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This PPT file are based mainly on slides developed over the years by Prof. Jin-Guang TENG and Prof. Tao YU.
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Fibre-Reinforced Polymer (FRP) Composites

Resin matrip

v AFRP = Aramid FRP
v" BFRP = Basalt FRP
v CFRP = Carbon FRP
v" GFRP = Glass FRP

Fiber-reinforced polymer

<— (FRP) composites are formed

by embedding continuous
fibres in a polymeric resin
matrix
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FRP Products for Strengthenmg Appllcatlons
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Advantages of FRP Strengthening

Have all the advantages of steel plates for plate bonding

High strength/weight ratio

Flexibility in shape

Tailorability of material properties

High resistance to corrosion and other chemical attacks
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Ibach brldge 1991

First use of CFRP to strengthen a structure

CFRP strips were
going to be prepared

only 6 working hours!

Courtesy of Prof. Urs Meier
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FRP Strengthenlng of Concrete Structures:
Typical Strengthening Scheme
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FRP Strengthening of Concrete Structures

H

Strengthening of concrete structures with
externally-bonded FRP reinforcement

0 Bond-critical applications
v Debonding failures

2 Contact-critical applications
v Confined concrete
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Debonding Failure

S-GU-2-1a

2002/4/27
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FRP Conflnement for Columns

Dynamic collapse test on eccentric reinforced concrete structures with and without seismic retrofit,
Yousok Kima, , , Toshimi Kabeyasawaa, Shunichi Igarashib

a doi:10.1016/j.engstruct.2011.09.017
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FRP Strengthening of Concrete Structures
Extensive Research and Design Guidance EXxist
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etrofitted with FRP and metal plates:
beams and slabs
P GB 50608 — 2020
Technical Report No. 55
Design guidance for g DN
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China USA Australia

Extensive research has been conducted at PolyU on the theory of
FRP-strengthened concrete structures; the research outcomes of
PolyU have been widely adopted by design guidance documents

around the world.
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DeS|gn Principles and Requirements
FRP strengthening system

The design of an FRP strengthening system* aims to ensure an
acceptable level of probability that the structure or structural member
strengthened with the FRP system will perform satisfactorily during
the design working life.

With an appropriate degree of safety, the system should:
v Sustain all loads and deformations of normal construction and use;
v Remain fit for the purpose of its intended use;

v' Have adequate durability for its environment; AND

v

Have adequate resistance to the effects of misuse and fire.

* An FRP strengthening system is defined to include the FRP
material, the bonding adhesive, and the associated primer and
putty materials.
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Assessment of EX|st|ng Structures

To identify the deficiencies, establish the existing load-
carrying capacity, determine the suitability of the FRP
strengthening  technology, define the performance
requirements for the system.

Such an assessment should cover the following:

® A review of existing design calculations and drawings
or as-built documents;

® A site investigation; and

® A structural analysis of the existing load-carrying
capacity, based on the review of documents and the
Information gathered from the site investigation.
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Basic PnnC|pIes for FRP Strengthening

- The FRP strengthening system should be so
designed that the FRP is only called upon to resist
tensile forces.

« The strain compatibility between the FRP and the
concrete Is ensured by adhesive bonding (plus
mechanical anchoring where appropriate).

« The compressive strength of FRP should be
neglected In the event that the FRP experiences
compression due to moment reversals or load pattern
changes.
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Basic Principles for FRP Strengthening
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» Long-term performance and durability: 1) environmental factors
Including the effects of moisture, temperature, freeze and thaw cycles,
and ultraviolet (UV) radiations; 2) chemical attacks by alkaline, acidic,
or salt solutions; and 3) loading conditions such as sustained loads or
cyclic loads which may cause the creep rupture or fatigue failure of FRP

composites.
Design value = L xcharacteristic value
Vm = Ym1¥Vm?2

Accounts for differences between actual ~ AAccounts for long-term strength

and laboratory values, local weaknesses degradations due to environmental

and inaccuracy in the assessment of €xposure mclu_dmg the (_eﬁ_:ects of

resistance moisture/solution, alkalinity, elevated
temperature and ultraviolet radiations
(UV)
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Flexural Strengthening

RC beam
I -

0% ‘/
i Adhesive layer L [:
; obo

B |
L Section A
A Soffit plate
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Conventional Failure Modes

FRP Rupture

AL LN NN ]

(a) FRP rupture

Concrete Crush in g ——r——

7N NN N
paN

(b) Crushing of compressive concrete
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Debonding Failures of FRP-plated RC Beams
|

Flexural
crack
\'.A Debonding . YX
s / i # R Critical diagonal crack

Debonding
(a) IC debonding (b) CDC debonding
Deb dlng [ i \ W i"A JS/ g E E\\
Dehcmdmg Debcmdmg
(c) CDC debonding with concrete cover separation (d) Concrete cover separation
Lg/ | M (L0

I—- -—I fi'_#i:'_'_'_'— .
Debonding Debonding Debonding

(e) Concrete cover separation under pure bending (f) Plate end interfacial debonding

Intermediate crack debonding: (a)
Plate end debonding: (b) to (f)
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Plate End Debonding

« Due largely to the high interfacial stresses between the FRP
plate and the concrete beam near the plate end;
« Should be prevented by additional anchorage at the plate end

MechaniCﬁl fastener
/

y -/
L e R

Tension face of beam or slab

Anchor fan
Tension face of beam or slab J A Anchor dowel
FE
A 4 <7 A
<i .
>\A FRP plate Section A-A

A

Concrete substrate
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Intermediate Crack Induced (IC) Debonding

Flexural

crack %
Concrete / / d / [ [K

Debonding

Bondedplate

Empirical models have
been developed based
on results from bonded
joint tests for the IC
debonding strain.
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Concrete Beams Shear Strengthened with FRP

Fibre orientations and distributions Bonding scheme and notation
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Concrete Beams Shear Strengthened with FRP

Factors to be considered in selecting a strengthening scheme:

»Accessibility:

« Can the whole perimeter of a beam be accessed
for wrapping?

»Loading type:
« Monotonic loading, or reversed cyclic loading?

»Required shear capacity increase; and
»Economic considerations.
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Concrete Beams Shear Strengthened with FRP

Debonding failure * FRP rupture failure
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Shear Capacity

e Shear capacity of shear-strengthened RC
beams:

Vi =V +Vs+ Vfrp

v V. = contribution by concrete

v V, = contribution by steel shear
reinforcement

v’ Vy,, = contribution by FRP

eV _ &V, can be calculated using provisions in an
existing code on reinforced concrete structures
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I\/Iethod of Column Strengthenlng

« Wrapping
 Filament Winding

 Prefabricated Shell
Jacketing

FRP shell
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Various Forms of FRP Wrapplng

(a) Full Wrapping

(b) Wrapping with
Continuous
Spirals

\

(c) Wrapping with
Discrete Rings
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(b)
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FRP-conflned Concrete
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(a) Without rounding (b) With rounding (c) Section

curvilinearization
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FRP strengthened SIender Concrete Columns

Axial Load N

Moment M

Axial stress o,
—h

r

Axial strain g
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Three Level Fire Resistance De3|gn Approaches

Moment A Service load
capacity Loss of bond  Protect both the RC beam and action
. / the FRP strengthening system
Strengthenedp------ f SIEX
RC beam i . .
RC beam — aimm
i ; ~
! r—* \ .. Protect the RC beam only
1 i \ »
5 A / Level-l|
' Unprotected \
: \
: . AN Level-|
. | | I\ | | | | T'j'
. 0 ime
Before - After : 30 60 20 120 150 180

strengthening ! strengthening ' Fire resistance rating

# Gao, WY, Dai, J.G., and Teng, J.G. (2018). “Three-level fire resistance design of FRP-strengthened RC beams.” Journal of Composites for
Construction, ASCE, Vol. 22, No. 3, 05018001.
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Three Level Fire Resistance De3|gn Approaches

Level-I design (Unprotected FRP-strengthened RC beams)

<« Design formulae

| A | A
R[“’p"’—“ﬂag’b]=¢’(7)xw(c,p) ‘/’( i )"{ > [x(b)
d A A,
2 3 500 : =
¢(7)2a1+a2'7+a3'7 +ta, -y e
s0% o F
a)(c’ps):a)o_i_a)l'c A400 "'l," I ,/'/
= ,/‘, [~
| E 0%
2 (2] ’ Kal
4 Euoj:'/’o""//l‘/?""//z'ﬂ §3oo . ,qj_e-sy,’*‘
3 .0
A, A % 200 :
& &1 + &.:2 E
Ast Ast LBL
100
. Al O Calcareous aggregate concrete
Total 512 numerical tests e + siliceous aggregate concrete
00 100 200 300 400 500
FE results (min)

# Gao, WY, Dai, J.G.,, and Teng, J.G. (2016). “Fire resistance design of un-protected FRP-strengthened RC beams.” Materials and
Structures, Vol. 49, No. 12, 5357-5371.
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Three-Level Fire Resistance Design Approaches

Level-II design (Partially protected FRP-strengthened RC beams)

K/

< Simple design method

Temperature field analysis of insulated Ell:::I “£00 °C” isotherm method

RC beams
\\\\\ dequ
pAY 1—»‘
- [ - Fire insulation layer
- :, - =
- | Concrete Concrete .
‘\! o b AJ = Equivalent concrete layer
- -
2\ - \ dEQTi d kﬂ, kpc
Fire msulation Equivalent concrete layer
(a) Insulated concrete member (b) Equivalent bare concrete member

# Gao, W.Y., Dai, J.G., and Teng, J.G. (2015). “Simple method for predicting temperatures in insulated, FRP-strengthened RC members
exposed to a standard fire.” Journal of Composites for Construction, ASCE, Vol. 19, No. 6, 04015013.
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Three Level Fire Resistance Design Approaches

Level-III design (Fully protected FRP-strengthened RC beams)

= 600 mm .
e @ A temperature analysis
o | problem
i |
2D heat : : 2D heat tZID h;af : 2D l}?at y*
|:> transfer | | transfer <: anster | franster 1D heat
| : : |:>_“ _________ : __________ ‘<:| . transfer .
1jl 2D heat | 2D heat
Yy :K Y| transfer : transfer | |
11 .
x \ x Slab/Wall
ﬁ 1D heat transfer | (1-side exposure)
Wide beam (3-side exposure) Column (4-side exposure)
One-dimensional heat transfer Two-dimensional heat transfer
AT = 604,120 k¢ kp 0
X
64120 = o - exp(a,d) + a, AT = {[ln (@ + 1) + 1] -m(y) - n( )} ke ky
ity + st
g = +2——— m(y) = 0.759 + 437 x 1073y — 1.71 x 10752
t, +t4
b y y 2
= 2 —
kp = exp|bo + b/200+b2 in(b/2 00)] n(>)=126-132(3)+0881(3)

# Gao, W.Y., Dai, J.G., and Teng, J.G. (2014). “Simple method for predicting temperatures in reinforced concrete beams exposed to a standard fire.”
Advances in Structural Engineering, Vol. 17, No. 4, 573-589.
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Three-Level Fire Resistance Design Approaches
Level-III design (Fully protected FRP-strengthened RC beams)

1000 1000

Y | | | ——5mm (FE) Y i
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sookd | ¢ | ho—oooo-2 e e sooH Smm (FE) H ]
_ 5 2| === 10mm Proposea) [] facsiso [ Insulated beam
e L 20mm (FE
< e mm (FE) ;
© ] mamm 20mm (Proposed) ! H
Nl DF e ok e i 2600 sections
o o
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§ 400 -——-— Aol et e %-;_400
(=% ol mm
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— L | | ==——- 10mm (FE) ~
200 _;“J:c ________ |”| == === 10mm (Proposed) || 200 d; doqu
i i | =——=20mm (FE)
| || === 20mm (Proposed)
D 1 1 T 0 &Jh ‘
0 60 120 180 240 }ijg
Fire exposure time (min) Fire exposure time (min) 5l -)
L j&
P5¥  Concrete Concrete
1000 i <
1000 T T T T T i
— Smm (FE) — 5mm (FE) ! ! ] -
m—— S5mim (Proposed) m 5mim (Proposed) i : _35;; -
s00H " 10mm(FE) | o________1___ 800H ™" 10mm (FE) | ] :}*.\“1 \
o === 10mm (Proposed) 5 === 10mm (Proposed) | | |5 550y 11 d,
< —===20mm (FE) e ———--20mm (FE) b e
- s © == 20 P d I
.E 600 20mm (Proposed) 8 600 mm (Proposed) ,
© o
2 2
400 ® 400 Insulated column
E E L]
5 ke sections
200 200
0 L L 0
0 60 120 180 240

Fire exposure time (min) Fire exposure time ({min)

# Gao, W.Y,, Dai, J.G., and Teng, J.G. (2015). “Simple method for predicting temperatures in insulated, FRP-strengthened RC members exposed to a
standard fire.” Journal of Composites for Construction, ASCE, No. 19, No. 6, 04015013.
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Fire resistance design of FRP-strengthened RC

structures
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FRP Strengthenlng

Ottawa
@

Chicago PENN ophiladelphia

San Francisco ik United States
AD KANSA

Dallas
©

Over 3000 RC columns were
strengthened using ERP in
Caltfornia

Cuba

Karbhari, V. M., & Seible, F. (1999). Fiber-reinforced polymer
composites for civil infrastructure in the USA. Structural engineering
international, 9(4), 274-277.

Zhang, J. S., Karbhari, V. M., Wu, L., & Reynaud, D. (2003). Field
exposure based durability assessment of FRP column wrap
systems. Composites Part B: Engineering, 34(1), 41-50.
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of RC Structures

(©)
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Emergency Strengthenlng with FRP
=9 1]E

RxEBHIRHILEE = IS = DN E B IXRIEXHFXKEIE

(BRHBISERRER) (B ERERiEhaEE)
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Simpson, JW, Harik, IE and Chiaw, CC (2006). Shear Repair of P/C Box Beams using Carbon
Fiber Reinforced Polymer (CFRP) Fabric, Research Report, University of Kentucky.
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Example of FRP Strengthening
Marine Infrastructure

The Friendship Trail Bridg

https://en.wikipedia.org/wiki/Gandy Bridge

Winters, D., Mullins, G., Sen, R., Schrader, A., & Stokes, M. (2008). Bond
enhancement for FRP pile repair in tidal waters. Journal of Composites for
Construction, 12(3), 334-343.

Al Azzawi, M., Hopkins, P., Mullins, G., & Sen, R. (2018). FRP—Concrete
Bond after 12-Year Exposure in Tidal Waters. Journal of Composites for

Construction, 22(5), 04018031. Opening Minds * Shaping the Future « §ill B 4 - B R R
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https://en.wikipedia.org/wiki/Gandy_Bridge
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Example of FRP Strengthening
Storage Silos

S

B\

/’_\’\ {E) SO
)
o P https://seblog.strongtie.com/2019/10/case-
7 l ||v study-shoring-up-aging-concrete-grain-silos-
L || L with-fiber-reinforced-polymer/

ELEVATION ELEVATION
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Local Projects

FRP-strengthened cantilever slabs with fibre anchors
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FRP for New Constructlon

Reconstruction Project
Pak KoK Pier on Lamma Island, Hong Kong
Demonstration: FRP-Reinforced Concrete Slab
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Source:https://ww.wenweipo.com/a/202211/14/AP63718e7de4
b09044e5126c1b.html
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Concludlng Remarks

v" FRP strengthening has become accepted as a
mainstream technology worldwide.

v FRP strengthening systems are particularly
advantageous for their speedy installation,
corrosion-resistance, flexibility in shape and light
weight nature and may be used in various

structural applications.
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