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Table 12.3-1: Seismic Deficiencies and Potential Rehabilitation Techniques for C1 Buildings

Deficiency Rehabilitation Technique
Enhance Existing Improve Connections Remove Selected
Category Deficiency Add New Elements Elements Between Elements Reduce Demand Components
Global Insufficient Concrete/masonry Increase size of Remove upper
Strength number of shear wall [12.4.2] columns and/or story or stories
frames or weak Steel braced frame beams [12.4.5] [24.2]
frames [12.4.1] Seismically
Concrete or steel isolate [24.3]
moment frame Supplemental
Steel moment frame damping [24.4]
Global Insufficient Concrete/masonry Increase size of Supplemental Remove
Stiffness number of shear wall [12.4.2] columns and/or damping [24.4] components
frames or frames Steel braced frame beams [12.4.5] creating short
with inadequate [12.4.1] Fiber composite columns
stiffness Concrete or steel wrap of gravity
L pS L6 sl moment frame ‘(:::Olumns }12‘{4] .
‘_,élSlj oncreTe steel jacket
L: o of gravity columns
’ [12.4.5]
Provide detailing of
all other elements to
accept drifts
Configuration | Soft story or Add strength or
weak story stiffness in story to
match balance of
floors
Re-entrant Add floor area to Provide chords in
corner minimize effect of diaphragm
corner
Torsional layout Add balancing
walls, braced
frames, or moment
frames

Vertical shafts of nonstructural materials
Concrete beams and columns

Nonstructural exterior
cladding is often
window wall or

panelized construction

Floors: most often formed

Selected bays in each direction o hecast concrete

constructed as moment frames

C1: Concrete Moment Frames
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Table 12.3-1: Seismic Deficiencies and Potential Rehabilitation Techniques for C1 Buildings

Deficiency Rehabilitation Technique
Enhance Existing Improve Connections Remove Selected
Category Deficiency Add New Elements Elements Between Elements Reduce Demand Components
Configuration | Incidental walls Add balancing Uncouple incidental Remove
(continued) failing or causing walls, braced walls incidental walls
torsion frames, or moment Convert incidental
frames walls to lateral
elements walls
Load Path Inadequate Add or strengthen
collector collector [12.4.3]
Component Lack of Ductile Perform selected Seismic isolation
Detailing detailing-- improvements to [24.3]
general joints [12.4.6]
Lack of ductile Jacket columns
detailing: [12.4.4]
Strong column-
wldjo olass f Lack of ductile [Fiber composite ]
SpdulSu | detailing: wrap [12.4.4]
4y Croglao | Inadequate shear Concrete/steel jacket
Ogiuw ) 95U | strength in [12.4.5]
4 b || column or beam
wldje olaas I Lack of ductile Fiber composite
_ S| detailing: [ wrap [12.4.4] ]
‘.’5""‘““‘)9J“""'2“a Confinement for Concrete/steel jacket
Sx4dSb sl ductility or [12.4.5]
alog b splices
Diaphragms Inadequate in- Concrete or R/C topping slab
plane shear masonry shear wall overlay
capacity [12.4.2] FRP overlays
Braced frame [ [22.2.5] ]
[12.4.1]
Moment frame

Vertical shafts of nonstructural materials
Concrete beams and columns

Nonstructural exterior
cladding is often
window wall or

panelized construction

Floors: most often formed

Selected bays in each direction o hecast concrete

constructed as moment frames

C1: Concrete Moment Frames
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Table 13.3-1: Seismic Deficiencies and Potential Rehabilitation Techniques for C2b Buildings

Deficiency Rehabilitation Technique
Enhance Existing Improve Connections Remove Selected
Category Deficiency Add New Elements Elements Between Elements Reduce Demand Components
Global Insufficient in- Concrete/masonry Concrete wall overlay Seismic isolation
Strength plane wall shear shear wall [12.4.2) [21.4.5] [24.3]
strength Fiber composite wall Reduce flexural
[ overlay [13.4.1] J capacity [13.4.4]
Steel overlay
Insufficient Concrete/masonry Add chords [12.4.3]
flexural capacity shear wall [12.4.2]
Inadequate Concrete/masonry Strengthen beams Remove beams
capacity of shear wall [12.4.2] [12.4.2]
coupling beams Improve ductility of
beams [12.4.2]
Global Excess drift Concrete/masonry Fiber composite wrap Supplemental
Stiffhess (normally near the |  shear wall [12.4.2] of columns to improve damping [24.4]
top of the lateral displacement
building) capability [12.4.4]
Provide detailing of all
other elements to
accept drifts
Concrete wall overlay
[21.4.5]
Configuration J Discontinuous Add wall or adequate || Fiber composite wrap Improve connection to Remove wall
walls columns beneath of supporting columns

[12.4.2]

[12.4.4)

Concrefe/steel jacket of
supporting columns
[12.4.5]

diaphragm [13.4.3]

Soft story or weak
story

Add strength or
stiffness in story to
match balance of
floors

Precast or formed floors span
between bearing walls

Concrete interior bearing walls

Concrete exterior wall

(C2b: Concrete Shear Walls
(Bearing Wall Systems)
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Table 14.3-1: Seismic Deficiencies and Potential Rehabilitation Techniques for C2f Buildings
Deficiency Rehabilitation Technique Exterior walls: punched concrete shear walls
Enhance Existing Improve Connections Remove Selected CHESHICISIS, ST KL IDORIN O SYRIOR)
Category Defi.l:ien.cv Add New Elements Elements Between Elements Refiul:.e Il}emalnd Components Selected interior walls may be
Global Insufficient in- Concrete/masonry Concrete wall Seismic isolation concrete shear walls
Strength plane wall shear shear wall [12.4.2] overlay [21.4.5] [24.3]
strength Steel braced frame Fiber composite wall Reduce flexural
[12.4.1] overlay [13.4.1] capacity [13.4.4]
Steel plate shear Steel wall overlay
wall
Insutficient Concrete/masonry Add or enhance
flexural capacity shear wall [12.4.2] chords [12.4.3]
Steel braced frame
[12.4.1]
Inadequate Concrete/masonry Strengthen beams Remove beams
capacity of shear wall [12.4.2] Improve ductility of
coupling beams Steel Braced frame beams [13.4.2]
[12.4.1]
Global Excess drift Concrete/masonry Fiber composite Supplemental
Stiffness (normally near the shear wall [12.4.2] column wrap damping [24.4]
top of the Steel braced frame [12.4.4] Concrete beams and columns
building) [12.4.1] Concrete/steel or slabs and columns
column jacket
e g of C2f: Concrete Shear Walls
all other elements to (Gm\.?ity Frame Sygtems}
accept drifts
Thicken walls
Configuration | Discontinuous Concrete/masonry Enhance existing Improve connection Remove wall
walls shear wall [12.4.2] column for to diaphragm
overturning loads [13.4.3]
Soft story or weak Add strength or
story stiffness in story to
match balance of
floors
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Fig. 1-1: Uniaxial tension stress-strain diagrams for different unidirectional FRPs and steel. CFRP = carbon

FRP, AFRP = aramid FRP, GFRP = glass FRP.
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First layer ?.BJL) s> Ao _le.; ch:JI (59J a.b.u) L{T
Crack injection

Concrete substrate Cawl (_,-Y-.f_jgﬂls OALD l_i..{ FRP cdng
Concrete surface treatment .)g.ﬁ.l &L{.ﬁ)l (S TTTE 2 L) ﬁuutgLf.‘LO RYS1AY .)Jl.)ﬁ)'ﬁ.&ﬂl L} @.gl.b.o

Coating primer

Coating epoxy resin
Placing FRP sheet

T p—

nth layer
Coating epoxy resin

Placing FRP sheet

Saturating epoxy resin

-coating

Notes:

(1) The first coat of epoxy resin shall be applied over the primer within the time frame
recommended by the manufacturer.

(2) Application of the entire first layer, including coating epoxy resin, placing FRP
sheet, and saturating epoxy resin, may typically take 0.5 to 3 h in total.

(3) If asecond layer is added, the saturating epoxy resin from the first layer may be
used as the coating epoxy resin of the second, in which case the application of the
second FRP sheet would typically follow within about 30 min.
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barz, grids, and tendons are being used for nonprestressed and presmressed
concrete soructres. FRP lamingtes are being wed @ external reinforcamant
Jor strengthening qf existing concrete and masonry srrucres. Due to differ-
ences in the physical and mechanical behavior of FRP materials compared
to steel, kmigue test methods for FRP bars and laminges are requined.
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Part 2—Test methods for FRP bars for concrete
structures, p. 440.3R-7
B.1—Test method for cross-sechonal properties of FEP bars

B.2—Test method for longitudinal tensile properties of
FRP bars

B.3—Test method for bond strength of FRP bars by
pullout testing

B 4—Test method for transverse shear sirength of FRP bars

B 5—Test method for strength of FEP bent bars and
stirrups at bend locations

B.6—Accelerated test method for alkali resistance of FRP
bars

B.7—Test method for tensile fatigue of FEP bars

B.8—Test method for creep nipture of FRP bars

B.9—Test method for long-term relaxation of FEP bars

B.10—Test method for performance of anchorages of
FRP bars

B.11—Testmethod for tensile properties of deflected FRP bars

B.12—Test method for determuning the effect of comer
radms on tensile strength of FRP bars

Part 3—Test methods for FRP laminates for
concrete and masonry, p. 440.3R-30
L.1—Test method for direct tension pull-off test

L }—Test method for tension test of flat specimen
L.3—Test method for overlap splice tension test

References, p. 440.3R-36
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Appendix A—Anchor for testing FRP bars under

monotonic, sustained, and cyclic tension,
p. 440.3R-38

Appendix B—Methods for calculating tensile
properties of flat specimen, p. 440.3R-39

The pull-off test is performed by securing a 25 to 40 mm
square or circular plate area adhered to the surface of the
FRP or concrete with a bonding agent. After the bonding
agent is cured, a test apparatus is attached to the loading
fixture and aligned to apply tension perpendicular to the
concrete. The specimen is loaded until the adhesion
fixture detaches from the surface. The pull-off strength is

computed

Perpendicular
Load Applicator

Force _
Indicator

Adhesion Disk
with Cutout

Leveling Assembly

-——— IFRP adhered to
Concrete Substrate

Fig. L.1.1-—Direct tension pulloff test setup.
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Perpendicular load
applicator

Force
indicator

Adhesion disk
with cutout

Level

Bonded
assembly

FRP surface

Concrete

Figure F1
Direct Tension Pull-off Test
(See Clause F4.2.)

CSA S806-12
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Ol ) U g gFRP (o Joxi (B8 S (59540 Oljuo i o)
method which 1s well suited to acceptance testing ot
bonded FRP systems.

(a) drilled ring isolates (b) 50 mm disks installed
sample from substrate on GFRP substrate

crank —»
hydraulic pump — /& |

coupling/socket
legs——»

spherical-headed bolt
test fixture

(c) manually operated test apparatus I[AS TM D7522)
Fig. 3 Pull-off test application.

The D7522 test method was developed to assess the
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8 Test method

8.1—Select a flat measurement site 1 accordance with
the sampling schedule.

8.2—Prepare the FRP surface for bonding the fixture.
The FRP surface should be cleaned with solvent, sanded
with medium-grit sandpaper, rinsed with solvent, and
allowed to dry.

8.3—Core drill or square cut through the FRP laminate
mto the substrate concrete, according to the size and shape of
the adhesion fixture, using a carbide tipped or diamond core
bit or cutting wheel. Cut into the conerete to a depth of 6 to
12 mm.

8.4—Attach the adhesion fixture with the designated
bonding agent. Cure in accordance with the bonding agent
manufacturer’s instructions.

8.5—Position the detaching assembly over the adhesion
fixture and attach the adhesion fixture to the detaching
assembly. Align the load applicator perpendicularly. Adjust
the detaching-assembly legs as required.
the slack in the adhesion tester by
screwing down the adjustment knob.

8.7—Set the force indicator to the zero mark.

8.8—Apply manual or mechamzed loadmng so that it

.)..uub o K~ ajﬁgAC|440.3R-O4 aobL U..uT U»Lw| JuguatiTS} CHI IOL'?-” d-‘>|}0
- S (50 Wlal (65 aiges g |y rwlio g LS oo L1
- o (50 juod cuSs b |y 45 3j90 mhaw g 635 63T (595 cuas gl LFRP xbhuw .2
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oamas JUS— G 9 ) g by @haw j3 Cans cunsdh 1)
9.2.2—Adhesive failure occurring at the interface of FRP 9J9 J°> M 2)

the FRP laminate or the concrete. . Z .. Z
9.2.3—Cohesive failure within the FRP laminate. (J-U-.’ _}-U“-;‘ R M 3)
9.2.4—Cohesive failure within the concrete.
9.2.5—Combinations of 8 1.1, 8.1.2, and 8.1 3 above. UL cunSod 3go duw |l (ouSy5 4)
9.2.6—Bondmg agent failure 1s not an acceptable

failure mode.
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Failure modes for pull-off test (ASTM D7522)

fixture
f

Glue
FRP

Resin
A

Concrete
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Fallure Mode A Failure Mode B Fallure Mode C Failure Mode D  Failure Mode E  Failure Mode F Fallure Mode G

bonding adhesive cohesive failure  adhesive failure  cohesive failure  adhesive failure  mixed Mode E  cohesive failure in
failure atloading in FRP laminate at FRP/adhesive adhesive

at FRP/concrele and Mode G concrete substrate
interface interface
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Cover A
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FIG. 3. Effectively Confined Core for Rectangular Hoop Reinforcement
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FRP jackets provide passive confinement to the compres-
sion member, remaining unstressed until dilation and
Tensilesimessel cracking of the wrapped compression member occur. For

Lawral cxpansion FRPjscketiilse this reason, intimate contact between the FRP jacket and the
h oRRP Jaekelibe /‘ concrete member is critical. (goj
A
D
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Sheikh-Uzumeri 1952 ol
Pocc = 0.85f¢ (b — Aj)

b? nb? s \?
K=1+ 140Pocc [(1 B 5.5b§> (1 B z_bc) ] VB fyw

Park , Priestley & Gill 1982 adl,
fee = Kfe

=14 Ol
fe
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0 00

LYY

Model Equations Comments
21.02 In0.5 ﬁ A i |
p : - M. _| Asw
Fafitis fee=hs [fc +(1-15 + 7 }71] So.sorac—ﬁccr( p J o= 7}/—“" fie, €1 derived from statistical
& B ¢ ) | analysis of experimental data on
Shah & 76x152mm ¢ylinders with 26<f;
1985 2 (‘1 '45"—] w\] | <66 MPa
Ko A=1+15 [3!») k=2465fe" M A =1+ 25ﬁ[[1 _ 00223/, )
Je Je A
f,.=f(1+0.11c)) €0 50fec=Ecel [— (c+2)+ J(C +2) +4(D- 1)}/[2(0 )| | o LBz O  Thsy
] (bed = A" )s
Yong et. al. —[_ 02455 w, 1Py Sow fi , & derived from linear
: o=l Pyt Pi :
(1988) d, 8sd; J}: regression of test results on
152x152x457 and 133x133x 457
&y =& || €3E; 4¢g;Ey; - E; 4E5; mm lightly confined specimens
E= G D—(S,'—Cz,- s ith 84<f.<9.
Eccl fcc il ft fcc - f2i fcc 5 fl fcc 5 f21 with 84<£:<94 MPa
f.=f+dao, 45<f.<80 MPa Foi ow' fyw : 0.05a0;
= 26, = =g' g5t
f {300, B0<[<O0MPa  COSoRTEawrt %) T3 kel =

Bjerkeli et.al.
(1990)

2
7= Olsf"c o= ) B Zb’ as=[l_i] F= 1 T
£0.85 fec ~ €ccl 5.3b.d, dyo 1+ /a0y )

Tests on small and large-scale
specimens were used in
developing the model; o is the
largest of a., o

Nagashima et. al.

(1992)

£o=0.856+9.83 [ap, fy  fS118MPa

2
s ¥0.193 | S sl ERR N Y, s
0.85/ 6b.d, 26, 2d,.

fec, €cer and €y soe derived from
linear regression analysis of test
results on 225x225x716mm
specimens confined with high
yield steel columns  with
60<f.<1t18

Muguruma et. al.

(1993)

‘/f
f=(1+49c)f, 20<f,<160 MPa 0=0.313p,, fy” (1-L}

(4 dSO
8c:u=( 1+611 cl)sult

f, €t derived from regression
analysis on 147x147x400mm
specimens confined by high
yield steel without longitudinal
reinforcement
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(Confinement) SSaub)guaxo bulg) < ()giw (5)Lind Cugds

0 o0

fecsEcc1, Eosone derived from linear

=1 .45ﬂ] "
k =24.65 fce( 2 Bl 25%[(1 _ol-002237,) ﬂ

c

0.7 1.1
- +0.1 =Py regression analysis of test results
Cu;son fecfe 142 1[0 85 fc) oot ~En 505 +0. 5[ 85 fc} SR | large-scale specimens with
5 52<f.<118MPa; o, is calculated
Paultre b’ 2 by an iterative procedure; to
(1993) 6b . 2b I 2, J -pr) determine & sy, 01 is computed
assuming o, =fyw; €0.50=0.004
Sun fw=fc+l 1.50y €0,50fcc™Eccl [_ (A T 2)i J(A)z +44+ 4(D ™ l)jI/[Z(D = 2)]
Saﬁno ; ( y 5 fyw not greater than 687 MPa
—n ¢ Pu s el cC o Je o e
= Rt &1 | PN =1 §. + = ¢
(1993) O =Pwlyw b [l 2dcj D=1.5-0.017£+1.6 53 A £
5 g 20 _1
foe=fc! —0.413+1.413 [ +11.4 for £,,<550 MPa o= —ap, f, -for f,,<550 MPa & £.<80 MPa
“ { y Lo fe } ™ 277 =225, 67092
-for f,,<550 MPa & £.<80 MPa
Liet. al. o ’ - ¢,=82.75, ¢,=-0.37
(1994) f..=f, |: 1.254 +2.254 |1+ 7.94a; z -2a; 70—] for £,,>1200MPa a4 =15 7 ] -for f,>1200 MPa & f.<52 MPa
¢=69.85, ¢;=-0.6
yb'2 " -for f;,>1200 MPa & f>52 MPa
€=E [2+ - l‘/ / ] o=|1-=— 1~ - =49.0, ¢,=0.
w=Ea 2+ (a1 —caf Wor / £, [ TR 2%, Zd (- p) €1=49.0, ¢;=0.2
f~f.+dao, 45<f<80 MPa '
Ibrahim fcc:fc'*':;ao'l 80<fc390 MPa €0.50fcc™ 8cc1+ fz O= pszlvi SO.BSfcc=5'0c35+ ;).O:a c;l.
& f=f+2a0 £=90 MPa en
MacGregor
(]996% 7=_ 015/ gty BBY F= ! Modification of the Bjerkeli et.
EO,SS/L‘C s Ecc' 5 Sb d 2b 2d 1+ (lla(fl )0’25 al~ mOdel
= X 1 SNTTE Modification of the Fafitis et. al.
Diniz =5 +(1.15 i ]01 €0 50fec™Eco1” (M)"” o= (M](l - —S—) model
& e k 2 d,
Frangopol fyw not greater than 482.7 MPa
(1997) for £<89.6 MPa or 413.7 MPa

for £>89.6 MPa
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Effective
confinement area

uaJLL;Lb.u*wLSLQ)ugm<u>|}b9dAlme|9w<FRP09dew
G0 S9N )

*0 o0

9

(a) Effectively confined concrete (b) Dilated square column confined with
carbon/epoxy jacket [19]

in a square column

(h—2r, ]n2
(b-2r)
1—L _
A4 34, Pe
A 1-p,

e ——

- S
e \‘\
4 ~
g >
p K
"" N
"/ \_’/ \\ ‘
I! -. \
f " Effective ‘-1
II coiffinement arg \
e |
] : I b
'. D !
! /
\ /
\ /
\ /
\ /
\ '/ Y
\ _'_?
\ /

Fig. 12.1.2—Equivalent circular cross section (Lam and
Teng 2003b).
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(GC| ¥ 12.1.2 Noncircular cross sections—Testing has shown
Confine

(

that confining square and rectangular members with FRP
jackets can provide marginal increases in the maximum axial
compressive strength .. of the member (Pessiki et al. 2001;
Wang and Restrepo 2001; Harries and Carey 2003; Youssef
2003; Rocca et al. 2008). The provisions in this guide are not
recommended for members featuring side aspect ratios h/b

Concrete

:

H ) ()
J

e greater than 2.0, or face dimensions b or /& exceeding 36 in.
Concrete (900 mm), unless testing demonstrates their effectiveness.
/\ h
J
-< 2
b
A N\
h < 900mm
b
v J
h<900mm ” FRP CSlj oguis ay co9di sl gblioe (oyier (lwle

blao sl opls ghdio O jl yig2 9 2po ghito
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JLis holgy siilos s bl (giw 3=y 0.1 jlI ;eSS (g Lis jL cyjSpo jl 295> jlado a il

Mu Cugol g FRP WSS jl esleiwl euyguo ¢l juc o .).)JS =0 &b (Pure AXIG')LJQJI_:>
N, ¢ <0.1h - S'WﬁlllECjenschlty GiniSy a0l el SLs J i) Lind ausb js oS subl oo oslaiwl ol (bacl glp lgis o (giuw
It is calculated as before (Balance Line ajles b sUL)siisL PMM
M, .
N € > 0.1h — Larg Eccentricity
u
M
The ratio of applied moment to the applied axial load is “Eccentricity” e = 4k
Sd
ACI Condition for Neg Neg
Small Eccentricity
le ! e
Mst_ _ 910 'l :
* P,M = V. s
wh (Nsq.-h) ;
—_— |
N Confined Py, M, ? | [+ Sideviewof
A . Unconfined P,,M, ; | G ===
R . \\\ B bR:::forcemenl i |
- 1A “"'-\,‘_ B N | x4 -4 X z z
< : * \\ _~Balance Line (Q1Ci ¥ —
~ | Compression- - s : L s T o I 3
= 7 l‘_,l < > < >
A | Controlled Ry C Note: This plot does not include ¢ factors and >
Fail s . N Small Large
aiure et reduction factors for the type of transverse steel e = Eccentricity S i W
ke reinforcement (0.80/0.85) Ms, = Applied moment Ecce ntrICIty ECCE"tl’IClty
7 T Ne, = Applied axial load
‘ > h = Height of cross section Confinement Confinement +
b = Width of cross section may be required ! SR SsOR NG

M, /AGhf,

may be required !
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ua> (5920 Gop i

Table 9.4—Environmental reduction factor for i ®
various FRP systems and exposure conditions
Fiber Environmental
Exposure conditions type reduction factor Cg
Carbon 0.95
Interior exposure Glass 0.75
Aramid 0.85
Carbon 0.85
Exterior exposure (br.Ldgcs, piers, Glass 0.65
and unenclosed parking garages)

Aramid 0.75
Aggressive environment (chemical Carbon 0.85
plants and wastewater treatment Glass 0.50
plants) Aramid 0.70

Ghao hulud Juds 4 cugyb GholS b
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7
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Ae:2R18 cmR Ae:1574 cm2 Ae:1875 cmR Ae:1654 cm2
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k:0.749 cm2 k:0.752 cm@ k:0.783 cme k:0.663 cm2
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2. Determine the required maximum compressive strength of confined concrete

[l =
CC_

1 q)P jL 3yg0 (§ylind Cuoglio JiSlas (el
n,req

f (S b yguazo jl Juol>)
0.85(4, —4,)\ 0.800 "~

3. Determine the maximum confining pressure due to the FRP jacket
Y. FRP oslaiwl jl 5ol uiSlas Saub ) S8 sl
PR e
14

3.3x,

A(b 2 [(2)(h—21;)2+(];)(b—21;)2] ghio 3Sloc s dawlxao
K = €l — 1- -P,
‘A \h i =
C ¢ Pe
4. Determine the number of plies n ﬂ \/b2 4+ k2 FRP slo wl 3]s auwlo

n=— Sfe — Kegfu
2E 1€,
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N

[Checking the minimum confinement ratio] — FRP jlago J8las xS

f 4
i Light FRP confinement T :
: e § Confined concretg ;
will exhibit “descending =
braqch and should be P [ ™~ TUnconfined |
avoided. : concrete E
A ;
f 2% € 0.003 € g
I > rc ©t . ccu €
2L >0.08
f;_, Fig. 12.1b—Stress-strain model for FRP-confined concrete
(Lam and Teng 2003a).

Strain

It is important to note that a minimum amount of FRP reinforcement needs to be used to ensure the bilinear model described.
For low levels of FRP confinement, a strain softening is still evident. In order to ensure that an ascending branch will be
attained (and therefore an increase in strength), the ratio of the confining pressure to the unconfined compressive strength

should be greater than 0.08.
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ARG Retrofiting Company

Strengthening of rectangular Column with FRP
programmed by AliReza Khooyeh

column properties ARG Retrofiting Company

Column width b= 500 mm . .
Coiimis hightsh i mm Strengthening of r('actangular Column with FRP
concrete Cylandrical strength fc = 25 Mpa programmed by AliReza Khooyeh
steel yeild strength fy = 400 Mpa

237 09085 b g 0 gy 1 Sleia o BB A 4 e (gt S Ll £lad 45 (5 )90 50 tanoy

b
r> mm{ —,35 mm} = "
6 Wb Al T @ ax 5 b Gyt Cuoglie wal 109d eileyl ain b S SIS L

Ultimate compressive strength of confine concrete with FRP

Rounded Corner r= 45 mm oK
Gross Area of Column Ag = 348258.5 mm2 / £ }r"
Total Steel Area Ast = 8800  mm2 L =—"—% > fl= 4.34995596 Mpa
Reinforcement restriction ro = 0.02526859 3 '3Ku
Phi Pn= 5 N 5581416.425 N FRP 905 ;o= (%) U 25T .
: gosialt 09 O D St e Required Number of FRP layer
ratio= 1.1
expected strength of column with FRP Pn req= 6139557.6 N FRP U g5 5,L03 5Li5 590 5250 . )
additional reduction factor Y= 0.95 Effective
) ) — S S confinement arca
FRP Properties(Manufacturer’s reported FRP system properties) strength atiate putaimans f ,'bz " h:
FRP product name CFRP300 — Py 2 n="""__"_ 5 = 3
FRP layer thickness tf = 0.17 mm General purpose 3050103790 i3 sz Ef‘rfsf?
Fiigh strength 3790 10 4830 i3
FRP rupture Strength f*fu = 3792 N/mm U ugh strength 382016200 | [
FRP strain at rupture point e*fu = 0.0167  mm/mm High modukos : ATHCRI00 s minimum confinement check (a) Effcctively confined conerete  (b) Dilated square column confined  with
% Ultra- hugh modulus 52010 690 1380 10 2400 02 in a square column carbon/epoxy jacket [19]
FRP Elastic madulus Ef = 227527  N/mm2 Giass fl/f'c 0.17399824 OK
Egan Gon | 16w | 33 c0.
S LCIE N L = maximum Strain compressive check
o TN e = Verify that the ultimate axial strain of the confned concrete eccu < 0.01
Compute the design FRP material properties
The col " located | TREROE hvl t Table 9.1—Envil | reduction factor for
€cojumnisiocated nannssnes:cnvironmen various FRP systems and exposure conditions Kb 0.600975
Environmental
Enviromental reduction factor 0.95 Exposure conditions Fiber type | reduction factor Cy f 0.4
Jiu=Ck 36024 Mpa Caxbous 993 Eoeuw = €, ( 1.5+ 121,22 ) j)I = 0.007888 oK
Interior exposure Glass 0.75 i ’
& =Cre, Aramid 0.85 ¢
“fu=CESfu = 0015865 mm/mm Citoa o5
Exterior exposure (bridges. piers, and [~ T
unenclosed parking garages) s -
Aramid 0.75
Carbon 0.85
Aggressive environment (chemical Glass 050
Ultimate compressive strangth of confine coricrete plants and wastewater trestment plants) S =
: 3 OF, .
flee =222 — fAge) > 28.720 Mpa

= 0854, —4,,) 0800

Calculation of Shape Factor

[(B)(h—2r)% + (5)(® — 2r.)%]
- 34, —5
1-k

1

kS
-

a
—  0.50791656

kS
o

Ag b\
Ke = _'( ) - 0.2591 Fig. 12.3—Equivalent circular cross section (Lam and Teng
A \h 2003b).
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FRP aLU 4 =(jgiw glo auigS (Sauby,S (y9a0 Ratio=1.15 ¢ C25 (i cuoglén L 60 ;3 60 (jgiw
FRP oLl 3 = jioadao 25 auigS ([Sauby,S L Ratio=1.15 ¢ C25 i cuogléo L 60 53 60 (jgiw

*

FRP aul 3 = jiaulio 35 auigS (Sauibs,S L Ratio=1.15 « C25 (i cusglao b 60 43 60 (jgiuw

*

FRP aLU 2 = iadao 35 dubgS (Saubs,S L Ratio=1.15 ¢ C25 (1L coglan L 60 5 60 (jgsiw

*

lois> SUL gl Eleid 5o jpgo jluw 4S35
g Bl Jul=d )3 ghio ahw GéslS il

Column Properties

Column widthp = 600 mm
Column heighth = 600 mm
concrete Cylandrical strengthfc = 25 Mpa
steel yeild strengthfy = 420 Mpa
Rounded Cornerr = 35 mm
Gross Area of ColumnAg = 358946.5 mm2
Total Steel AreaAst = 9800 mm?2
Reinforcement restrictionro = 0.02730212
PhiPn=  5998388.83 |\
ratio= 1.15
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VAR. ROUND CORNER MATERIAL PROPERTIES
~ R=35mm ) .
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VAR.

EXISTING COLUMN

CFRP-300

2 PLY

QOVERLAR

RETROFITTED COLUMN SECTION
AXIAL OR SHEAR STRENGTHENING
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NOMINAL GAP AT
AR N TOP AND BOTTOM 1 _
e |

FEMA-547 |3 o a5l culisjs

o
FLEXURAL—": 2
HINGE & s
REGION, FRP COMPOSITE JACKET
TYP. (TYP.) D
1* —Secondary confinement
D EXISTING COLUMN TN region required to prevent
N formation of a flexural hinge
SECONDARY CONFINEMENT :f?"“"’e;:ﬁ :”'""“'? plastlc
REGION (TYP.) ge zone.
PRIMARY CONFINEMENT
2 REGION (ZONE OF
= B INELASTIC STRAINS)
SIS ST
CONDITION - A1 CONDITION - A2
SHEAR STRENGTHENING CONFINEMENT FOR CONCRETE COMPRESSION ENHANCEMENT

Fig. 13.3.2—Column plastic hinge confinement.
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NOMINAL GAP AT
NN TN g, TOF ANDEOTTON
(=]
]
I - At each region,
% LONGITUDINAL the total thickness
y REINFORCEMENT of the FRP jacket shall
be the maximum of those
_———— EXISTING COLUMN Sotsrmiined for the
—— EXISTING SPLICE various failure modes in
LOCATION that particular region:
FRP COMPOSITE —— | | 1. Shear .
JACKET 2. Concrete Compressmn
| ; a 3. Lap Splice
////////'//////jf 7 TR
T GAP
CONDITION - A3 CONDITION - Ad
LONGITUDINAL BAR SPLICE IMPROVEMENTS FOR ALL 3 DEFICIENCES

ENHANCEMENT

NOTES: 1. .~~~ AND - DENOTES SLAB, BEAM OR FOOTING.
2. SEE Figure 12.4.4-1B FOR COLUMN SECTION.
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1. crushing of concrete prior fo sreel yield

2. yield of sfteel Followed by concrefe crushing

3. yield of sfteel Followed by FRP failure

Ui b S ol 598 s
O ahw jl FRP (Ssublas

4. shear / Fension delamination in concrete cover

5. FRP debonding from substrate (FRP debonding)

X X < (X

The desired mode of failure is usually mode 2 or 3.
PIsS o 30T 3929 a4y jl (§1aS59l> jokis ay

Failure Mode 3 Failure Mode 2 Tals poll 0 Sldoe az (b5 390 5 il
e FRP ° Concrete
5 aed : Failure o ol Crushing
=! ﬂg\“e : - “g\he“
S : S 2
. _Ur_m-s’;engthened - _UrTst_re;gTh-e_ngd_ o
Steel Yielding Steel Yielding

Deflection Deflection
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reinforcement. (Also note with rhis failure mode that
once Fhe FRP fails, Fhe beam does still

have some residual strengrh and deflection capacity
based on the original unstrengthened

section.)
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Failure Mode 3

Load

Unstrengthened
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FRP debonding (see (b))
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\

.

cover delamination (see (c))\j

(a) Behavior of flexural member having bonded reinforcement on soffit

flexural inclined
crack  cracks

————

- _— debonding progresses
H$H through cement matrix
FRP pulls away  or along adhesive layer
from substrate

(b) Debonding initiated by
flexural and/or shear cracks

delamination progresses
through cement matrix A

FRP pull
or along adhesive layer il d

from substrate

(c) Cover delamination initiated at
curtailment of bonded FRP reinforcement

\
SUPPORT

o
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Fig. 14.1.2a—Delamination caused by tension failure of the
concrete cover.

— e ——

Vbbb

diverting forces

Peeling-off caused by unevenness of concrete surface.

(a) FRP rupture
i ! ! ! ! ! ! ! ! ! !

' ! '

|
|

(d) Concrete cover
separation

(c) Shear failure (e) End interfacial

debonding
{ 4 ! |

e N

(f) Intermediate flexural crack (g) Intermediate flexural-shear crack
induced interfacial debonding induced interfacial debonding

|

Figure 1: Failure modes of RC beams strengthened with FRP [35]
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FRP anchorage systems <

FRP strip anchorage : zmchored FRP

anchored FRP

U-wrap anchorage

beam soffit
(a) U-wraps (b) FRP strips

mechanical fastener
NSM

anchor

anchored FRP

steel plate
AN, l'

beam soffit
anchored F R_P

(¢) NSM anchor (d) Mechanical fasteners
fiber anchors
[ N\
L |

| [ 4
- anchored FRP 797 ]
fiber anchors =, f

anchored FRP
beam soffit (e) Fiber anchors
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p Scheme B Scheme D Scheme F

¥ Different FRP mechanical anchorage systems
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Existing reinforced

Existing reinforced -

concrele shear wall x /' Longitudinal FRP concrete shear wall |
New concrete

encasement x New steel angles

Headed (dowel) New stiffener plate
anchor bars. _\ 1 Headed (dowel) shear as required
Reinforcing barsx::

Longitudinal FRP

Threaded anchors.

17 pins.

Threaded anchors. Threaded

anchors

Shear pins and/or
— /anchor bars

Y X LRI

| o AP AL RAT
A2 3 S 0
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1,._.. AA JA LAL Lo

G 1 ;_ | Existin u ! Z Existing
onxc;ztr:gg/ —J L\s— Slab og onxt;ﬁggg _/ Slab ng
. . P ’ 2 s = . . 2 : . grade : : 2 L : % grade
(a) Anchorage with concrete encasement (b) Anchorage with steel angles
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Fig 7-7: Section of the anchor system.

Predrilled hole 5
in concrete

Fig. 7-8: Top view of the anchor system.

Layers of saturated sheets

(Vg layers
| Anchorage
—
"____ Final saturated
sheet layer

Protruding ends of fibres over
and spread evenly ouf from hole
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Understanding & Designing Fiber Anchors

4 Concrete-cone Concrete-cone Fan-to-sheet
Fiber rupture ' fa + concrete Dowel pull-out o+
ailure failure debonding
1
5 4 )
E haﬂc
—_—
=
E FRPspike 47
s anchor — | Pane
1
‘ i
w 1
S FRP U-wraps
= : KK
g N J N T T T
m 3
\ /Kﬁg. 2. Failure modes of FRP anchars [12]. /

Design approach for FRP spike anchors in FRP-strengthened RC structures

Enrique del Rey Castillo™*, Ravi Kanitkar”, Scott T. Smith®, Michael C. Griffith",
Jason M. Ingham®
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STRAIGHT ANCHORS _ _

. I a y
L I-ﬁinbcdr_ﬁcm P
~ldepth (Her) .-

— 90 — @ 75 Dowel
N = 4.93[,5“10‘%4@?;,?;1[( — ] e e

W R
NS5 31E e 1034062 (90 — a) l;-irl.h 1 | Key findings from available research:
r T T+ rate dowsll 90 p (Jsn) * Ultimate tensile capacity of anchors tends to be
o ! lower (60% or so) that FRP strips with equivalent
ANCHORS INSERTED AT 90° e amount of fiber.
— = (90 — - * Tensile capacity of anchors is a function spla
Ni = 3.0E,¢, 10_3143(;?34 (T) :  lmct;:;::un mml angle (o) End iﬁserﬂon angle (B). P
oD rk i), ||+ Anchor capacity is not linear based on size, i.e.
NS%  29F ¢ 10-34062 (go _ a] =4 A | | I‘m twice the anchor area doesn’t mean twice the
r = Labgfy dowel 90 ‘h'ﬁm g Ifﬂil,h tensile capacity.
L o) Fan '
) component
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Carbon Spike Anchor- CSA™

TECHNICAL DATA

Tensile Strength 4.90 GPa

Tensile Modulus 230 GPa
Ultimate Elongation 1.7%

Shelf life 10 years
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Anchor Pullout in Concrete

Cone failure

B
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L-section

length: = 100 - 300 mm
,=40mm

| CFRP-strip
b A T / Adhesive
=30 mm E— - /

Concrete

slits

Fig. 7-6: Anchorage for CFRP strips, special anchorage system (Zehetmaier 2000).
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(a)

v ' A v Cross section A-A
' @ —lél: =
[ @
Pt

Bands (strips) (1) and (2) could be double
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