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ACI Web Sessions

ACT is bringing you this Web Session in keeping with its
motto of “Advancing Concrete Knowledge.” The ideas
expressed, however, are those of the speakers and do not
necessarily reflect the views of ACI or its committees.

Please adjust your audio to an appropriate level at this time.
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ACI Online CEU Program

ACT offers an easy-to-use Online CEU Program for anyone
who needs to earn Continuing Education credits.

Once registered, you can download and study
reference material. After passing a
10-question exam on the material, you

will receive a certificate of completion

that you can present to local licensing
agencies.

Visit www.concrete.org/education/edu_online_CEU.htm
for more information.

WEB SESSIONS

9/30/2011

ACI Web Sessions

The audio for this web session will begin momentarily and
will play in its entirety along with the slides.

However, if you wish to skip to the next speaker, use the scroll
bar at left to locate the speaker’s first slide (indicated by the
icon in the bottom right corner of slides 10, 44, and 62). Click
on the thumbnail for the slide to begin the audio for that
portion of the presentation.

Note: If the slides begin to lag behind the audio, back up one
slide to re-sync.
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ACI Web Sessions

ACI Web Sessions are recorded at ACI conventions and other
concrete industry events. At regular intervals, a new set of
presentations can be viewed on ACI’s website free of charge.

After one week, the presentations will be temporarily
archived on the ACI website or made part of ACI’s Online
CEU Program, depending on their content.
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ACI Conventions

ACI conventions provide a forum for networking, learning the
latest in concrete technology and practices, renewing old
friendships, and making new ones. At each of ACI’s two
annual conventions, technical and educational committees
meet to develop the standards, reports, and other documents
necessary to keep abreast of the ever-changing world of
concrete technology.

With over 1,300 delegates attending each convention, there is
ample opportunity to meet and talk individually with some of
the most prominent persons in the field of concrete
technology. For more information about ACI conventions,
visit www.aciconvention.org.
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Fall 2011 Seminars

These seminars, cosponsored by ACI and the Portland Cement Association (PCA),
will cover all the major changes in the new edition of the 318-11 Building Code.

DATE LOCATION DATE LOCATION
September 13 Chicago, IL November 3 Charlotte, NC
September 27 Philadelphia, PA November 8 Boston, MA
September 29 Houston, TX November 10 Detroit, MI
October 4 Seattle, WA November 15 Des Moines, 1A
October 6 Los Angeles, CA November 17 Portland, OR
October 11 New York, NY November 29 Denver, CO
October 13 Minneapolis, MN December 1 Phoenix, AZ
October 20 Cincinnati, OH December 6 Atlanta, GA
October 25 New Brunswick, NJ December 8 Washington, DC
October 27 St. Louis, MO December 13 Dallas, TX
November 1 Orlando, FL December 15 San Francisco, CA

For more information, visit ACI seminars.
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Fiber-Reinforced
Polymer Reinforcement
for Concrete Structures

10th
International
Symposium
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ACI Web Sessions

This ACI Web Session includes 3 speakers presenting at the
ACI spring convention held in Tampa, FL April 3 -7, 2011.

Additional presentations will be made available in future ACI
Web Sessions.

Please enjoy the presentations.
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Scott T. Smith, Assistant Professor in the Department of Civil
Engineering at The University of Hong Kong, China. He is an
Associate Member of ACI Committee 440, Fiber-Reinforced
Polymer Reinforcement.
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Strength and Deflection
Enhancement of RC Slabs with
Anchored FRP Strengthening

S.T. Smith?, S.H. Hu?, S.J. Kim2 and R. Seracino?

1 The University of Hong Kong, China
2 Industrial Composite Contractors (ICC), Australia
(formerly of affiliation 1)
3 North Carolina State University, USA
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Scope of Presentation

Background Information
Experimental Details
Experimental Results
Analytical Modelling

® Conclusions
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Problem Definition
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FRP Anchors and Joint Tests

FRP
anchor

Control (no anchor)

Bow-tie Anchor

Background Information

AcCl
WEB SESSIONS

9/30/2011

Current Situation

" We are seeing more and more applications of
anchors to externally bonded FRP plates

" Plentiful design guidance available (i.e. CECS,
Concrete Society, SA, ACl, fib, ISIS, CSA, JSCE,
CNR etc) but limited anchorage guidance

® Further proof of anchorage concept required

AcCl
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Slip at loaded end (mm)
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Anchor Layout

WEB SESSIONS

Slabs Specimens During Test
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Load-deflection Responses
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Experimental Results
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Anchored Slab

Midspan deflection (mm)
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Plate Strain Distribution

Debonding
Cracks 1. to 1.
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E
Midspan deflection ()
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45 % (of flat coupon)
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Debonding crack 6. -4~

Distance from plate end (mm)
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Analytical Modelling
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Curvature Distribution

4 4.
mn
/S Tnomackod e Cracked rogion — ot}
region
= Lp—= -

e,

ACl
WEB SESSIONS)

Important Sectional Properties ==

¢ Concrete Cracking:

* Steel Yielding:

* FRP Debonding:
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Idealised Behaviour

- Closed-form solutions (assumed M-k relationship + moment
area integration)

(B M, M M)
L T L B

LS o
Curvature
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Analytical Solution

/(0 <M, < M)
12

A= I xg(x)dx

M, < "fl. <M)

A= [rolis [ralekix

(My < M, < Mgy)

Ana = ':[xch(x)dx EH :fxd)(x)dx = fo(b(x)dx

(Mg, < M, < M)

o e e e
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FRP Anchorage Modelling Strategy

ntain full in n in strain

=Strain to stress = shear transfer coefficient

0a=Egfpea  0<g<ey

Oa

(kEfrpEfrp _Gdh)(ga —&q)+ 0 Eap <2a <€y

Ef
Oavic = 4PpBr %
P

& frp ~ €db

ACl
WEB SESSIONS})




(Sabs $an)
\

diction:
k=0.6,0.65,0.7,08, 1.0

Total load, 2P (kN)

Midspan deflection (mm)
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Conclusions

" Experiments show that FRP anchors can
- increase strain capacity of plate from 45 to 79 %
- increase peak load by 30 % (above unanchored control)

- increase peak deflection by 110 % (above unanchored
control)

® Analysis can:
- can capture load-deflection response
- recommendation key values for design
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Vincenzo Bianco is a Post Doc at the Department of Structural
Engineering and Geotechnics of the Sapienza University of
Rome, Italy. He received his Ph.D. from the Sapienza
University of Rome. His research interests include seismic
assessment and retrofit of existing structures, mechanical
modeling and use of composite materials for structural
rehabilitation.

Adl
WEB SESSIONS

WEB SESSIONS! v

FIBER-REINFORCED POLYMER REINFORCEMENT FOR CONCRETE STRUCTURES FRP-RCS10
April 2-4, 2011 - Tampa, Florida, USA

NSM FRP STRIPS SHEAR STRENGTH CONTRIBUTION TO
A RC BEAM: A DESIGN PROCEDURE

SIMPLIFIED DESIGN PROCEDURE FOR PRACTITIONERS

The proposed procedure has to be:

_ ) . . * Mechanics-based, i.e. it has to fulfil equilibrium, kinematic
Vincenzo Bianco *% Giorgio Monti > and J.A.O. Barros * compatibility and constitutive laws of the materials involved;
« Simple to apply, consistently with the informatics tools each

structural engineer has at his disposal nowadays.

The proposed procedure is based on the evaluation of:

1 Dept. of Structural Engrg. and Geotechnics, Sapienza University, Rome. 1) The constitutive law Vﬁ([ﬁ;&u) of the average-available-bond-
4&;Deptof Civil Engineering, University of Minho, Guimarées, Portugal . N . i
q}APl L]\Q[ZA length NSM FRP strip effectively cross‘:;? the CDC;
RSITA DI ROMA 2) The maximum effective capacity Ve that the average-
University of Minho available-bond-length NSM FRP strip can attain during the loading
at Guimardes, Portugal process of the strengthened beam.

1a Post Doc:
1 Full Prof.:
2¢ Associate Prof.:

ACl NSM FRP strips shear strength contribution to a RC beam: a FRP-RCS10 - Tampa - Florida

WEE SESSIONE: design procedure 24 Aprile 2011
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SIMPLIFIED APPROACH FOR PRACTITIONERS:
SIMPLIFICATIONS INTRODUCED

SIMPLIFIED APPROACH FOR PRACTITIONERS:
FLOW CHART

Beam flange

1. Determination of the average ‘ Input Parameters ‘
system composed of the Dbyt fuyisei s Fi By by midis o0
average available bond length
strip Near-Surface-Mounted on
the relevant prism of

view AA surrounding concrete;
FRP

and the minimum number of sirips crossing the CDC

Evaluation of the average value of the available bond length
Ly = F(n:0: 85 )i Nl

Evaluation of the bond constitutive law of the average length NSM strip
strip 2. Simplified local bond stress- ‘ Vi (Coidi) = F (70363803013 E s fonisyih) ‘
slip relationship i.e.
characterized by the only
ﬁ phases of “softening friction”

- and “free slipping”;

Evaluation of the comprehensive constitutive law of the average length strip
Vi (i) = £ VB (a3 )s FamiSiihys Frier]

Evaluation of the maximum effective capacity of the average NSM FRP strip
v

3. Semi-pyramidal concrete

€DC i
plane frad‘ure syrface, instead of Application of the Shear Formula
semi-conical. V2NV sin

ACI NSM FRP strips shear strength contribution to a RC beam: a FRP-RCS10 - Tampa - Florida

WVEB SESSIONS design procedure 2.4 Aprile 2011

ACI NSM FRP strips shear strength contribution to a RC beam: a FRP-RCS10 - Tampa - Florida

design procedure 2.4 Aprile 2011
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BOND-BASED CONSTITUTIVE LAW OF A NSM FRP STRIP COMPREHENSIVE CONSTITUTIVE LAW OF A NSM FRP STRIP

Superficial concrete fracture

Bi-dimensional representation Tri-dimensional representation
Lin(Lawidls) : L2 (L > L) — - TR - T
] L (L) | e Surfice bl
| i i L=l Bl “| L1t
L 7 L.‘(L‘m <L :]ﬁ . J e Vi[Tiou ()] ;mI (. NW.I L. AL, Ly
| o ae) | adtet) (e ~ Vi) ar 0 L Ay S s ]
S ; : ; i L Vi (Luid) A At S v P
Gllal) A ullwle)  ullwele) % S e Ve — L) (hisen) (b 2=
5, Vi (Len < L) i (lmf ) l 3

(L) =00 (L= Lv\) Sua(Lon= L) =8 Law> L)

Vi [l (8500,
~

VI (L) [ Lt )0, ] ‘ ) i,
N Lo L)

T /'X\ 1 phase 0<3y, <4, (Ley) [ g )

| 5 (L) <0 g m ‘

/\ LN stweasate) L o

0 (L)< < (L)

strength contribution to a RC E FRP-RCS10 - Tampa - Florida
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ULTIMATE CONFIGURATIONS ASSUMED BY THE
AVERAGE AVAILABLE BOND LENGTH STRIP

COMPREHENSIVE CONSTITUTIVE LAW OF A NSM FRP STRIP

Deep concrete fracture

Vi (Lagidy) e o fotree
+ | ——y b
L === Vi (Ls) . WAty
Vit (Ledis)
T V(W) (t:a) (t5:)
ViG] o % Vo (Lt s
Lallaids) N T T 1 Al
Debonding Strip tensile  Concrete semi- Mixed shallow-
AL (ti0) rupture P acture i id-pl
el o debonding

E/e
Witia) &
AL
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NSM FRP strips shear strength contribution to FRP-RCS10 - Tampa - Florida

24 Aprile 2011

EVALUATION OF THE MAXIMUM EFFECTIVE CAPACITY:
case of either (u=1) concrete fracture up to the free extremity or (u=2)
strip rupture

COMPREHENSIVE CONTITUTIVE LAW OF A NSM FRP:
POSSIBLE CASES

Strip Rupture (u = 1) Superficial (or absent, Vicoc (7:€) Vi (Lai6,)
limit) concrete N
with or without an initial Vi (Leisd) V(Lo atlimit) concrete O <8,
iR O LR O fracture and last I
concrete fracture, or u=toru resisting bond length
s e oo SR e
(u = 4) to the effective
resisting bond length.
9 act
max 1 2 2
Vi =, =—1AC, e
Superficial (or absent) =t o e ) L..{A B
concrete fracture and . [ g r{:|
concrele lracture 7: v, esin(1=Ay 7 1A Fima L N T=(1=A Vi -
last value of the resisting Deep concrete 9u(r:9) i (7) arsinl Lo)+(=A LNI-A 7 ko) =
bond length larger (u = 5) fracture (u = 6)
than the effective resisting . ;
bond length. o Vit =Vien () s
P T
= S (07 )

Whatever the case, among these above, the analytical equations are exactly those of the bond- _ . 1
based behavior. The only problem is determining correctly the value of the resisting bond length | | [%Z% _ .
following concrete fracture and/or the value of the imposed end slip in correspondence of which peak is
attained.

i

ACI NSM FRP strips shear strength contribution to a RC beam: a FRP-RCS10 - Tampa - Fi
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Acl NSM FRP strips shear strength contribution to a RC beam: a FRP.RCS10 - Tampa - Forida

design procedure 2.4 Aprile 2011
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EVALUATION OF THE MAXIMUM EFFECTIVE CAPACITY:
lshallow concrete fracture and ultimate resisting bond length smaller than

the effective resisting bond length (u=3)
Vicoc (7€) Vi (L)

a1 . 28, Voo o) (s
KEhwm {[‘\ (c ’Q)(WSMJ (e *Q)%f

U AClr 2aCy | 1 A
A sin(0+h)

g z:'iy[amsm(lfA.';/“m L)

HU=A T L) VI-0A T L) [#ACrrlg +A iy |

I Yo =72 = 2805 (Law)
e =725 T in(0+ )
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EVALUATION OF THE MAXIMUM EFFECTIVE CAPACITY:
shallow concrete fracture and ultimate resisting bond length larger than
the effective resisting bond length (u=5)

Vallwid)
[
57
ps L ,\Cm( 24, ] Clm@@) ACTT
L * sin(6+5) 2.A vy
&0 2 =L % T 24
(8 Vi (7) il [L"’ o ,m(law)}
7y=15-7, N A
R ! L 20(kw)
. | Tre S i 0+ )

NSM FRP strips shear strength contribution to a FRP-RCS10 - T
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SIMPLIFIED DESIGN PROCEDURE: APPRAISAL

Table 1 — Valus of the parmeters characterizing the beams adopted to appraise the
proposed (1 mim = (,0394 i - | N = 0.2248 Ib)

Lty Lrad

Beam || £ . s
Labed [ * | % | mwim) | &V | &V | &¥ Nvp)

53] d.98 | 333y
3 | 2642 | 5534
[5888 | 8433

o409 | 7.

]

¢ |s0asn

3 | I95WE8%)
1541|4573 | 20400880 164 7505 45)| 3 | 23440837

)

IHI0H

4904 | 4574 | 4140980 [134 3505 29) 2319820
17970 | 7873 | 40200904 | 106 T3(4.20) £9.24413.90)
1550 | 4108 | vea00r.06 165 1606 66) 074EI)
37| 3659 | 43.55 |4830010.99)) 3041 | & |3ravenn
2571 139(3.48) Tasor o738 [sagonzan 9105359 | o [soseqren)
All beams have exising saeel simups <6300
“ Thi L l value was affeced by disurbay

The ratio Vf/\/fexP presents mean value of 0.85 and standard deviation of 0.36
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NSM FRP strips shear strength contribution to a RC beam: a
design procedure
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Vicoe (7:6)

EVALUATION OF THE MAXIMUM EFFECTIVE CAPACITY:

shallow concrete fracture and ultimate resisting bond length equal to the

effective resisting bond length (u=4)

Vi (Lew: )

Sy

=Ln

S5m0y ) O 5 o
vt e T SRRV SN PO . o
Vour () [ ACT Ly Vs TA T

) faresin(t=A )20 T L0 T 2
bV Vo ()

H 2-6
1 =p=—1
\ Vmax =71 Ly -sin(6+ )

FRP-RCS10 - Tampa - Florida
2:4 Aprile 2011
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Vicoc (7:€)

EVALUATION OF THE MAXIMUM EFFECTIVE CAPACITY:

deep concrete fracture (u=6)
Vi (Lew:00)

%=15y,

max maxl ./ max2
Vitg = max (Vi Vi)

G <8 and Ly, <Ly,

.
| Gr V.‘m(,vmm):i{‘\'cf’ 57 *%‘

! [resin A T )40 7 NI e 7 2
o

| ST

L SU = et SN L a0+ )

Vien (7)

VIS Vit (muz)=

Ul e o 20w Vs A ®i(0n) ACEr
7{{‘\@‘ M) e o) 1

L
_2AC m}
sin(6+)

4-As

[msm(l—mw L) +
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1)
2)
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FUTHER (DESIRABLE) DEVELOPMENTS

FROM THE RESEARCHERS' POINT OF VIEW

Analytical equations providing the values of the parameters defining the
local bond stress-slip relationship as function of chemical properties of both
1) concrete and 2) adhesive and 3) adhesive layer’s thickness;

Interaction with existing steel stirrups.

FROM THE PRACTITIONERS’ POINT OF VIEW

More simple equations;
Closed form i.e. absence of iteration to determine the strip’s constitutive law

NSM FRP strips shear strength contribution to a RC beam: a
esign procedure

10



Thank you for your attention
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NSM FRP strips shear strength contribution to a RC be
esign proc

Maonash-CityLink-

"The West Gate Bridge: Stremgthening of a 20
Century Bridge for 21" Century«Logdifgs

Presented‘ﬁy: GrahmeWiliams —
at the FRPRCS 10t International Symposium T
Co Authored by R. Al-Mahaidi and R. Kalfat
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Project Overview — General Arrangement
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Grahme Williams is a practicing bridge engineer working for
Sinclair Knight Merz (SKM) in Melbourne, Australia. His
particular area of interest is in the use of CFRP strengthening
systems having been involved with a range of activities
including laboratory investigations, field monitoring of repaired
structures, design and optimization of systems and application
to in-service bridges.
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Introduction
e

Agenda:
= Project Overview

= Design Considerations
Actions
- Constraints
. Opportunities

= Review of Construction

= Testing and Inspection

= Factors Influencing Installation
= Closing Comments

WEB SESSIONS

Project Overview — Viaduct Components

Pre-cast & in-situ deck
slab

Post-tensioned precast
cantilevers

Pre-cast segments with
in-situ joints

Hinged piers

WEB SESSIONS
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Modelling Phase

o
Construction Stages

Adl
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Design Considerations — Design Action
o

For Flexure:

= Bond Strength able to be developed

= Available bond area

WEB SESSIONS

Design Considerations — Design Action
o

Typical Arrangements for FRP Shear Anchorage

WEB SESSIONS

9/30/2011

Design Considerations - General
o

= ACI 440.2R by the American
Concrete Institute

FIB 14 by the Fédération
International du Béton, or
European Concrete Task

E

= Technical Report No. 55 by
the UK Concrete Society

WEB SESSIONS

Design Considerations — Design Action
o

For Shear:
The effective strain in the FRP, g,
(i) eq/2

(i) 0.64-

(iily 0.004

where:

&y = design ultimate strain capacity of FRP

fum = tensile strength of the concrete (N/mm?)
E = design tensile modulus of the FRP (N/mm2)

WEB SESSIONS

Design Considerations — Design Action
o

Further Investigation was required on FRP Termination Details

FRP End Termination detail
at Deck Slab / Web Junction

FRP End Termination detail
at Box Girder Soffit / Web
Intersection

Note: Further discussion in Manuscript E9

WEB SESSIONS
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Design Considerations

Design Considerations

Selection of Materials
= Grade
= Achievable bond strength
+ Governed by detailing (which was tested and verified)
* Available materials
= Practicality of application
- Stiffness - ability to match surface
« Width — ability to achieve a sound bond
= Matching existing (West Viaduct)
« Strain compatibility

Bond Strength
Min concrete compressive strength of 20 Mpa (2.9 ksi)

Based on traditional structures with lower grade concrete
(typically 25-35 MPa) (3.5-4.5 ksi)

Original strengthening materials
= Glass fiber typically lower modulus than CF
= Carbon fiber typically thin, 165 GPa (24,000 ksi) modulus

Capable of achieving pull-off strength values of 1.5 Mpa
(220 psi) (min)

WEB SESSIONS WEB SESSIONS

Access

Design Considerations

Surface Preparation

= VicRoads Specification of 0.5
to 1.0 mm (0.02-0.04 in)
amplitude

= Similar to 60-grit sandpaper

= Several methods trialled and
a representative area agreed
by all parties

= Ultimately achieved a

roughened surface with

exposed aggregate and a

relatively flat/uniform profile

WEB SESSIONS A —— WEB SESSIONS

Surface Preparation Repairs to Existing Structure

= Abrasive blasting
= UHP Water blasting
= Vacuum blasting

= Crack injection
= Patch repair

WEB SESSIONS WEB SESSIONS
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Site Implementation

Deck Soffit Termination Detail

WEB SESSIONS

Site Implementation

Deck Soffit Termination Detail
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Site Implementation

Corner Splice Detail
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Site Implementation

Deck Soffit Termination Detail
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Site Implementation

Corner Splice Detail

WEB SESSIONS

Site Implementation

Corner Splice Detail

WEB SESSIONS
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Site Implementation

Corner Splice Detail

WEB SESSIONS

Site Implementation

Corner Splice Detail

WEB SESSIONS

Defect Repairs

= Resin injection
= Remove and
replace

WEB SESSIONS
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Site Implementation

Corner Splice Detail

WEB SESSIONS

Testing

= Visual inspection

= Drummy testing

= Adhesion testing

= Dry film thickness
measurement

= Flatness

measurements

WEB SESSIONS

Treatment of Existing Carbon Fiber

= Application of new
fabric over existing
fabric -

= Adhesion Testing
= Drummy testing \ <y
Fabric removal -
S

WEB SESSIONS
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areas
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Environmental Conditions

= Heating application

= Saturant cure rate

= Ambient conditions
= Rising Temp

= Dew Point

= Humidity

WEB SESSIONS

Questions?

Closing Comments

= To the authors knowledge:
= The largest bridge of its type in the world to ever
be repaired with carbon fibre
= The largest volume of carbon fibre to be installed
= 40+ km (25 miles) of mixed grade and size CF laminates

= 11,000+ m2 (118,000 ft2 of CF fabric (including
bidirectional)

= 76,000 litres (20,000 gallons) of epoxy resin

WEB SESSIONS S —

9/30/2011

—q

ACI Web 1)
Sessions 1
- S I e ]
Seminar Schedule Bookstore ACI Web Sessions ~ Conventions

o A

@Learning

Online CEU Program ACI el earning Concrete Knowledge

WEB SESSIONS

16



