r- i *_ HB \“‘/\ ! //
H IRENZERYA , repar 3 Hg B g< 1,8
CFRP| | ¥ W Xc i A
il T 1
[ arC —r = X
Hhefdej \ N DR
— -5 Wu and Pantelides 2019
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he Benefits:
Tao 1. No need to analyze whole
structure to get STM

2. Only lateral force and tension
force from headed steel bars
required

3. Convenient and practical for
designers

: £ = 0.5Tap

Wu and Pantelides 2019
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Final Retrofit Design

18.459m

([
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—1.219m 2 Layers CFRP
Cap Beam (+ 45%)

0.305m
2 Hoop Layers
CFRP
7.264 m T.264m 2.565 m
Column
0914 m

Note: 1 in.=254 mm
2 Hoop Layers CFRP CFRP Donut

2134mx 2134 m

0457 mx2134m
Grade Beam N\ D D Fie.Lap %

tl | 0.914m
~ . 18288 m P"i/ﬁ RN 2743 mx 2743 m l\_L \ J\l T
Pile Cap ™ T
1.220 m—=— f — 2.134m —
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Design of CFRP Donut

& *38 mm { Detail of Stud
1~ ) C.L.
} | 586 mm
76 mm Studs 528 mm mm Thick Steel Plate
Headed Steel Bars 1.067 m (42 in.) . 3" 5 Layers CFRP Shell

0.914 m

AR

Piles Cap

. 0.610m

|t

1.372m
(54-in.)
A -7

Elevation view
Note: 1 in. = 25.4 mm
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Pushover Analysis
Displacement (mm) Pile Cap Displacement (mm)
0 50 100 150 200 250 300 350 400 450 0 10 20 30 40 50
450 L [ - 1 PR L [ | L [ - 1 PR L 2000 450_ 1 1 1 a—— _2000
405 L1800 405 L 1800
360 - -1600 3604 L1600
§: 315—_ _—1400§ :% 315 L1400 é
g 2701 1200 8 8 2704 -1200 8
S 225 11000 2 S 2951 L1000 £
© ] L T T I ©
5 180_ _800 g5 180 _—800 &
8 1351 : : 600 S § 1351 -600 S
90 - As-bu!lt (Experimental) L 400 90 [ 400
As-built (Model) ] - - - As-built (Experimental) f
45 — - — As-built (Fixed ends, w/o SsI)[ 200 451 As-built (Model) 200
0 T T T T T T T T T T T T T T T T T T 0 0 T T T T T T T T T O
0 2 4 6 8 10 12 14 16 18 0.0 04 0.8 1.2 1.6 2.0
Displacement (in.) Pile Cap Displacement (in.)
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Idealized Pushover Curves

Displacement (mm)
0 50 100 150 200 250 300 350 400 450
1 1 1 1 1 1 1 1 3000

674
442 630
562 2500
= —
403 569 < 450 2000 £
(0] [0}
o . o
1.58 1.65 £ 3374 ]! -1500 2
© j ©
2 2254 : 1000 £
256 346 < Ij As-built (Model) ®
J —-—- As-built Idealized
1124 - - - Retrofitted (Model) |[-500
9.5 74 e Retrofitted Idealized
0 T T

T T T T T T 0
0 2 4 6 8 10 12 14 16 18
Displacement (in.)
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Probabilistic Analysis (DBE and MCE levels)

4.0
; —— Single GM .
3.5 — — 16th Percentile 2z f?r-ﬂeld ground
] — -— Median motions were selected
3.0+ — - - = 84th Percentile from PEER
l — DBE
2.54
S
@ 2.0
(2] |
1.54
1.04
0.5+
0.0
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Nonlinear time-history analysis
MCE level Imperial Valley 1979 earthquake
674 3000
450] S-bul [ 2000
3 337 1500
f 225 ] L1000 £
S 112 500 S
Lg 01 Lo &
2112 1500 3
n E 3 c
®'225' Yawe/ "1000 m
m 4 /7
5-337—_ ,/ _—-1500 §
4504 77 -2000
562 L2500
-674 T r T T -3000
-0.012 -0.008 -0.004 0.000 0.004 0.008 0.012
Drift Ratio
Hysteresis
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Nonlinear time-history analysis
00 N 1 1 73_ 1 1 1 1 _500
Tension
584  ____- - ~400
- 1
%_0.7_ /('“\ 44 4 4 ’I 300
X o —~ I”l , =
- S 2 291 ", ’ 200 o
2 2 %15 / 100 =
®_1.5- 2 ?:j ] ! i 2
o 2B I L 0 =
o L 3 e (2]
) . SR o
s ’” S {p-151 --100 @
& " S Z
2.2 / 15 3 29 L-200
— Retrofitted -44 - ----As-built ||_-300
- - -~ As-built Compression Retrofitted
-2.9 . T . T . T . -20 -58 — T -400
-0.0020  -0.0015  -0.0010  -0.0005 0.0000 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020
Concret Compression Strain Steel Strain
Concrete Steel
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Definition of damage states  (Mander et al. 2007)

DZ:‘;:S‘* Damage descriptions Drift ratio limits (%)

m None Pre-yielding 0.0
m Minor/slight Minor spalling 0.5
m Moderate Bar buckling 1.9
m Major/extensive Bar fracture 5.1
m Complete/collapse Collapse 6.2

_ ) DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING
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Definition of limit states (Kowalsky 2000)

Strain Limits
Limit State Concrete Steel Drift Limits

Compression Strain ~ Tension Strain (%)
(%) (%)

1.0 (Beam)
1.5 (Column)

Life Safety 1.8 6.0 1.5
Near Collapse - - 2.5

Operational 0.4 0.5
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Cumulative Distribution Function (CDF)
> b o
Q% OO.J Qc_)
1 O 1 I A l_ —l _l L |
- ’
0.8
=
B
20.6-
o
o As-built DBE |
o — - — As-built MCE |}
T — — Retrf. DBE |}
2 - === Retrf. MCE
30.2 —=— QOperational
—*— Life Safety |
—4— Near Collapse|
0.0+ % A

000  0.01 002 003 004 005
Maximum Drift Ratio
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Conclusions

1. Seismic rehabilitation method with CFRP composites in hoop and vertical
directions with headed steel bars and nonshrink concrete for plastic hinge
relocation - steel collar with shear studs implemented

2. Method restored strength and displacement capacity successfully for
severely damaged concrete columns {concrete crushing and longitudinal steel
bar fracture and buckling}

3. Two analytical models (Model Fiber and Model Rotational Spring) were
developed with bond-slip effects, effects of previous loading history, cyclic
degradation of column steel bars

4. Future modeling recommendation: both analytical models should be used to
determine range of structural responses and obtain lower bound estimate of
load and displacement capacity
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Conclusions

5. Analytical model with consideration of soil-structure interaction (SSI) was
effective and reproduced experiments from in-situ tests - simplified springs
were used to model soil-structure interaction

6. Proposed rehabilitation method using CFRP donuts and CFRP jackets was
employed to retrofit as-built bridge bent - based on pushover analysis

7. Rehabilitation method increased lateral load capacity and elastic stiffness

8. Simplified design guidelines of proposed repair method were developed
using strut-and-tie model (STM)
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