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Preface

This book presents guidelines for the strengthening of concrete structures using
fiber-reinforced polymer (FRP) composites. This text briefly covers the basic con-
cepts of FRP materials and composite mechanics while focusing on practical design
and construction issues, including inspection and quality control. Special attention
is given to the different approaches and recommendations found in a selection of
international FRP design standards. Rather than a theoretical text, this book
attempts to address concerns of the practitioner, and the authors hope that it will be
found valuable in that regard.

If judged by the proliferation of journal articles in recent years, there is consider-
able interest in the engineering application of FRP. One of the fastest growing
applications is the use of FRP composite sheets for strengthening deficient concrete
structures, and in particular, bridges. Some of the main driving forces are the ease
of installation and rapid repairs that can be made using FRP sheets in comparison
to conventional rehabilitation techniques using concrete or steel jackets.
Consequently, total project costs can be very competitive, despite the high initial
material cost of FRP. At present, several FRP strengthening design guides from the
United States, Europe, and other locations are available. These guidelines are often
inconsistent and, individually, do not adequately cover all important design, con-
struction, and inspection issues to a desirable level of detail. Consequently, this
book first provides a review and comparison of the provisions found in a selection
of these existing guidelines, and then suggests design, installation, inspection, qual-
ity control, and maintenance activities for best practice. By doing so, this text aims
to fill a significant gap in the available strengthening guides and might serve as a
resource for engineers, architects, academics, and students interested in FRP materi-
als and their structural applications.

The authors wish to acknowledge the work of Sasan Siavashi, Abdel Aziz
Makkay, and Abdulkareem Kuaryouti, who spent many hours collecting informa-
tion from existing guidelines as well as prepared numerous figures and tables. We
are also grateful to Gwen Jones of Woodhead/Elsevier. Her support and encourage-
ment has made this book possible. Finally, we wish to thank our wives, Shiow-Hwa
Gau (HCW) and Marie Chris Eamon (CDE). The completion of this text would not
be possible without their love, patience, and understanding.

Hwai-Chung Wu and Christopher D. Eamon
Wayne State University, Detroit, MI, United States
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Introduction

1.1 Overview

Various causes contribute to the deterioration of the civil infrastructure. Although
bridges are generally expected to have a service life of 50—100 years, many are
showing signs of distress much earlier. Extreme temperatures in the summer
and winter, including many cycles of freeze thaw, and the use of deicing salts,
are significant factors that contribute to the progressive damage of bridge structural
members (Staton and Knauff, 2007). Other factors include heavy traffic loading,
lack of adequate maintenance, and collision damage.

In the United States, State Departments of Transportation (DOT) conduct regular
inspections of transportation structures such as bridges. Bridge inspection and
reporting by DOTs are part of the larger, federally mandated National Bridge
Inspection Standards (NBIS) administered by the Department of Transportation
(USDOT) Federal Highway Administration (FHWA) (USDOT-FHWA, 2004).
According to FHWA data, in 2009, 5% of bridges on the National Highway System
were structurally deficient, 17% were functionally obsolete, and about 35% had
superstructures rated less than in “good” condition. Unsurprisingly, older bridges
are more likely to have problems. Considering all bridges, for example, the propor-
tion of structurally deficient and functionally obsolete bridges exceeds 40% for
structures 51—75 years old, and from 54 to 65% of the structures older than 75 years
are deficient or obsolete (FHWA, 2010).

Depending on the nature and severity of the deficiency, different corrective actions
may be required. Traditional methods of strengthening and rehabilitating steel bridges
include the replacement of damaged structural members, repair of corroded beam
ends, addition of stiffeners, and application of protective coatings (Wipf et al., 2003).
For concrete bridges, traditional rehabilitation measures may include sealing hairline
cracks using epoxy injection, spot-patching damaged areas, waterproofing, jacketing
structural members to restore or increase their load carrying capacity, and cathodic
protection against reinforcement corrosion. However, traditional methods have inher-
ent limitations. For example, spot-patching methods can mend corrosion-induced
spalls, but typically do not retard chloride-induced corrosion; corrosion rates have
been observed to be higher at the perimeter of a patch and are independent of the
type of patch material used (Tabatabai et al., 2005). Moreover, these traditional
repairs are often expensive and disruptive to traffic, particularly for bridges. As such,
an alternative that is growing in popularity is to utilize fiber-reinforced polymer
(FRP) composite materials.

Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP).
DOI: http://dx.doi.org/10.1016/B978-0-08-100636-8.00001-6
© 2017 Elsevier Ltd. All rights reserved.
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2 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

FRP has been used for strengthening applications in various industries.
However, common applications for bridge components involve externally bonded
(EB) composite fabrics or jackets on beams, columns, and bridge decks, where
significant improvements in compressive, shear, and flexural performance has been
obtained (Nanni et al., 1992; Karbhari et al., 1993; Saadatmanesh et al., 1994,
Chajes et al., 1995; Labossiere et al., 1995; Seible et al., 1997; Nanni, 2000; Mo
et al., 2004; Nanni, 2004; Ludovico et al., 2005; Walker and Karbhari, 2006;
Mertz and Gillespie, 1996; Miller et al., 2001; Tavakkolizadeh and Saadatmanesh,
2003; Rizkalla et al., 2008; Elarbi, 2011).

Advantages of FRP include a high strength-to-weight ratio, light weight,
excellent corrosion resistance, and ease of installation. Because of their light
weight, FRP composites are cheaper to transport, require no formwork and less or
no scaffolding to install, and minimally add to a structure’s dead load. Due to the
strength of FRP composites, often only thin layers are needed to rehabilitate
beams and columns, minimally altering original dimensions. In some cases, this
may become important to maintain vehicular clearance and other tolerances
within acceptable limits. Corrosion resistance is a principal advantage, as steel
reinforcement corrosion has long been recognized as a significant and costly
maintenance problem.

In general, for the external application of FRP sheets, a layer of dry fiber sheet
(usually unidirectional tape) is placed on top of a coat of polymer resin that hardens
to bond the fiber sheet to the concrete structure. However, wet lay-up, precured,
and nearsurface mounted construction techniques have been used in practice.
When needed, multiple layers of fiber sheets can be sequentially added by repeating
the application procedure. The resulting properties and potential failure modes
of the FRP composite member are a function of the properties of the original
member, the FRP, and their interfaces. The interface between the FRP sheet and the
structural member, usually concrete, is particularly important, since composite
action requires a solid bond. Final failure is often caused by the debonding
of the FRP sheet from the concrete substrate (Meier, 1995; Buyukozturk and
Hearing, 1998). The degradation of a constituent in FRP over time affects various
composite properties, and may even change the order of governing failure modes
(Wu and Yan, 2013). This is a particularly important concern, as a FRP-bonded
structure could fail abruptly due to a change in dominant failure mode.

1.2 FRP strengthening systems

Early fiber composite applications have mainly been limited to aerospace,
chemical and shipbuilding due to cost and research limitations (Emmons, 1998).
However, modern composites can be found in various forms from underground
storage tanks to boat hulls and jet fighters. Carbon FRP (CFRP) strip bonding for
structural repair and strengthening applications was first introduced in
Switzerland by Meier in 1984 (Barton, 1997). Later, the California Department of
Transportation, Caltrans, pioneered the use of FRP in the United States during the
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early 1990s by seismically upgrading bridge columns in California with Glass
FRP (GFRP) fabrics (Sika Corp., 2012).

FRP is available in a variety of forms of interest to structural engineers such as
bars, grids, sheets, and prestress tendons. Some of these components, such as those
in bar and tendon form, are primarily used in place of steel reinforcement when
new concrete members are cast. For existing concrete components, modern rehabili-
tation methods include the use of FRP composite sheets in the form of beam wrap-
ping to strengthen flexural or shear capacity, column wrapping to enhance
compressive and seismic performance, bonded FRP flange plates to increase bend-
ing capacity, and epoxying FRP rods in grooves cut into the substrate to increase
member strength (Khan, 2010). One of the most flexible strengthening options is
the use of EB FRP systems. Commercially available FRP systems are offered by
suppliers such as Sika, Fyfe, and QuakeWrap. Systems are offered in either unidi-
rectional or bidirectional fiber orientation. These systems are made of carbon fibers,
glass fibers, or, for some bidirectional systems, carbon fibers in one direction and
glass fibers in the other. Depending on the application, epoxy adhesives are an inte-
gral part of the system and can be formulated to provide a range of application
characteristics and mechanical properties when cured. Epoxy formulation provides
the bond between the reinforcing plies (laminate) and the concrete base, the bond
between different plies, and a protective coat to shield the laminate from the ele-
ments during service life. Tables 1.1 and 1.2 present the physical and mechanical
properties of a typical selection of unidirectional and bidirectional FRP strengthen-
ing systems offered by Sika and Fyfe.

1.3 Composite interfacial debonding

A critical concern of EB FRP reinforced structures is delamination, or debond-
ing. Although detailed weather-induced bond deterioration is not fully under-
stood, the results of debonding and its related failure phenomenon are well
known. The quality of interfacial bonding has a strong influence on structural
performance, as this significantly affects the composite action required for many
applications, and ultimate failure of the strengthened component is often caused
by debonding of the FRP sheet from the concrete substrate (Meier, 1995;
Buyukozturk and Hearing, 1998).

1.4 FRP design standards and guides

Various documents have been developed in the last two decades describing FRP
strengthening systems and provide guidelines for design assumptions and calcula-
tions. The most widely known guide in the United States is ACI 440.2R, Guide for
the Design and Construction of Externally Bonded FRP Systems for Strengthening
Concrete Structures (2008). A number of reports issued by the National



Table 1.1 Properties of FRP systems from Sika and Fyfe

Physical and mechanical properties of unidirectional FRP strengthening systems by Sika and Fyfe

Sika unidirectional (0°)

Fyfe unidirectional (0°)

Unit Sikawrap Hex 103C Sikawrap Hex 117C Sikawrap Hex 230C Tyfo SCH-41 Tyfo SCH-41-0.5X Tyfo SCH-41-2X Tyfo SCH-41H
Fiber properties
Tensile strength psi 550,000 55,000 500,000 550,000 550,000 550,000 675,000
MPa 3793 3793 3450 3790 3790 3790 4650
Tensile modulus psi 33,000,000 34,000,000 33,400,000 33,400,000 33,400,000 33,400,000 42,000,000
GPa 228,000 234,000 230,000 230,000 230,000 230,000 289,000
Ult. elongation % 1.50 1.50 1.50 1.70 1.70 1.70 1.70
Density Ibs/in. 0.065 0.065 0.065 0.063 0.063 0.063 0.065
glee 1.8 1.8 1.8 1.74 1.74 1.74 1.8
Laminate physical properties
Fiber type Carbon Carbon Carbon Carbon Carbon Carbon Carbon
Color Black Black Black Black Black Black Black
Weight 0zZ/Y? 18 9 6.7 19 9.5 40 24
g/m? 618 309 230 644 322 1424 814
Ply thickness in. 0.04 0.02 0.015 0.04 0.024 0.08 0.04
mm 1.016 0.51 0.381 1.0 0.6 2.0 1.0
Cured laminate mechanical properties
Test Design Design Test Design Test Design Test Design Test Design Test Design
Tensile psi 123,000 104,000 105,000 129,800 104,000 143,000 121,000 137,000 116,000 143,000 121,000 200,000 170,000
strength MPa | 849 717 724 894 715 986 834 944.6 799.8 986 834 1380 1.170
Tensile psi 10,239,800 | 9,446,600 | 8,200,000 | 9,492,300 | 8,855,000 | 13,900,000 | 11,900,000 | 14,500,000 | 12,3000,000 [ 13,900,000 [ 11,9000,000 | 15,500,000 | 13,100,000
modulus MPa | 70,552 65,087 56,500 65,402 61,012 95,800 82,000 99,900 84,800 95,800 82,000 106,800 90,300
Tensile % 1.12 0.98 1.0 1.33 1.09 1.00 0.85 0.95 0.80 1.00 0.85 1.30 1.10
elongation
Tensile Ibs 4928 4160 2100 1947 1560 5720 4840 3288 2784 11,440 9680 8000 6800
strength kN 21.9 18.5 9.3 8.7 6.9 254 21.5 14.6 124 50.9 43.1 35.6 30.2
per inch
width
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Table 1.2 Bidirectional laminate selection offered by Sika

Sika bidirectional (0°/90°)

Sikawrap Hex 113C

Sikawrap Hex 115C

Fiber properties

Tensile strength psi 500,000 550,000
MPa 3450 3793
Tensile modulus psi 33,400,000 33,000,000
GPa 230,000 234,500
Ult. elongation % 1.50 4.00
Density Ibs/in.? 0.065 0.065
glcc 1.8 1.8
Laminate physical properties
Fiber type Carbon Carbon
Color Black Black
Weight 0Z/Y? 5.7 18.7
g/m? 196 638
Ply thickness in 0.01 0.04
mm 0.25 1.00
Cured laminate mechanical properties (with Sikadur Hex 300 epoxy)
Design Test Design
Tensile strength psi 66,000 83,980 70,870
MPa 456 579 489
Tensile modulus psi 6,000,000 7,017,555 6,149,730
MPa 41,400 48,351 42,468
Tensile elongation % 1.20 1.14 0.98
Tensile strength per inch width Ibs 660 3359 2835
kN 2.90 14.9 12.6

Cooperative Highway Research Program (NCHRP) are design/construction guides
for FRP systems and include:

NCHRP Report 678, Design of FRP Systems for Strengthening Concrete Girders in Shear

(Belarbi et al., 2011).

NCHRP Report 655, Recommended Guide Specification for the Design of Externally
Bonded FRP Systems for Repair Strengthening of Concrete Bridge Elements (Zureick

et al., 2010).

NCHRP Report 564, Field Inspection of In-Service Bridge Decks (Telang et al., 2006),

which contains a manual for the in-service inspection of FRP bridge decks.

NCHRP Report 514, Bonded Repair and Retrofit of Concrete Structures Using FRP
Composites (Mirmiran et al., 2004), which describes recommended construction specifica-
tions and a control process for FRP strengthening including material preparation,
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application, a QA/QC plan, as well as training, qualification, inspection, and maintenance
recommendations.
Other US and international guides include:

*  AASHTO (2013), Guide Specifications for Design of Bonded FRP Systems for Repair and
Strengthening of Concrete Bridge Elements.

+ ACI25 (2012), Acceptance Criteria for Concrete and Reinforced and Unreinforced
Masonry Strengthening Using Externally Bonded Fiber-Reinforced Polymer (FRP)
Composite Systems. AC125 is issued by ICC Evaluation Service to establish minimum
requirements for the issuance of evaluation reports on FRP composite systems under the
2012, 2009, and 2006 International Building Code (IBC) and the 1997 Uniform Building
Code (UBC).

+ ACI 440.3R (2004), Guide Test Methods for Fiber-Reinforced Polymers (FRPs) for
Reinforcing or Strengthening Concrete Structures.

+ ACI 440R (2007), Report on Fiber-Reinforced Polymer (FRP) Reinforcement for
Concrete Structures.

+ ACI SP-215 (2003), Field Applications of FRP Reinforcement: Case Studies.

« ISIS (2008), Design Manual No. 4, FRP Rehabilitation of Reinforced Concrete
Structures, issued by the Canadian Network of Centers of Excellence on Intelligent
Sensing for Innovative Structures.

* CEB-FEB (2001), Bulletin No. 14, Externally Bonded FRP Reinforcement for RC
Structures, contains design guidelines for the use of FRP reinforcement in accordance
with the design format of the CEB-FIP Model Code and Eurocode2.

* CNR-DT 200 (2004), Guide for the Design and Construction of Externally Bonded FRP
Systems.

» Japanese Society of Civil Engineers (1997), Recommendations for Design and
Construction of Concrete Structures Using Continuous Fiber Reinforcing Materials.

» Japan Concrete Institute (1997), State of the Art Report on Retrofitting with CFRM,
Guidelines for Design, Construction and Testing.

+ TCS (2000), Design Guidance for Strengthening Concrete Structures Using Fiber
Composite Materials, Technical Report 55, United Kingdom.

1.5 Designing with FRP reinforcement

In the civil infrastructure, FRP is typically used to strengthen reinforced concrete
bridge elements. A reinforced concrete element strengthened with FRP is a member
consisting of three materials: concrete, steel, and FRP, where the FRP supplements
the existing steel reinforcement. The application of FRP requires engineers to
address the interaction of these three materials, with each material having different
material properties and statistical variation. This latter issue is critical to address
for a design guide that falls within a modern, probabilistically calibrated load and
resistance factor design format. To account for uncertainties in material properties,
design formulations addressing each material’s contribution to the overall strength
(R,) of the element can be based on individual reduction factors applied separately
to each of the materials constituting the composite (concrete, steel, and FRP);
a combined reduction factor applied to the entire composite; or a combination of
the two where both individual and combined reduction factors are applied to the
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system (Sika, 2012). For example, ACI 440.2R-08 recommends the use of ACI-318
(steel) reinforced concrete resistance (¢) factors applied to the overall element
strength, in combination with an additional FRP reduction factor v, which takes
into account the effects of FRP material property variation.

1.5.1 Flexural strengthening

To account for the complex behavior and various possible failure mechanisms of
FRP-bonded structures, extensive experimental investigations were carried out by
numerous researchers (Seible et al., 1997; Mo et al., 2004; Nanni, 2004; Ludovico
et al.,, 2005; Walker and Karbhari, 2006, among many others). For FRP bonded
flexural beams, several failure modes were generally observed:

1. Crushing of the concrete in the compression zone before rupture of the FRP sheet or
yielding of the reinforcing steel (brittle failure).

2. Yielding of the tension steel before concrete crushing or rupture of FRP sheet (ductile
failure).

3. Yielding of the compression steel reinforcement of a doubly reinforced section (relatively
ductile failure).

4. Rupture of the FRP sheet before steel yield and the compressive strain in the concrete is
below its ultimate strain (the most brittle failure).

5. Anchorage failure (delamination) in the bond zone of the FRP sheet (often a ductile
failure).

6. Peeling or shear/tension failure of the concrete substrate near the FRP sheet’s cut off zone
(brittle failure).

These six failure modes were classified into two types by Thomsen (2004).
Type one includes modes exhibiting composite action up to failure, either due to
concrete crushing, FRP rupture, or lack of shear resistance. Type two consists of
failures by loss of composite action due to debonding of the FRP sheet, or by end
peeling, where the concrete cover near the support regions peels off. To avoid
detachment failure at the FRP/concrete interface, existing guidelines often attempt
to curtail the allowable interface strain. For example, ACI 440.2R (2008) introduces
a bond reduction factor (k,) to limit the strain permitted in the FRP system.
According to ACI 440.2R, k,, is taken as a value not greater than 0.9, which reduces
the usable strength of the FRP below its ultimate rupture strain. Even so, FRP
rupture or delamination might occur if the FRP or bond strength later deteriorates.
However, provided that the bond remains sufficiently strong to avoid failure, four
failure modes are assumed possible, two corresponding to failure of the concrete in
compression and two corresponding to failure of the FRP sheet (Choi et al., 2008):
concrete crushing after steel yields, concrete crushing before steel yields, steel
yield followed by FRP rupture, and debonding of the FRP at the FRP/concrete
interface.

For illustration, in the ACI approach, which is similar to other provisions,
the nominal moment capacity of a tension-reinforced section M, can be obtained
from Eq. (1.1), where the first term is the moment capacity generated from the
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tension steel force and the second term is the moment capacity generated from
the FRP sheet. Design capacity ¢M,, is then determined by reducing the nominal
moment capacity by the appropriate resistance factor ¢:

M,,ZASfS(d—%> +wAf]}e<h—%) (1.1)

Parameter v represents a factor used to reduce the contribution of the FRP sheet,
while other parameters in Eq. (1.1) are similar to those used in typical reinforced
concrete flexural capacity analysis (representing areas of steel and FRP tension
material, A, and A respectively; their stresses at section capacity, f; and fx; and
their lever arms to the compression zone of the concrete, d-3;c/2 and h-(;c/2).
Here it is assumed that the external sheet is bonded to the tension side of a beam of
height 4. In a recent study (Elarbi and Wu, 2012), Eq. (1.1) was found to typically
underestimate experimental results by 20—60%. However, a greater concern is the
possibility of over-estimating capacity by not properly accounting for loss of FRP
or bond strength over time. It was observed that more reliable strength reduction
coefficients need to be developed to represent the long-term use of FRP exposed
to the environmental and service parameters specific to a local region. To better
develop design standards and construction guides, PennDOT commissioned a
research program by selecting candidate bridges for nondestructive testing before
and after the application of EB FRP for beam strengthening. Results from finite
element analysis and test data were used to develop draft PennDOT design
standards and construction specifications, and to apply lessons learned to the design
and constructability of nearly 1000 concrete T-beam bridges in Pennsylvania
(Davalos et al., 2012).

1.5.2 Shear strengthening

The additional shear strength that can be provided by the FRP is based on several
factors, including the geometry of the beam or column, the wrapping technique,
and the quality of the existing surface of the concrete. There are three typical types
of FRP wrapping schemes, depending on the number of sides wrapped (4, 3, or 2).
The four-sided wrapping scheme is most efficient. However, this is often impossi-
ble for bridge members, such as in the case of a T-beam integral with a deck slab
above. In such situations, shear strength can also be improved by wrapping three
sides (U-wrap) or bonding to two sides of the member, though the latter is the least
effective (ACI, 2007).

FRP sheets have been shown to significantly increase the shear strength of exist-
ing concrete beams and columns when used to wrap members (Chajes et al., 1995;
Labossiere et al., 1995; Seible et al., 1997; Mo et al., 2004). The nominal shear
strength of an FRP strengthened concrete member V,, can be determined by adding
the contribution of the FRP reinforcing (Vy) to the contribution of the steel shear
reinforcement (V) and the concrete (V,), as per Eq. (1.2), which presents the ACI
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approach. The total design strength is then found by reducing V,, by the appropriate
shear resistance factor ¢.

V= (V(‘ + Vi + 1/)Vf) (12)

The contribution of the FRP sheet to shear strength is based on fiber orientation
and the assumed shear crack pattern. The shear strength provided by the FRP rein-
forcement can be determined by calculating the force resulting from the tensile
stress in the FRP across an assumed crack, in a similar fashion to the process used
for design with steel stirrups. As given by ACI 440 (2007), the shear strength
contribution from FRP is

_ A¢fr(sin o + cos a)dy
St

(1.3)

Vi

where Ay is the cross-sectional area of the FRP sheet, f is the tensile stress in the
FRP reinforcement, d; is the effective beam height, o is the orientation angle of
the FRP, and S is the spacing between adjacent FRP strips. To avoid delamination
failure, mechanical anchorage can be used. However, the effective strain in FRP is
limited (for example, to 0.004 per ACI 440), and the total shear reinforcement
allowed is often limited as well. For example, FRP shear reinforcement in ACI
is limited to the same criteria for steel alone per ACI-318 (2011), given as

Vy + V; =8./f.b,d.

1.6 Numerical modeling

Numerous researchers have developed numerical models of FRP strengthened
concrete elements (Ouyang and Wan, 2006; Ibrahim and Mahmood, 2009; Obaidat
et al., 2010, etc.). For example, Pesic and Pilakoutas (2003) conducted a finite
element analysis to address concrete cover delamination and plate end failure of
concrete beams with bonded flexural FRP reinforcement, while Elarbi (2011) devel-
oped refined models using finite element analysis to predict the deformation and
failure of concrete beams strengthened with carbon FRP sheets applied to the
bottom surface. Some of these models can become very involved, and can provide
valuable predictions for FRP strengthened member behavior beyond that found in
simplified code procedures. For illustration, Elarbi (2011) developed refined models
in recent research using the finite element analysis code ABAQUS, to predict the
deformation and failure of concrete beams strengthened with carbon FRP sheets
applied to the bottom surface. This approach explicitly modeled the concrete and
FRP materials with independent elements and nonlinear time-dependent material
properties to account for deterioration. The two types of expected failure modes
have been correctly predicted by the model: FRP rupture and FRP delamination.
Two groups of beams were examined: one group with perfectly bonded FRP
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reinforcement and another group of aged beams with deteriorated FRP reinforce-
ment bond. For the healthy FRP bonded beams in the study, the dominant failure
mode was FRP rupture, where the concrete first began to crack on the midpoint of
the tension side and propagated approximately one-third of the section height
upwards, followed by rupture of the FRP sheet. For the aged (bond deteriorated)
FRP bonded beams, the dominant failure mode was delamination. FRP delamina-
tion began at the midpoint of the beam and then spread toward the beam ends.
These two failure modes predicted from the model well-matched the observed
experimental failure sequences.

1.7 Installation of EB FRP systems

While installation is usually straightforward, it is well recognized that even minor
deviation from the prescribed procedures may dramatically affect final system
performance, impact adhesion quality, and cause premature delamination at the
concrete/FRP reinforcement interface. If the concrete is not properly prepared prior
to wrapping, the FRP composite may not adhere adequately to the concrete surface.
Surface preparation includes removal of all contaminants such as organic growth,
old bituminous products, surface coats, oil and dirt, by high pressure water cleaning
and/or sand blasting (TRCF, 1998). Moreover, dry, open-pore concrete allows the
epoxy primer to be drawn into the substrate to create a substantial mechanical
anchoring bond. A simple test can be done by sprinkling water on the substrate and
checking for beading; the water should be absorbed immediately if the desired
open-pore structure exists.

Manufacturers of EB FRP products emphasize the importance of proper installa-
tion. Some offer extensive training modules for contractors, while others allow
installation only through certified applicators. NCHRP 514 (2004) recommends that
a DOT prequalify suppliers for a particular FRP system, after reviewing product
data sheets, testing data, and existence of a comprehensive hands-on training
program that can be taken by the FRP installer. It further recommends that the
contractor is left responsible for the quality control of all materials and procedures
in the project, and should submit a quality control and quality assurance (QC/QA)
plan for approval. This plan should include specific procedures for: personnel
safety, tracking and inspecting FRP components prior to installation, inspecting
the prepared concrete surfaces to receive FRP, inspection of the work in progress
to ensure conformity with specifications, evaluation of FRP QA samples, and
inspection of all completed work. A proper installation plan includes adequate
specification of: safety procedures, equipment and materials preparation and
procurement, surface preparation, precutting fabric, how the correct fabric to resin
ratio is maintained, epoxy mixing and saturation of FRP sheets, application of the
sheets to the structural member, and application of specified coatings (Mirmiran
et al., 2004). The above discussion represents a brief introduction to some of the
topics that will be addressed in this book.
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composites

Fiber-reinforced polymer (FRP) has been used for numerous strengthening applica-
tions in various industries. However, common applications for bridge components
involve externally bonded composite fabrics or jackets on beams, columns, and
bridge decks. A significant number of general guidelines exist for the design and
construction of FRP systems. However, the combination of complex environmental
and mechanical loading for bridges complicates the durability assessment of FRP
composites (Wu et al., 2006a; Hollaway and Head, 2001; Helbling et al., 2006).

2.1 FRP constituents

2.1.1 Fibers

FRP composites consist of two main constituents: a load bearing constituent, mainly
fibers, and a polymeric matrix that serves as a binder and protector of the fibers. The
matrix facilitates load transfer among fibers and ensures that embedded fibers main-
tain their orientation and directional stability (Ansley et al., 2009). As multiphase
materials, composites are generally anisotropic in nature exhibiting differing mechani-
cal properties in three orthogonal directions. Properties of FRP composites have some
variation depending on the manufacturing and fabrication processes employed
(Elarbi, 2011). Three types of reinforcing fibers are commonly used: glass, aramid,
and carbon. Recently, basalt fibers have become commercially available. Basalt fibers
are produced from volcanic basalt rocks and have excellent thermal and chemical
resistance. Although applications are still in infancy, basalt fibers have shown great
potential to replace carbon fibers due to their much lower cost. Regardless of the type
of fiber used, each is available with different grades and varying properties. In gen-
eral, carbon fibers have the highest modulus of elasticity while glass fibers have the
lowest. All fiber types exhibit linear elastic behavior when tested.

The mechanical and physical properties of a representation of commercially
available fibers are given in Table 2.1. Values in the table are adapted from Mallick
(2007). Note that the negative thermal expansion coefficient of aramid and carbon
fibers indicates that shrinkage occurs when these materials are heated.

Glass fiber became commercially available in 1939 with the start-up of an
Owens Corning production facility. Glass FRP (GFRP) composites have relatively
low stiffness, high elongation, and moderate strength and weight. Glass is by far the
most widely used fiber, because of the combination of low cost and reasonable per-
formance. Glass fibers are classified into three types: E-glass, S-glass, and alkali
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Table 2.1 Typical reinforcing fiber material properties

Fiber | Fiber Density | Tensile | Tensile | Failure | Thermal Poisson’s
type identification | (Ibs/ft.*) | modulus | strength | strain | expansion ratio
(ksi) (ksi) (%) coefficient
(X 107°°F)
Basalt 168 13,050 435 32 8.0
Glass | E-Glass 159 10,500 500 4.80 8.99 0.20
S-Glass 155 12,600 625 5.00 5.22 0.22
Aramid | Kevlar 49 91 19,000 525 2.80 —3.60 0.35
Technora 88 10,100 435 4.60 —10.79 0.35
Carbon | T-300 110 33,500 530 1.40 —1.08 0.20
P-100 134 10,000 350 0.32 —2.61 0.20
AS-4 112 36,000 590 1.65 —1.08 0.20
IM-7 111 43,500 770 1.81 —1.35 0.20

resistant AR-glass fibers. GFRP has a potential creep rupture problem when con-
stantly loaded more than about 20% of their ultimate strength. However, when used
in a passive fashion, such as wrapping a deficient structural component to enhance
live load carrying capability, creep rupture is much less likely to occur. Carbon
fibers have been commercially available since 1959. They are durable and perform
very well under fatigue loading as well as in hot and moist environments. Aramid
fibers were also produced in the late 1950s, appearing first under the trade name
Nomex by DuPont. Aramid fibers are mainly used for aerospace and military appli-
cations, such as in ballistic rated body armor and as an asbestos substitute. Unlike,
carbon, aramid fibers are sensitive to high heat and moisture.

Theoretically, carbon fibers could obtain a tensile strength of 15,000 ksi and a
modulus of elasticity of 145,000 ksi. Such values assume that the crystal structure
could be optimally oriented and packed. However, if polymer chains are folded in
the crystalline state, a typical occurrence, neither the theoretical strength nor modu-
lus can be fully developed. Carbon fiber composites are ideally suited for applica-
tions where strength, lower weight, and outstanding fatigue characteristics are
critical requirements. As such, carbon FRP (CFRP) sheets and strips have been
used to strengthen concrete structures such as beams, columns, slabs, piles, and
decks (Elarbi, 2011).

2.1.2 Matrix

The most commonly used matrix for structural composites is thermosetting poly-
mer. Polyester, vinyl ester, and epoxy are the most common polymeric matrix mate-
rials used with high-performance reinforcing fibers. They are all thermosetting
polymers with good process ability and chemical resistance. Epoxies are more
expensive than polyesters and vinyl-esters, but have in general better mechanical
properties and outstanding durability. Thermoset polymers, including epoxy, are
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Table 2.2 Mechanical properties of commonly used FRP epoxies

Epoxy type Sikadur 300 (psi) Tyfo S epoxy (psi)
Tensile strength 8000 10,500

Tensile modulus 250,000 461,000

Tensile elongation 3% 5%

Flexural strength 11,500 17,900

Flexural modulus 500,000 452,000

cured by chemical reactions, and the process of curing is irreversible. Table 2.2
contains the mechanical properties of two commercially available epoxies widely
used in FRP composites.

2.1.3 Interface

One of the important functions of the matrix is to transfer stresses. Interface bond-
ing between fiber and matrix is critical to the success of advanced composites.
When the matrix is degraded due to environmental exposure or mechanical loads,
often the fiber/matrix interface is weakened. The degradation of GFRP in hot water
is found to be caused by the absorption of water by matrix resin and the dissolution
of the fiber/matrix interface (Hamada et al., 1996; Nguyen et al., 1998). The disso-
lution of the interface results in debonding between fibers and matrix.

2.2 Composite interfacial adhesion and debonding

The quality of the adhesive bond at the interfaces between plies and between con-
crete and the strengthening FRP layers is critical to the utilization of the composite
constituents. Adhesive bond at the interface is achieved primarily by attaching
the surfaces within a layer of molecular dimensions, that is, on the order of
0.1-0.5 nm.

The term “adhesion” is associated with intermolecular forces acting across an
interface and involves a consideration of surface energies and interfacial tensions.
As a liquid, adhesives flow over and into the irregularities of a solid surface, coming
into contact with it and as a result, interacting with its molecular forces. The adhe-
sive then solidifies to form the “joint.” The basic requirements for good adhesion
are thus intimate contact between the adhesive and the substrates, and an absence of
weak layers or contamination at the interface. Adhesive bonding therefore involves
a liquid “wetting” a solid surface, which implies the formation of a thin film spread-
ing uniformly without breaking into droplets. Fundamentally, the surface tension of
the adhesive should be lower than the surface energy of the solids involved, in this
case, the treated surface of FRP and the exposed constituents of concrete. Because
of the similarity in epoxy adhesive and composite matrix composition, values of sur-
face tension and surface energy are similar. Both compositions contain polar
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molecular groups which are mutually attractive and chemically compatible. Thus
good adhesion can be achieved, provided that contamination is removed by adequate
surface preparation. The quality of the adhesive bond at the interface has the poten-
tial to impact the failure mode of an FRP composite structure. The interface between
the FRP sheet and the concrete is particularly important, since composite action
requires a well-developed bond. Final failure is often caused by the debonding of
the FRP sheet from the concrete substrate (Meier, 1995; Buyukozturk and Hearing,
1998; Mikami et al., 2015). The degradation of a constituent in FRP over time
affects various composite properties, and may even change the order of governing
failure modes which may be matrix, fiber, or interface-dominated (Wu and Yan,
2013). This is a particularly important concern, as a FRP-bonded structure could fail
abruptly due to a change in dominant failure mode.

Debonding can be considered as the propagation of an interfacial crack with
residual shear stress acting along the interface (Taljsten, 1996; Leung and Tung,
2006). In the case of FRP bonded to flat concrete members, debonding may occur
at the end of the FRP sheet or initiate at an interior location where a stress concen-
tration is present. Once debonding initiates, however, it may initially remain
stable depending on how adjacent cracks interact, potentially allowing for further
increases in load (Niu and Wu, 1990; Chen et al., 2007).

To model debonding, an interfacial shear-slip relation is generally needed. Most
interfacial relation models are based on two similar assumptions. First, the initiation
of interfacial debonding begins when the interfacial stress has reached the pre-
scribed interfacial strength (7). Second, in the debonded zone, the residual shear
stress (7) softens linearly with the interfacial sliding (s), such as given by (Leung
and Tung, 2006): 7 = 7 — ks, where 7 and k are the interfacial material parameters
defining the initial residual shear stress and the shear softening rate after debonding.
Based on this equation, the distribution of tensile stress (c,) along the debonded
portion of FRP is calculated from

d*o
dxz” +2op=0 2.1

Finally, in the elastic zone where debonding has not yet occurred, o, is given by

dZO'P _
dx?

Fop=0 (2.2)

where « and (3 are parameters describing the structural configuration and material
properties.

Solving the above equations with appropriate boundary conditions provides the
tensile stresses along the FRP sheet as well as interfacial shear stresses. Such an
analytic approach can simulate the debonding process in great detail, permitting
comparisons with experiments. However, such analytical solutions are available for
simple cases only.
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Another popular approach to model debonding is to use finite element analysis.
By using suitable interface elements, very good results have been obtained (Wu
et al., 2004; Mu et al., 2006; Elarbi and Wu, 2012). This approach allows simula-
tions of rather complex loading and geometrical configurations, but does not pro-
vide a detailed description of the delamination process. Therefore both approaches
may need to be considered to properly characterize delamination behavior.

It is also important to be able to monitor bond quality over time. Hence, several
evaluation techniques have been developed. For example, Hong and Harichandran
(2005) detected the debonding of CFRP from concrete beams using electrochemical
impedance spectroscopy sensing technology. Alternatively, Wu and Warnemuende
(2002) proposed an innovative active modulation approach, Nonlinear Active Wave
Modulation Spectroscopy (NAWMS), to detect weak bond between the FRP sheet
and concrete substrate. In this procedure, a probe acoustic wave is passed through
the system. Simultaneously, a second, modulating wave is applied to the system.
Using 3-in. thick concrete slabs, they prepared several FRP-bonded samples with
artificial flaws (1-in. square) designed into the interface. The sender was on one
side of the flaw and the receiver on the other. While, maintaining the separation of
the pair of transducers, a complete scan was carried out. The resulting frequency
modulations were analyzed and well correlated to the presence of the flaws.

2.3 FRP durability

Under everyday service conditions, FRP-bonded bridges are subjected not only to
heavy traffic loads but also to a wide range of temperature and moisture changes.
Freeze and freeze/thaw exposures lead to material level degradation through matrix
cracking and fiber-matrix debonding, increased brittleness, and substantial changes
in damage mechanisms from those commonly observed under ambient conditions
(Lord and Dutta, 1988; Dutta and Hui, 1996; Dutta, 1998; Karbhari and Pope,
1994; Karbhari et al., 2000). Chu et al. (2004) used accelerated weathering test data
to predict long-term properties of pultruded E-glass/vinyl ester composites, and the
predictions correlated well with their experimental results. Karbhari (2002) and
Karbhari et al. (2002) adopted a semi-empirical approach to predict the long-term
modulus and strength of unidirectional carbon/vinyl ester composites subject to
freeze—thaw cycling. Their study indicated that typical analytical predictions are
somewhat conservative for strength, and freeze/thaw cycling does not have an
appreciable effect on modulus. It was also shown that freeze—thaw cycling between
4.4°C and —17.8°C alone caused very insignificant changes in flexural strength,
storage modulus, and loss factor for the E-glass/vinyl ester specimens conditioned
in distilled water and saltwater (Wu et al., 2006b). Furthermore, Wu et al. (2006a)
concluded that (1) small reductions in modulus were observed after 250
freeze—thaw cycles in water when the specimens were loaded to 25% of their ulti-
mate strain while undergoing freeze/thaw cycles; (2) no deterioration was observed
for the specimens prestrained and freeze—thaw cycled in dry air conditions, and;
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(3) constant freezing at —17.8°C resulted in a minor increase in flexural strength
and storage modulus over time.

The degradation of a constituent in FRP over time affects various composite
properties, and, as noted above, may change the order of governing failure modes
which may be matrix, fiber, or interface-dominated. This is an important concern,
as an FRP-bonded structure could fail abruptly due to a change in dominant failure
mode. In most cases, however, the FRP-concrete bond line is the critical component
to the effectiveness of most FRP structural strengthening applications, as this is the
location where the transfer of stresses from the concrete to the FRP occurs. An
exception to this is a structural element that uses FRP for confinement, such as a
wrapped column. Regardless, field experience has shown that the bond between the
FRP composite and concrete cannot always be assured. The bond can degrade over
time, eventually causing the system to become ineffective. Bond quality is influ-
enced by the condition of the existing concrete, surface preparation of the concrete
substrate, quality of the composite system application, quality of the composite, and
the durability of the epoxy primer and resin. A large number of additional para-
meters affect bond strength, including exposure to ultra-violet radiation, chemical
activity, temperature, moisture, and stress level, as well as other factors (Karbhari,
1997; Mikami et al., 2015). As FRP composites for bridges have been in service for
a relatively short period of time, there are few long-term data available to define
environmental effects and the resulting degradation rate.

Most FRP durability information has been gathered from laboratory simulations
of harsh environments (Dutta and Hui, 1996; Toutanji and Balaguru, 1999;
Karbhari et al., 2003). Karbhari (2004) found that low-temperature thermal cycling
appears to have a greater deteriorative effect on FRP than constant immersion at
below-freezing temperatures, due in part to interface-level degradation. Here,
microcracking at lower temperatures results in an increase of water absorption dur-
ing warmer periods, followed by increased resin plasticization and hydrolysis. The
expansion of frozen water collected in cracks results in debonding and transverse
microcrack growth (Rivera and Karbhari, 2002). Various other researchers have
found that such freeze/thaw exposures can lead to significant material degradation
through matrix cracking and fiber-matrix debonding, as well as increased brittle-
ness, resulting in a substantial change in the damage mechanisms commonly
observed under ambient conditions (Dutta, 1989, 1992; Lord and Dutta, 1988;
Haramis, 2003; Karbhari et al., 1994, 2000, 2002). For glass and carbon-wrapped
columns, however, freeze—thaw cycles alone appear to have insignificant effect
on compressive strength. It was also found that, using accelerated corrosion
experiments, column wrapping significantly reduced reinforcing bar corrosion
(Harichandran and Baiyasi, 2000).

Wu et al. (2006, 2006a) completed a comprehensive study on the combined
effects of low-temperature thermal cycling, cycling frequency, sustained loads, and
presence of salinity on FRP. It was found that sustained loads significantly acceler-
ated degradation in all cases; that the significance of salinity depended on the
cycling frequency; and that a high-humidity environment produced most damage.
Moreover, when FRP materials were conditioned at higher temperatures, water
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absorption was increased under sustained loads (Gibson, 1994; Kulkarni and
Gibson, 2003). Elarbi and Wu (2012) recently found that high-temperature and
high-humidity environments have a very detrimental effect on the strength and stiff-
ness of FRP materials, as well as the bonding between FRP and concrete. Although
experimental data on bond deterioration due to natural weathering are unavailable,
under accelerated laboratory environments, a large reduction (more than 80%) in
bond strength between FRP and concrete in a high-temperature environment has
been reported, primarily due to the deterioration of the FRP material (Bank et al.,
1998; Katz et al., 1999; Galati et al., 2006).

At present, there is no standardized durability test procedure for FRP materials
for infrastructure applications. However, an accelerated test procedure to simulate
the effects of natural weathering on FRP has been developed by Wu et al. (2006a,
2006b). This procedure, modified from ASTM C666 (2008), the standard freeze/
thaw durability test for concrete, incorporates the combined effects of temperature,
medium (i.e., immersion environment), and sustained load into a complete test pro-
gram. Using this test procedure, it was found that failure modes of FRP composites
most likely to be affected by environmental conditions are those associated with the
polymer matrix material (Wu et al., 2006b). It was also found that after 250 freeze/
thaw cycles with less than 25% sustained load applied, flexural strength of an FRP-
bonded concrete specimen experienced significant reductions if exposed to moisture
(Wu et al., 2006b).

Using tests similar to the above, degradation rates can be fundamentally calcu-
lated from change in strength or stiffness versus time plots. However, to reduce
experimental time, an accelerated test method uses one or several accelerating
mechanisms to increase the rate of degradation. The rate of degradation under the
accelerated condition is then related to the degradation rate under field service con-
ditions by an acceleration factor, which is defined as the ratio of the degradation
rate in the accelerated environment (i.e., laboratory) to that in the actual service
environment. Acceleration factors for various environments may be determined
using the framework outlined in ASTM E632 (1996). With appropriate acceleration
factors known, short-term, relatively inexpensive laboratory experiments or finite
element simulations can be used to accurately simulate durability performance over
real time (Yan, 2005). Currently, however, appropriate acceleration factors for
FRP-bonded concrete members for specific climatic regions are unknown.

Elarbi (2011) conditioned a series of concrete beams strengthened with CFRP to
simulate the aging effect that weather-exposed components are expected to experi-
ence, and was conducted using various accelerated hygrothermal conditions. For
the control specimens exposed to indoor conditions only, it was found that the ACI-
based predictions of capacity significantly underestimated the failure load, whereas
in contrast, the numerical models were reported to agree well with the experimental
results. Using a different set of specimens, which were exposed to accelerated
weathering cycles, it was found that bond strength deteriorated and led to delamina-
tion, a failure which is not currently considered in ACI 440, but was predicted in
the numerical simulations.
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3.1 Introduction

Fiber-reinforced polymers (FRPs) (or advanced fiber composites) have been
successfully utilized over a long period of time by the aerospace and aircraft indus-
tries. Composites are currently gaining a rapid momentum in finding their way into
civil engineering structural applications. The earliest reported application with plate
bonding is from South Africa in the end of the 1960s where a concrete beam in an
office building was strengthened with steel plates. Since then numerous strengthen-
ing applications have been reported, both with steel plates and in the last decade
with various FRP systems. As compared with steel plates, FRP systems have
many advantages. In addition to their resistance to corrosion which allows the pos-
sibility of extended service life or perhaps limited required maintenance, FRP lami-
nates and fabric come in great lengths, which can be cut to suitable sizes in the
field. Also, the light weight of FRP provides considerable cost savings in terms
of labor: a worker can handle the FRP material, whereas a crane would be required
for its steel equivalent.

FRP strengthening can be applied to mitigate several failure modes. For flexural
strengthening of beams, slabs, or girders, FRP plates can be applied to the tensile
face of the concrete. Shear and torsion strengthening can be accomplished
by placing FRP on the sides of beams. Columns are typically strengthened by
wrapping the FRP around the column in the hoop direction, thus increasing the
confinement of the concrete core. This can be accomplished with wet lay-up or
prefabricated cylindrical jackets.

Installation of FRP plates includes two possibilities: precured and cured-in-place
laminates (manual lay-up). For the latter, a surface primer is often applied first
to the concrete surface. After the primer is cured, a layer of putty is applied to level
uneven spots and fill surface cavities. The recommended resin is then mixed and
applied to the concrete surface in a thin uniform layer using a roller. A fiber sheet
(preimpregnated or dry) is cut to the desired length and width and pressed to the
concrete using a “bubble roller.” This act eliminates the entrapped air between the
fibers and resin and ensures the full impregnation of the FRP sheet. Attention
should be paid to the alignment of the fiber orientation when installing the FRP
sheet since a poor orientation of the fibers generally reduces the strength of the
FRP. Precured FRP systems consist of a wide variety of composite shapes manufac-
tured in the system supplier’s facility and shipped to the job site. Typically, an
adhesive is used to bond the precured sheets or plates to the concrete surface or
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they are inserted into slots cut into the substrate. The system manufacturer must
specify the adhesive used to bond the precured system to the concrete surface.

3.2 Laminate

Thin sheet constructions, known as laminates, are an important class of composite.
They are made by stacking together usually unidirectional layers (also called single
ply or lamina) in predetermined directions and thicknesses to give the desired
stiffness and strength properties. The skins of airplane wings and tails, the hull sides
and decking of ships, and the sides and bottom of water tanks are typical examples.
Even cylindrical components, such as filament wound tanks, can be treated as lami-
nates, provided the radius-to-thickness ratio is sufficiently large (say >50).
Laminates typically consist of between 4 and 40 plies, and each ply is around
0.125 mm thick if it is carbon or glass fiber/epoxy. Typical lay-ups (the arrangement
of fiber orientations) are cross-ply, angle-ply, and quasi-isotropic. When making a
laminate, one must decide on the order in which the plies are placed through the
thickness (known as the stacking sequence). This has an important influence on the
flexural performance of the laminate. There is an established convention for denoting
both the lay-up and stacking sequence of a laminate. For example, a cross-ply lami-
nate, which has ply fiber orientations in the sequence 0, 90, and 0 degrees from the
upper to the lower surface, would be denoted (0/90 degree)s. The suffix “s” means
that the stacking sequence is symmetric about the mid-thickness of the laminate.
Laminates denoted by (0/45/90 degree)s and (45/90/0 degree)s have the same lay-up
but different stacking sequences.

3.2.1 Unidirectional ply

Based on the mechanical properties of fiber and matrix materials, the actual tensile
strength and tensile modulus of the composite materials in the fiber direction can
be calculated according to the following equations (Jones, 1999):

Ocom = OfVf + OmVm (31)
Ecom = Efvf + Eme (32)

In the transverse direction, the tensile strength and tensile modulus of the
composite materials are given as

Ucom = Um (3'3)

— 1
Ecom - Vf Vm (34)
L4 "

E  E,
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where o, is the tensile strength of the cured laminate composite, oy represents the
tensile strength of dry fiber, o, is the tensile strength of matrix material,
vr is the volume fraction of fiber, and v,, represents the volume fraction of matrix,
the tensile modulus, E of the fiber (subscript f), of the matrix (subscript m),
and of the FRP composite (subscript com).

Pe

V= wp—= 3.5)

f f oy

V= Wy L (3.6)
P

where wy is the weight or mass fraction of fiber, w,, represents the weight or
mass fraction of matrix, p., ps, and p,,are the weight density (or mass density) of
composites, fiber, and matrix, respectively.

”f
= — 3.7
wy W, 3.1
m
i 3.8
w 2 (3.8)

W, W,,, and W, is the weight (or mass) of the fiber, matrix, and composites,
respectively.
The density of the composite (fiber + matrix) can be found by this equation:

1

Pe = VP T Vb = W (3.9
ooy Im
pf pm
v+ v =1 (3.10)
Wr + W = 1 G.11)

3.2.2 C(lassical laminate theory

A laminate composite material is different from an isotropic material in two ways:
it is a layered material built up from stacked plies, and, in addition, each ply is not
isotropic but has directional properties with a higher strength/stiffness in the direc-
tion of the fibers, which can change from ply to ply. In a more complicated case, a
composite plate can consist of a light weight core material sandwiched between
two laminates.
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To predict the laminate properties, the stress—strain relations are required
for loading a lamina at an angle 6 to the fiber direction (Jones, 1999; Matthews and
Rawlings, 1994). The modulus, E,, of a ply loaded at an angle 6 to the fiber
direction is given by

1
E,

= icos4 0+ (L - @> sin’6 con®6 + isin4 0 (3.12)
1 G E E,

where E; and E, are the modulus of the composite lamina parallel to the fibers
(Eq. (3.2)) and perpendicular to the fibers (Eq. (3.4)), vy, is the principal Poisson’s
ratio of the lamina (typically 0.3) and G, is the in-plane shear modulus of the
lamina. Unlike isotropic materials, which require two elastic constants to define
their elastic stress—strain relationships, the anisotropy of a composite lamina
(which is an orthotropic material, i.e., it has three mutually perpendicular planes
of material symmetry) needs four elastic constants to be known in order to predict
its in-plane behavior (Jones, 1999).

Ply orientations in a laminate are taken with reference to a particular loading
direction, usually taken to be the direction of the maximum applied load, which,
more often than not, coincides with the fiber direction to sustain the maximum load,
and this is defined as the 0 degree direction. In design it is usual to choose balanced
symmetric laminates. A balanced laminate is one in which there are equal numbers
of + 6 and — 0 plies; a symmetric laminate is one in which the plies are symmetric
in terms of geometry and properties with respect to the laminate mid-plane. Hence a
laminate with a stacking sequence 0/90/+ 45/ — 45/ — 45/+ 45/90/0, which is
written (0/90/ = 45)s is both balanced and symmetric. Balanced symmetric laminates
have a simple response. In contrast, an unbalanced asymmetric laminate will,
in general, shear, bend, and twist under a simple axial loading (Ogin, 2000).

In most lay-ups the thickness is small compared with the other dimensions
of the structure so that it forms a plate type structure. It is generally assumed
that the strains through the thickness of the plate vary linearly in the local
through-thickness (z) direction. Since the material properties vary from layer to
layer, the stress variation through the thickness of the composite is much more
complicated than that of the strains. In general, there will be discontinuous
changes of stress from ply to ply. This means that a simple material stiffness can-
not be used for a laminated material. Instead the stress—strain relationships for a
laminate can be predicted using laminate theory, which sums the contributions
from each layer in an appropriate way for both in-plane and out-of-plane loading.
Laminate theory gives good agreement with measured laminate elastic properties
for all types of composite material fabricated from continuous unidirectional
prepreg layers (UD). Predicting laminate strengths, on the other hand, is much
less reliable, except in some simple cases, and is still the subject of ongoing
research. Because composite structures are usually designed to strains below the
onset of the first type of visible damage in the structure (i.e., to design strains of
about 0.3—0.4%), the lack of ability to predict the ultimate strength accurately is
rarely a disadvantage.
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“Classical Laminate Theory” is an extension of the theory for bending of homo-
geneous plates, but with an allowance for in-plane tractions in addition to bending
moments, and for the varying stiffness of each ply in the analysis. In general cases,
the determination of the tractions and moments at a given location will require a
solution of the general equations for equilibrium and displacement compatibility of
plates. This theory is treated in a number of standard texts (Timoshenko and
Woinowsky-Krieger, 1959), and will not be discussed here.

We begin by assuming a knowledge of the tractions N and moments M applied
to a plate at a position x, y:

Ny

N={ N, (3.13)
Ny

M={ M, (3.14)

The stresses are integrated through the thickness of the plate. The average values
of the stress give the in-plane loads N and the linear variation gives the couples M.
The end loads and moments are shown in Fig. 3.1 (note N,, = Ny, N,, = N,). Using
the elasticity properties of each ply, rotated to the fiber directions, the end loads and

Figure 3.1 Mid-plane forces and moments.



24 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

moments can be related to the mid-plane strains €° and curvatures « to give the lami-
nate stiffness properties as

L]\H N [g g] [H (3.15)

where A are in-plane stiffness propitiates, D are the bending stiffness propitiates,
and B is the coupling that arises between the bending and membrane actions.

3.3 Textile fabric

Instead of using unidirectional fiber plies, textile fabric sheets can be used. Textile-
reinforced composites have been in service in engineering applications for many
years, e.g., woven glass reinforced polymer hulls for minesweepers. This is because
textile-reinforced composite materials show potential for reduced manufacturing
costs and enhanced processability, with more than adequate, or in some cases
improved, mechanical properties. Those economic entities within which composite
materials have been well developed, notably the European community (with about
30% of global composite usage), the United States (with about 30%) and Japan
(with about 10%) have seen a growing interest in textile reinforcement in the
1990s, with China, Taiwan, Russia, South Korea, India, Israel, and Australia being
additional major contributors (Ogin, 2000). In the last years of the 20th century,
conferences devoted to composite materials had burgeoning sessions on textile
reinforcement.

Of the available textile reinforcements (woven, braided, knitted, stitched),
woven fabric reinforcement for polymer matrices is the most used. Several
textile techniques are likely to be combined for some applications. For example,
a combination of braiding and knitting can be used to produce an I-shaped
structure (Nakai et al., 1997).

For structural applications, the properties which are usually considered must
include stiffness, strength, and resistance to damage/crack growth. The range of tex-
tiles under development for composite reinforcement is indicated in the schematic
diagram shown in Fig. 3.2 from Ramakrishna (1997).

Compared to unidirectional fiber tapes, textile fabrics possess better bonding to
concrete or steel surface due to the additional anchorages formed by resins through
the weaveness of the textile fabrics. Note that the size of the openings, formed by
two adjacent warp and weft yarns, not only control the strength and stiffness of the
fabric structure, but also provide access points for concrete to form anchorage.

3.3.1 Mechanics

Because of the design flexibility and the wide availability of manufacturing capac-
ity in the fiber and textile industry, suitable textile includes weave, knitted, and
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Figure 3.2 Textile techniques under development for composite materials.
Source: After Ramakrishna, S., 1997. Characterization and modeling of the tensile properties
of plain weft-knit fabric reinforced composites. Compos. Sci. Technol. 57, 1—22.

braided fabrics. By judicious selection of fiber materials and fiber architecture
for the weave or braided structures, the load-deformation behavior of these fibrous
fabrics could be tailored.

When continuous carbon fibers are processed into 1-D or 2-D fabrics, the rupture
strain remains similar to that of carbon fibers (typically 1—-1.5%). Cox et al. (1992,
1994) investigated 3-D woven carbon/epoxy composites, which consisted of two
sets of nominally straight tows forming 0/90 degree array (stuffers and fillers)
and a relatively low volume fraction of interlock tows (warp weavers) providing



26 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

continuous reinforcement in the through-thickness direction. They showed that
these 3-D composites possess an ultimate strain in the range of 2.5—4%. Such a
significant increase in composite ductility is associated with individual tow rupture.
All stuffers have failed well before the peak load prior to the load sharp drop has
been reached; such load transfer is believed to occur via a lock-up mechanism
involving tow waviness (Cox et al., 1996). Therefore the much enhanced rupture
strain of the 3-D woven fabric could lead to a much improved ductility of the
reinforced composite over that of a 2-D fabric reinforced composite. The post peak
behavior of the 3-D woven composites is also greatly improved due to stuffers pull-
out following the rupture of individual yarns (Cox et al., 1994).

Weave and braided structures are the primary fiber architectures in the textile
industry and their manufacturing technology is well established (Ko, 1989).
The analysis of a complex fabric structure is very challenging, mainly due to the
complexity of the structural configuration.

Harris et al. (1998) and Somboonsong et al. (1998) developed a design process
for braided structures by analytically formulating the stress—strain relationship as a
function of various manufacturing parameters, such as the core and sleeve modulus,
fiber volume fractions, crimp size, and braiding angle.

In the case of weave structures, especially the plain weave for which the warp
and weft are aligned so that they form a simple crisscross pattern, the mechanics
model that was previously developed by Wu (1992, 1993) and Wu et al. (1995)
could be used.

Yang and Chou (1987) have shown the effects of different fiber architectures
on the change in the moduli, E, and E,, of a carbon fiber-reinforced epoxy
laminate (Fig. 3.3). These laminates have the same fiber volume fraction of 60%.
The cross-ply composite has E, and E, moduli of about 75 GPa. In the biaxial
weaves of the eight-harness satin and the plain weave, the moduli both fall to
about 58 and 50 GPa, respectively. These reductions mainly come from the crimps
in the interlaced woven structure. More crimps per unit length in the plain weave
hence result in a smaller modulus. The triaxial fabric, with three sets of yarns
interlaced at 60 degree angles, behaves similarly to a (0 = 60)s angle-ply lami-
nate. The triaxial fabric is quasi-isotropic under in-plane loading; it has the same
Young’s modulus for any direction in the plane of the laminate. The triaxial fabric
shows a further reduction in E, and E, (about 42 GPa), but this fabric benefits
from a higher in-plane shear modulus (which is not shown in the diagram) than
the biaxial fabrics. The anticipated range of properties for a multiaxial warp-knit
fabric (or multilayer multidirectional warp-knit fabric) reinforced composite is
also shown, lying somewhere between the triaxial fabric and above the cross-ply
laminate (at least for the modulus E,), depending on the precise geometry.
Here warp, weft, and bias yarns (usually = 45) are held together by “through-the-
thickness” chain or tricot stitching. Finally, a three dimensional braided composite
is shown, with braiding angles in the range of 15—35 degree. This type of fiber
architecture gives very anisotropic elastic properties as shown by the very high
E, moduli (which are fiber dominated) and the low E, moduli (which are matrix
dominated).
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Figure 3.3 Predicted E, and E, moduli for a range of reinforcement architectures; * 6
angle-ply (for § =0 to *45-90), cross-ply (0/90), eight-harness satin and plain woven,
triaxial woven fabric, braided (0 = 35—15 degree) and multiaxial warp knit (=--+), for the
same fiber volume fraction of 60%.

Source: Reprinted, with minor changes, from Yang, J.-M., Chou, T.-W., 1987. Performance
maps of textiles structural composites. In: Matthews, F.L., Buskell, N.C.R., Hodgkinson, J.
M., Morton, J. (Eds.), Proceedings of Sixth International Conference on Composite Materials
and Second European Conference on Composite Materials (ICCM6/ECCM?2). Elsevier,
London, 5579—5588.

3.4 Durability and failure modes

The prediction of long-term strength of FRP laminates subject to environmental
exposure is much more difficult than that of the modulus (Gibson, 1994; Wu and
Yan, 2011). As to be discussed, there are a few different failure criteria that must
be considered in the design of FRP laminate plates.

At the material level, FRP composites are typically composed of two distinct
constituents, namely fiber and matrix. The properties and failure modes of a com-
posite therefore depend on the properties of each individual constituent, i.e., fiber,
matrix, and their interfaces. Any constituent degradation over time affects various
composite properties to different extents and even changes the order of significance
of failure modes since there are quite a few failure modes operative simultaneously
at any given time. Each failure mode can be attributed to be matrix dominated, fiber
dominated, or interface dominated. The long-term performance of a FRP composite
may not simply degrade over time; abrupt failure might occur due to a change in
the dominant failure mode.
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In infrastructural applications, FRP strengthening design is typically stiffness-
critical; the environmentally induced failure modes of major interest should be
those having the greatest effect on the material’s stiffness and strength of the matrix
resins, since the properties of the fibers are generally not affected. Furthermore,
those failure modes of the composite laminates which are most likely to be affected
by environmental conditions are the failure modes mainly associated with the
polymer matrix materials. A laminate has a laminated construction with individual
plies stacked at different fiber orientations, but the longitudinal plies have the great-
est influence on the stiffness. The stiffness of longitudinal plies under tension is
fiber dominated, and environmentally induced degradation of the polymer matrix
would have a small affect on tensile stiffness for reasonable fiber volume fractions.
However, the microbuckling failure of longitudinal plies under longitudinal
compression is strongly influenced by the stiffness of the polymer matrix and would
therefore be most affected by environmental conditions.

3.4.1 Failure modes and strength prediction

The ultimate strength of a FRP laminate depends on which failure mode prevails
at the time of the failure. Possible failure modes include delamination between plies
or between the laminate and concrete substrate, ply rupture, and ply buckling.
The order of significance may change over time as a result of the various deteriora-
tion rates of the constituents. FRP composites always experience some degree
of delamination, broken fibers and cracked matrices, but any of these is only
significant if the damage grows substantially so that the composite starts to lose its
integrity. There are three dominant failures would be considered: first-ply failure,
interface shear failure, and local buckling.

3.4.1.1 First-ply failure

It is assumed that the initial failure of any ply of a laminate causes laminate failure,
which is referred to as the first-ply failure criterion. The first-ply failure load is
usually conservative, since a failure in the form of matrix cracks may not lead
to immediate laminate failure. It has been long recognized that the failure loads of
materials subject to a multiaxial stress state may well differ from those when
they are only loaded by an uni-axial stress. For composite laminates, there are a
few common failure criteria such as Tsai-Hill, Hoffman, and Tsai-Wu criteria
(Jones, 1999). These interactive criteria are formulated in such a way that they take
account of stress interactions. The Tsai-Hill criterion, which has been proven to be
successful under a wide variety of circumstances (Tsai, 1988), is shown as

2 2 2
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where I, is the first-ply failure index, ‘1’ is in the fiber’s longitudinal direction,

‘2’ is transverse to the fiber’s axis. The values of the strength used in this equation
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are chosen depending on the direction of o and o,. For example, if o/ is tensile S}
is used, and if o, is compressive S; would be used. Subscript “L” represents
longitudinal direction and “T” transverse direction. Superscript “+ " represents
tension and “ —” denotes compression. S; 7 is in-plane shear strength.

3.4.1.2 Shear failure

There are two possible ways of delamination. The first one is the delamination
between plies of the laminate. The other is the delamination between the laminate
and the substrate of the bonded structure. Therefore the shear stresses at these
interfaces must be carefully examined to prevent from shear failure (leading to
delamination).

By employing the quadratic delamination failure criterion proposed by Brewer
and Lagace (1988), delamination is predicted to occur based on the out-of-plane
stresses. Failure occurs as (Senne et al., 2000):

2 2
Txz 0z
+(=—=) =1 3.17
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where 7., and o, are the out-of-plane interlaminar stresses; interlaminar shear
strength Sy, and interlaminar tensile strength S;. Usually the second term in

Eq. (3.17) is negligible, the shear delamination criterion takes on the simplified
form

T 2 T 2
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where I is shear failure index and S,

S,. are interlaminar shear strengths.

3.4.1.3 Local buckling

Buckling of laminate plates is characterized by excessive transverse deflections
under in-plane compressive forces. Buckling is a critical strength limit state and
must be prevented in the design. The thickness of a laminate is normally much
smaller than other dimensions of the laminate, hence a laminate is a thin-walled
structure. Local buckling is only needed to be considered when the laminate is sub-
jected to very high compressive stresses.

In practice, finite element analysis can be conveniently carried out. In ABAQUS,
buckling can be predicted by using the “BUCKLE step. In each step, a nominal load
is applied. The magnitude of the load is not of significance, since such eigenvalue
buckling is a linear perturbation procedure: the stiffness matrix and the stress matrix
are evaluated at the beginning of the step without any of this load applied.
The *BUCKLE step calculates the eigenvalues. The buckling load then equals the
eigenvalue multiplied by the applied load plus any “base state” load. The eigenvectors
associated with the eigenvalues are also obtained.
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3.5 Finite Element Analysis (FEA)

Since the early years of the mathematical modeling of problems in continuum
mechanics, numerous examples have shown that the exact solution to some of
the controlling differential equations hardly ever exists, and even if it did, it is
frequently hard to accustom for common use.

Analytical solutions can be found for certain simplified situations. For problems
concerning complex material properties and boundary conditions, numerical
methods are typically used that give approximate and suitable solutions. In the
numerical methods, the solution more commonly capitulates approximate values of
unidentified quantities only at a finite number of points in the structure. The way of
choosing only a certain number of discrete points in the body of the structure can
be described as “discretization.” One of the ways of discretizing a body or a struc-
ture is to split it into an equivalent system of smaller bodies or structures. These
bodies are then assembled to represent the solution for the original body, and inside
this combination, the bodies are assumed to be connected to each other at separate
points called nodes. These nodes define the geometry of the small bodies used in
the discretization, which are referred to as “elements.” The elements of consider-
ation in an FEA framework have an actual, or finite, dimension, rather than a differ-
ential length as considered in classical analytical approaches which integrate
throughout the entire field of the structure to develop equations that describe load-
displacement relationships.

The finite element method started as an extension of the matrix method and its
application to trusses and frames of directly connected members by matching the
nodal displacements without consideration for interelement continuity. Since that
time, finite element method has expanded to cover fields beyond structural mechan-
ics such as heat flow, fluid flow, seepage of water, and others.

The formulation of the finite element method has often made use of two princi-
ples. The first is the principle of minimum potential energy, which is concerned
with satisfying the continuity conditions within the structure and the kinematic
boundary conditions, but no requirements that the equilibrium between stress and
boundary conditions be satisfied (displacement or stiffness model); the second is
the principle of minimum complementary energy, which is concerned with the
stress fields that satisfy the conditions of equilibrium, but not necessarily the
requirements of compatibility (stress or flexibility model).

In general, two types of analysis are commonly used in finite element to model
structures, 2-D modeling and 3-D modeling. Although 2-D modeling has the advan-
tage of simplicity and allows for computationally efficient models, it may not pro-
vide the accuracy available in 3-D modeling. Although 3-D modeling has the
potential to produce more accurate results, complex 3-D models sacrifice the ability
to run on all but the fastest computers effectively. Within each of these modeling
systems, linear or nonlinear analyses are possible. Nonlinear analyses are typically
needed when large strains or large deformations are considered, as well as phenom-
enon beyond the linear or elastic range of a material such as cracking and plastic
behavior. Nonlinear solution methods are also generally needed to model contact
and some instabilities.
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The nodal grid of elements into which a structure is discretized is commonly
called a mesh. Elements within the mesh contain the load-displacement relationships
between nodes that define the behavior of the structure. The load-displacement
relationship for an element is generally defined by a constitutive (stress-strain) as
well as a strain-displacement relationship. The former depends on the material model
and associated properties input by the analyst, where the latter is a function of the
type of element chosen and how it was derived.

Due to the many choices available in the FEA approach, such as the element
type, mesh density, load and boundary condition idealization, material model and
solution procedure used, the accuracy of an FEA model relies heavily on the exper-
tise of the analyst. Typically, nodal displacements are the most accurately predicted
quantity in an FEA model, then strains and stresses within the element. Moreover,
the accuracy of the FEA procedure generally increases as mesh density increases
and element size correspondingly decreases. Thus, there is often a desire to use a
high density mesh. However, such a choice may be costly, as computational effort
can be thought to be roughly proportional to the square of the number of active
degrees of freedom (number of active nodes multiplied by the degrees of freedom
per node, which depends on the element type chosen) in the problem. The simpli-
fied relationship given above is not exactly true for a modern solver, but does pro-
vide a rough indication of how computational effort is expected to dramatically
change as problem size increases. To minimize this problem, element size and
nodal density can be changed throughout the mesh. For example, in areas of inter-
est, such as those of high stress, high stress gradients, or expected failure or fracture
points, which may occur at fillets, corners, and other geometric complexities, a
high density mesh could be used. Away from these points, a much more coarse
mesh, which is only needed to correctly capture nodal displacements, could be
specified to reduce computational effort.

3.5.1 Finite element simulation

In general, the major, general-purpose commercial finite element software packages
(often called FEA ‘codes’) are similar in capability. Although ABAQUS is mentioned in
this chapter, it was only used to illustrate the design examples. Most commercial codes
provide a reasonably simple, consistent interface for creating, submitting, monitoring,
and evaluating FEA results. These codes are often divided into modules, where each
module defines a logical aspect of the modeling process; for example, defining the
geometry, defining material properties, and generating a mesh. As one moves from mod-
ule to module, the analyst can build the model from which the FEA program generates
an input file which is then submitted to the solver for solution. The solver then sends
solution information to the user to allow solution progress monitoring, and generates an
output database which is sent to a post-processor for results reporting and visualization.
At a minimum, the analysis model requires the following information:

» Discretized geometry.
» Element section properties.
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Table 3.1 Concrete material properties

Young’s modulus 4.23 X 10 psi
Compressive strength 5502 psi
Poisson’s ratio 0.18

Density 0.0867 Ibs/in.?

Figure 3.4 Contact surfaces between concrete beam and FRP strengthening sheet.

* Material data.

* Loads and boundary conditions.
» Analysis type.

*  Output requests.

As an example, a numerical analysis was performed to simulate the flexural
behavior and failure of a rectangular concrete beam strengthened by a FRP sheet
applied on the tension side of the beam. The model was constructed and solved
using the ABAQUS—CAE extended finite element program. The modeling space
was chosen as 2-D planar and divided into two parts. Part 1 represented the rectan-
gular concrete beam model where all geometries and properties were input. The ele-
ment was considered as an elastic-isotropic material. The material behavior was
selected to be “Maxps Damage,” and the concrete properties are given in Table 3.1.

Part 2 represented the FRP strengthening sheet. Parts 1 and 2 were connected by a
“Tie” interface element and a surface-to-surface contact was assumed. The concrete beam
was designated as the master surface, and the FRP was the slave surface (see Fig. 3.4).

The load was applied as a static concentrated load, while one support was con-
sidered as a pin and the other a roller (see Fig. 3.5).

3.5.2 Numerical modeling of FRP-strengthened concrete beams

Two types of material properties were input to ABAQUS—CAE. The first set of
material properties was for concrete (first part), while the mechanical properties
of the FRP composite (second part) were used based on the data provided by the
manufacturer. The two parts of 2-D simulation were meshed by specifying an ele-
ment size; the total number of nodes was 451.

Under increasing loads, the concrete cracked first from the tension side of
the concrete beam at the center and the crack propagated upward until approximately
one-third of the beam’s height (Fig. 3.6), then the FRP ruptured (Fig. 3.7).
Therefore, the mode of final failure was FRP rupture. The failure load was predicted
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Figure 3.5 Load and boundary conditions of FRP-strengthened beam model.

Crack propagation

Figure 3.6 Crack propagation of strengthened concrete beam model.
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Figure 3.7 FRP rupture of strengthened concrete beam.

to be 3761 1bs and the mid-span deflection at the maximum failure load was
0.00226 in. Fig. 3.8 shows the mid-span deflection at the maximum flexural load.

When FRP-strengthened concrete beams are aged under natural weathering
or accelerated laboratory testing, the dominant failure mode often found is delami-
nation between the FRP and concrete. Such phenomenon have been successfully
simulated (e.g., see Elarbi, 2011). Again, after the concrete cracked, delamination
started from the bottom of the concrete crack and then spreaded to both beam ends
(see Fig. 3.9A and B). The simulation results of FRP delamination agree very well
with the experimental tests.
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Figure 3.8 Maximum displacement of strengthened concrete beam.
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Figure 3.9 FRP delamination of strengthened concrete beam. (A) overall view, (B) enlarged
view from the circled area in (A).



Design provisions

4.1 Introduction

In this chapter, six international design guidelines representative of the use of exter-
nally applied fiber-reinforced polymer (FRP) for strengthening reinforced concrete
bridge members are reviewed. These guidelines are taken from North America,
Europe, and Japan and are as follows:

1.

2.

ACI 440.2R-08—Guide for the Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures (ACI 440.2R, 2008).

ISIS—Design Manual 4-FRP Rehabilitation of Reinforced Concrete Structures
(ISIS Design Manual 4, Version 2, 2008).

. AASHTO—Guide Specification for the Design of Bonded FRP Systems for Repair and

Strengthening of Concrete Bridge Elements (AASHTO FRP Guide, 2012).

. JSCE Recommendations for Upgrading of Concrete Structures with use of Continuous

Fiber Sheets (JSCE Recommendations, 2001).

. TR55—Design guidance for strengthening concrete structures using fibre composite

materials (TR55, 2000).

. CNR-DT 200/2004—Guide for the Design and Construction of Externally Bonded FRP

Systems (CNR-DT 200, 2004).

The review concerns analysis and design procedures for flexural strengthening,

shear strengthening, and confinement. Section 4.2 covers flexural strengthening,
where the effect of concrete strength, FRP strength, existing steel reinforcement
ratio, and other parameters are considered. Section 4.3 covers shear strengthening,
where continuous and spaced U-wrap, complete wrap, and two-sided strips are
considered. Finally, Section 4.4 covers confinement, with consideration given to
circular and square columns.

4.2 Flexural FRP strengthening of RC/PC bridge members

4.2.1 Introduction

The items considered for review and comparison in this section are based on the
organization presented in ACI 440.2R-08, as it one of the most complete overviews
of flexural strengthening. These specific items include:

Strengthening limits
Environmental reduction factors
FRP strain limits

Strength reduction factors

Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP).
DOI: http://dx.doi.org/10.1016/B978-0-08-100636-8.00004-1
© 2017 Elsevier Ltd. All rights reserved.
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» Serviceability and service load limits

* Creep rupture and fatigue limits

» FRP end peeling and development length

» Flexural design approach and assumptions

* Nominal moment analysis and design procedure

The use of FRP strengthening systems can substantially enhance flexural
strength. It has been documented that an increase in flexural strength from 10 to
160% can be obtained from FRP strengthening (Meier and Kaiser, 1991; Ritchie
et al.,, 1991; Sharif et al.,, 1994). However, taking into account code-specified
strengthening and ductility limits, strength increases of 40% are more reasonable.

4.2.2 Strengthening limits

AASHTO, ACI, and ISIS set strengthening limits to qualify a structural member for
strengthening. The limits ensure the member’s ability to support a specified amount
of service dead and live loads in the case of loss of strengthening due to construc-
tion error, severe environmental damage, vandalism, or fire (ACI 440.2R, 2008).
Other guides emphasize the need for a thorough inspection of the existing structure,
and a review of plans and specifications, the as-built plans, as well as any repair/
maintenance documentation of the structure. Unlike AASHTO, ACI, and ISIS, other
guides leave the decision to strengthen a structure to the responsible agency on a
case by case basis. The following paragraphs present strengthening limits specified
by AASHTO, ACI, and ISIS.

4.2.2.1 AASHTO

The provisions of AASHTO are limited to concrete members with a specified com-
pressive strength ﬂ not exceeding 8 ksi and apply to bridge elements for which the
factored resistance satisfies the following requirement (AASHTO LRFD Bridge
Specifications, 5th Edition):

R, =n,[(DC + DW) + (LL + IM)] 4.1)

where R, =factored resistance; DC =load effect due to component and attach-
ments; DW = load effect due to wearing surfaces and utilities; LL = live load effect;
IM = force effect due to dynamic load allowance; 7, =load modifier calculated
using the following expression:

n; = npngn; = 0.95 4.2)

where

np = a factor relating to ductility;

=1.05 for nonductile components and connections;

=1.00 for conventional designs and details complying with the AASHTO LRFD
Specifications;
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=(.95 for components and connections for which additional ductility-enhancing measures
have been specified beyond those required;

For all other limit states: 7, = 1.00.

Nz = a factor relating to redundancy;

=1.05 for nonredundant members;

=1.00 for conventional levels of redundancy;
=(.95 for exceptional levels of redundancy;

For all other limit states: 77, = 1.00.

7; = a factor relating to operational classification;
=1.05 for critical or essential bridges;

=1.00 for typical bridges;

=0.95 for relatively less important bridges;

For all other limit states: 7, = 1.00.

Note that the resistance of components and connections is determined, in many
cases, on the basis of inelastic behavior (i.e., ultimate strength), although the force
effects are determined by using elastic analysis. This inconsistency is common
to many specifications, and allows for substantial simplification of the structural
analysis and thus design process.

4.2.2.2 ACl 440.2R-08

Similar to AASHTO, ACI sets limits to qualify a structure for strengthening.
Here, two conditions must be met. The first condition is expressed by Eq. (4.3)
(ACI Eq. 9.1) to ensure the structure’s ability to sustain a minimum specified
load after loss of strengthening. Eq. (4.3) states that the existing structural design
capacity must equal or exceed the new service dead load by at least 10%, and must
have the ability to support at least 75% of the new service live loads. For cases
where the live load is likely to be sustained on the structure over a significant
period time, such as in library stacks or other heavy storage areas, the structure
should be capable of supporting 100% of the live load, per Eq. (4.4).

(R existing = (11802 +0.75810) e (4.3 — ACI Eq. 9.1)

((bRn)exisling = (1 ASpr + 1~OOSLL)new “44)

To be considered for strengthening a structural member must also meet the con-
dition expressed by Eq. (4.5) (ACI Eq. 9.2), which ensures the structure is able to
sustain load for the duration of its fire rating in the case of fire. The quantity R
represents the nominal strength at elevated temperature in accordance with the
guidelines of ACI 216R (ACI 216R-1989) or through testing. Fire scenarios consid-
ered should be in accordance with ASTM E119 (ASTM E119). The R,y value is to
be computed for the structure’s fire rating without considering the strength contri-
bution from FRP. Fig. 4.1 shows the required minimum relationship between R,
and the desired service live load, for various levels of existing dead load.

(Rne)exisnng =SpL +S1L (4.5 — ACI Eq. 9.2)
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Figure 4.1 ACI strengthening limits at elevated temperatures.

4.2.2.3 ISIS

ISIS Design Manual 4 (Canada) recommends that an existing structure have the
capacity to support dead loads and at least 50% of its live loads to qualify for
strengthening (note although ISIS describes the requirement, it does not provide an
explicit expression). The ISIS condition for strengthening may be expressed in a
manner similar to that of ACI, as presented by Eq. (4.6).

(¢Rn)existing = (10 Spr+0.5 SLL)neW (4.6)

The ISIS condition given above is specific to the S6-06 Canadian bridge code
(CSA-S6-06, 2006). The live load factor of 0.5 serves as a minimum limit, but ISIS
notes that it is subject to increase.

4.2.2.4 Other codes

The UK Concrete Society Standard TR55 offers no specific quantitative expression
as a set criterion to qualify a structure for strengthening. However, it states that the
decision to strengthen should be guided by a careful assessment process that is
independent of structure type and based on rigorous criteria and sound engineering
judgment. TRS5 refers to TR54—Diagnosis of deterioration in concrete structures
(TR54, 2000) and the Institution of Structural Engineers’ Appraisal of Existing
Structures (1996) for assistance in evaluating the condition of the structure.

Italy’s CNR presents factors to consider that insure the durability of the member
to be strengthened, while JSCE offers no specific quantitative expression or condi-
tion to serve as set criterion to qualify a structure for strengthening.
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4.2.2.5 Summary

To illustrate the difference between the above strengthening limits, consider a case
where the new service dead load (Sp;) is to be 50 psf and the new service live load
(Szp) is to be 140 psf. In this case, ACI limits strengthening to members that can sup-
port a minimum existing capacity of 160 psf, and, if fire is considered, the member
must be able to sustain 190 psf. In contrast the ISIS minimum load capacity is 120 psf.

Fig. 4.2 presents a comparison of ACI, AASHTO, and ISIS strengthening limits.
Note that ACI offers two scenarios, one for sustained live loads (generally not appli-
cable to most bridges), and another for a typical transient live load. From the graph,
it can be seen that AASHTO and ACI adopt similar limits for strengthening while
ISIS is less conservative. The ACI fire endurance limit appears similar to the exiting
strengthening limit provided by of AASHTO. Therefore no special fire endurance
condition appears needed and AASHTO provisions are recommended for use.

In summary, AASHTO and ACI have similar strengthening limits, where ISIS
allows strengthening at a lower threshold of existing structure strength. As the LL/
DL ratio increases, with differences increasing significantly while the remaining
codes do not quantify strengthening limits.

4.2.3 Environmental reduction factors

Environmental factors are applied to FRP material properties to account for degra-
dation in exposure conditions, as a function of exposure as well as FRP material
and application.
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Figure 4.2 FRP strengthening limits for different codes (with fixed dead load of 50 psf).
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4.2.3.1 Ad

ACI indicates that the values presented in Table 4.1 (ACI Table 9.1) are conserva-
tive and based on the relative durability of each fiber type.

4.2.3.2 CNR

The CNR code (Italy) recommends an environmental conversion factor 7, with
values identical to those presented in the ACI standards above. The factor 7, is
used to determine the maximum FRP design strain, €7, which is also a function of
the characteristic rupture strain of the FRP reinforcement (g4), the maximum strain
of the FRP before debonding (£744), and a partial safety factor for FRP rupture (7).

. Ef
Efd = mm{naf,sfdd} (47)

Generally, 7y is the minimum governing value. Therefore the environment factor
usually does not govern the design. See Table 4.2 for values of 17, (CNR Table 3.4).

Table 4.1 Environmental reduction factors

Exposure conditions Fiber type Environmental
reduction factor, Cr,

Interior exposure Carbon 0.95
Glass 0.75
Aramid 0.85
Exterior exposure (bridges, piers, and Carbon 0.85
unenclosed parking garages) Glass 0.65
Aramid 0.75
Aggressive environment (chemical and Carbon 0.85
wastewater treatment plants) Glass 0.50
Aramid 0.70

Table 42 Environmental conversion factor, 7,

Exposure conditions Type of fiber/resin N
Internal Glass/epoxy 0.75
Aramid/epoxy 0.85
Carbon/epoxy 0.95
External Glass/epoxy 0.65
Aramid/epoxy 0.75
Carbon/epoxy 0.85
Aggressive environment Glass/epoxy 0.50
Aramid/epoxy 0.70
Carbon/epoxy 0.85




Design provisions 41

4.2.3.3 ISIS

ISIS does not directly specify an environmental reduction factor. Rather, ISIS
considers “material resistance factors,” which include an environmental reduction
factor along with other partial safety factors combined in a single factor. ISIS pre-
sents two sets of factors depending on the code used; one for bridges and another
for buildings. In this document, greater consideration is given to the Canadian
bridge code S6-06 (CSA-S6-06, 2006) recommendations. Factors are developed
based of several criteria including type of material, type of manufacturing process,
and other durability and environmental considerations, as shown in Table 4.3
(ISIS Table 4.3.4). Note that the reduction factor specific to pultruded carbon fiber-
reinforced plastic (CFRP) (hand applied wet lay-up) is 0.56, which is considerably
conservative compared to AASHTO’s 0.85 reduction factor.

4.2.3.4 TR55

The TRSS gives no explicit environmental factors. However, additional safety fac-
tors are used for FRP depending on the type and manufacturing process; these are
discussed under the strength reduction factors section in this chapter.

4.2.3.5 JSCE

JSCE recommends using suitable reduction factors for environmental effects, and
refers to several Japanese standards for further reference, including, The Standard
Specifications for Design and Construction of Concrete Structures (1996), Proposed
Specification for Durability Design of Concrete Structures, 1995 (limited to new
construction), and Guidelines for Maintenance of Concrete Structures (1995).
However, these guides were not available in English translation at the time of pre-
paring this book.

Table 4.3 Material resistance factors

Material (installation process) Bridges Buildings
Pultruded aramid FRP (NSMR) drrp = 0.60 =
Pultruded aramid FRP (externally bonded plate) derp = 0.50 ¢rrp = 0.75
Aramid FRP sheet (hand applied wet lay-up) ¢rrp = 0.38 ¢rrp = 0.75
Pultruded carbon FRP drrp = 0.75 ¢rrp = 0.75
Carbon FRP sheet (hand applied wet lay-up) drrp = 0.56 ¢rrp = 0.75
Pultruded glass FRP ¢FRP =0.65 ¢FRP =0.75
Glass FRP sheet (hand applied wet lay-up) drrp = 0.49 ¢rrp = 0.75
Concrete ¢c=0.75 ¢c=0.60
Steel (passive reinforcement) ¢s=0.95 ¢s=0.85
Steel (prestressing tendons) op=0.95 op = 0.90
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4.2.3.6 AASHTO

AASHTO CFRP Standards (AASHTO FRP Guide, 2012) have no consideration for
dedicated environmental reduction factors. However, AASHTO LRFD Bridge speci-
fications for GFRP-Reinforced Concrete Bridge Decks and Traffic Railings (2009)
recommends environmental reduction factors for GFRP bars. The recommended
factors for embedded GFRP bars are applicable when concrete is exposed to earth
and weather (see Table 4.4).

4.2.3.7 Summary

In summary, ACI offers the most comprehensive coverage of environmental factors
presented in Table 4.1 (ACI Table 9.1). CNR offers identical factors to ACI, but
they are rarely incorporated in design since the condition to apply them (g4;) does
not usually govern the design. Fig. 4.3 presents a comparison of environmental
reduction factors for ACI, CNR, and AASHTO (GFRP).

4.2.4 FRP strain limits
4.2.4.1 ACl

ACI sets limits to FRP strain in a strengthened section to prevent debonding
cracks from developing. Eqs. (4.8) and (4.9) (ACI Eq. 10.2) below limit FRP
strain at 90% of ep, or lower. The expressions are modifications of the work by

Table 4.4 AASHTO environmental reduction factors for GFRP bars

Exposure condition Environmental reduction factor, Cg
Concrete not exposed to earth and weather 0.80
Concrete exposed to earth and weather 0.70
1.0 0.95
0.9 0.85 08
0.8 0.7
0.7
0.6
0.5
0.4
0.3
0.2
0.1 ACI ACI
0.0 CNR CNR AASHTO AASHTO
CFRP-interior CFRP-exterior GFRP-concrete GFRP-concrete
exposure exposure & Aggressive exposed to earth and not exposed to
environment weather earth and weather

Figure 4.3 Comparison of environmental reduction factors.
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Teng et al. (2001, 2004) and are based on measured FRP strain at debonding cracks
of flexural test samples.

fe

e = 0.083, [-2£—<0.9¢, in. in. — Ib units 4.8 — ACI Eq. 10.2)
I’lEflf
gra = 0.41 Je = 0.9¢p, in. SI units (4.9 — ACI Eq. 10.2)
nEsty

The ACI code notes that transverse clamping of flexural samples has shown to
improve bond behavior relative to that predicted by Eq. (4.8) (ACI Eq. 10.2).
Provision of transverse clamping FRP U-wraps along the length of flexural FRP
reinforcement has been observed to increase FRP debonding strain by up to 30%
(CECS-146, 2003) prior to debonding failure.

To illustrate the condition expressed in Eq. (4.8), assume a 4000 psi
concrete beam strengthened with three plies of BASF MBRACE CF130
CFRP, where the thickness per ply is 0.0065 in. Further assuming tensile proper-
ties are: ultimate tensile strength, j}’; =550 ksi; tensile modulus, E;= 33,000 ksi;
ultimate rupture strain, E}‘M =1.67%; nominal thickness, #r=0.0065 in./sheet.
The application of Eq. (4.8) (ACI Eq. 10.2) results in FRP strain ¢ being
limited to 0.0065 in./in., which is 46% of the ultimate FRP strain ep, value of
0.0142 in./in (0.0167 reduced by the environmental factor of 0.85).

4.2.4.2 ISIS

ISIS considers debonding and anchorage failures as premature tension failures that
require evaluation to reduce egrp on a case by case basis through testing. However,
the Code specifies a maximum value of eggp = 0.006 as specified by the building
code S806-02 (CAN/CSA S806-02, 2002).

4.2.4.3 AASHTO

AASHTO requires that the strain developed in the FRP reinforcement at the
ultimate limit state shall be equal to or greater than 2.5 times the strain in the
FRP reinforcement at the point where the steel tension reinforcement yields
(Eq. (4.10)). This limitation is present to ensure that the tension steel reinforce-
ment yields before the point of incipient debonding of the externally bonded FRP
reinforcement, thereby enabling the development of a ductile mode of flexural
failure.

Eu
=g (4.10)
Efip
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With a maximum useable strain of 0.005 at the FRP reinforcement/concrete
interface, the maximum strain developed in the FRP reinforcement is (Eq. (4.11)):

€ =0.005 — €p, 4.11)

where ¢, is the initial tensile strain at the bottom concrete surface as a result of the
moment due to dead load (the existing tensile strain prior to FRP installation).

4.2.4.4 TR55

For strain limits, TR55 refers to Neubauer and Rostasy (1997), who suggest an ulti-
mate limit of 0.5¢, or half the ultimate plate strain, which for the materials tested
was 0.75%. TRS55 further suggests that other research has suggested somewhat
lower limits, in the order of 0.6% for sagging moments and 0.4% for hogging
moments. However, practical experience in the United Kingdom suggests that the
higher strain limits are more reasonable. On this basis, TR55 recommends that, to
avoid debonding failure, the strain in the FRP should not exceed 0.8% when the
applied loading is uniformly distributed, and 0.6% if combined high shear forces
and bending moments are present, such as where the load is concentrated at a point
and at hogging regions close to supports.

4.24.5 CNR

Within CNR the maximum FRP tensile strain, €, is calculated as follows:

Efd :min{na.g‘—fk,éfdd} (412)
V¥

where €, = characteristic value of the adopted strengthening system; 7, = environmental
factor; yy= partial factor for FRP rupture; &/;; = maximum strain due to intermediate
debonding.

The above definitions are further explained in the CNR code.

4.24.6 JSCE

JSCE does not provide maximum FRP strain limit recommendations. In this
context, JSCE cites the work to establish criteria of peeling of continuous
fiber sheets by Wu and Niu (2000). The code describes the work as ongoing
research and does not explicitly present research findings. JSCE uses Eq. (4.35)
(JSCE Eq. 6.4.1) to set the FRP stress limit oy as a function of interfacial
fracture energy Gy, which is determined from bond strength tests of FRP sheets
to concrete. Refer to Eq. (4.35) under Article 4.2.7.6 of this chapter for further
description.
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4.2.4.7 Summary

In summary, three standard guidelines have fixed strain limit values, AASHTO has
a limit of 0.005 at the concrete/FRP interface, ISIS has a value of 0.006 (for
bridges), and the TRS55 strain value is 0.008 for uniform load application and 0.006
for combined high shear/bending applications. The effect of f/. and the number of
FRP plies are evaluated on these code limits, as presented in Fig. 4.4. Here, f/. was
varied from 3 to 8 ksi while the area of FRP plies is kept at 0.3315 in.” (three plies
of BASF MBrace CF130). In Fig. 4.5 the number of plies is varied from 1 to 5
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Figure 4.4 Effect of concrete compressive strength f,c on FRP strain limits (number of FRP
layers = 3, area = 0.33 in.?).
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Figure 4.5 Effect of amount of FRP strengthening on FRP strain limits, fc/ = 5.5 ksi.
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(area changes from 0.11 to 0.55 in.%) while maintaining f.. at 5500 psi. Figs. 4.4 and
4.5 show the effect of these changes for various codes. From the graphs, it can be
seen that the codes with fixed FRP strain limits are independent of changes of f/, or
the amount of FRP strengthening used. Only ACI and CNR exhibit an increase in
the strain limit with an increase in /7, and a reduction in strain limit when increas-
ing the amount of FRP used. ACI appears to allow a maximum strain in excess of
0.009 at f,. = 8 ksi. While this may appear less conservative, other factors such as
environmental and strength reduction factors are used in combination with this
limit. Note that ACI and CNR limits increase approximately linearly as f! increases
while the limits decrease nonlinearly as FRP area increases.

The two graphs above (Figs. 4.4 and 4.5) show that AASHTO’s approach is rela-
tively conservative and is similar to the results of ISIS, which is also relatively con-
servative (note that both of these codes are bridge codes, while the other codes are
generally applicable). At 1 and 2 FRP plies, ACI reaches a relatively high strain
limit value of 0.013. As FRP area increases, most guides converge between 0.004
and 0.006, except for the TR55 limit of 0.008. In general, ACI maximum strain lim-
its are relatively unconservative at lower levels of FRP strengthening as well as at
higher values of f/..

4.2.5 Strength reduction factors
4.2.5.1 Adl

ACT follows the approach of ACI 318-05 philosophy in evaluating the strength reduc-
tion factor ¢ to promote ductile behavior. According to ACI 318-05 the strength
reduction factor ¢ is applicable for steel grades with yield stress up to 60 ksi. The
factor is a general factor applied to concrete, steel, and FRP equally. A maximum
value of 0.9 is used when steel strain ¢, =0.005 at ultimate capacity (i.e., when
concrete has a strain value of 0.003 in compression), which represents a tension
controlled failure characterized by ductile behavior. A minimum value of 0.65 is
used when ¢, = ¢y, signifying a compression controlled failure (nonductile behavior).
¢ values follow a linear transition between the two extremes (see Eq. (4.13)). ¢ is
applied to all moment components equally; it is considered a global factor.

0.90 for ¢, = 0.005

065 + 025~ en)
¢=9"" 7" 0005 e, for ey <e<0.005 (4.13 — ACI Eq.10.5)

0.65 fore; =¢,

As observed, the values for ¢ depend on the steel strain level. Another recom-
mended reduction factor specific to the FRP moment contribution is v, with a value
of 0.85. The combined reduction factor for the FRP moment contribution is ¢ X 1. 1,
is a reduction factor to account for the uncertainty in the FRP-generated moment
strength. Uncertainty is attributed to variation in material properties, section
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dimensions, and possible different failure modes observed for FRP-strengthened mem-
bers (delamination of FRP reinforcement). The reduction factor is determined based
on a statistical evaluation of variability in mechanical properties, predicted versus
full-scale test results, and field applications. The FRP-related reduction factors are
calibrated to produce nominal reliability indices () typically above 3.5. However,
reliability indices between 3.0 and 3.5 can be encountered as well (Nowak and
Szerszen, 2003; Szerszen and Nowak, 2003).

Research conducted by Okeil et al. (2007) presents the development of a resis-
tance model for reinforced concrete bridge girders flexurally strengthened with
externally bonded CFRP laminates. The resistance model was used to calculate the
reliability index of CFRP strengthened cross-sections, and it was found that the reli-
ability index for CFRP strengthened sections is greater than that for RC sections.
This is primarily attributed to the low coefficient of variation for CFRP ultimate
strength, which is lower than the coefficient of variation of the strength of steel or
concrete. However, although reliability index improves with addition of CFRP, the
flexural resistance of RC members strengthened with FRP is recommended to be
reduced by 0.85 over a similar nonstrengthened member. This recommendation is
based on the recognition of the brittle nature of CFRP behavior.

4.2.5.2 ISIS

As noted earlier, ISIS combines various factors into “material resistance factors” which
serve to account for resistance uncertainties as well as environmental reduction factors.
ISIS presents two sets of factors, one for bridges and another for buildings. The factors
provided are also classified by the FRP installation process, as shown in Table 4.3
(ISIS Table 3.4). The table presents material resistance factors for concrete, steel, and
several FRP schemes. The ISIS ¢ factors are applied separately to different materials.

The ISIS reduction value for carbon sheets using a wet lay-up is 0.56 for bridge
applications and 0.75 for building applications. The ISIS low values are partially
due to the fact that they represent the multiplication of three equivalent factors in
ACI, namely Cg, 1, and ¢. ISIS refers to clauses in the S6-06 bridge code (Clauses
16.5.3 and 8.4.6) (CSA-S6-06, 2006) for further reference.

Table 4.5 compares the resulting CFRP factor for a hand applied wet lay-up
between ACI and ISIS, the latter of which results in a more conservative value.

Table 4.5 ISIS and ACI reduction factor comparison

Type ACI ISIS
Environmental exterior exposure, Cg 0.85
Additional reduction factor, v 0.85
o) 0.90
Equivalent factor 0.65 0.56
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4.2.5.3 AASHTO

AASHTO uses a fixed-value strength reduction factor gbfrp with a value of 0.85, for
externally applied FRP. Note that the AASHTO strain limit is 0.005 for FRP, which
limits the use of FRP to flexural members which will have relatively ductile failure
conditions. In contrast, for comparison, in the case of internal GFRP bars used to
reinforce bridges, AASHTO specifies the following values for ¢ (Fig. 4.6):

0.55 for Pr=pp
pr
b= 03+ .0251% for pp, <pr <1l.4pp (4.14)
0.65 for pp, = L.4py,
In which
4
E cu
o = 0856, fo Erea (4.15)

JaErecu + fu

where pr= GFRP reinforcement ratio = A/bd, (1 = factor taken as 0.85 for concrete
strength not exceeding 4 ksi. For concrete strengths exceeding 4 ksi, 3; is reduced
at a rate of 0.05 for each 1 ksi of strength in excess of 4 ksi, except that 3; is not be
taken less than 0.65; f. =specified compressive strength of concrete, ksi;
Jja = design tensile strength of GFRP bars considering reduction for service environ-
ment, ksi; Ef = modulus of elasticity of GFRP reinforcement, ksi; &, = ultimate
strain in concrete; pg, = GFRP reinforcement ratio producing balanced strain
conditions.

0.65 v s
0.55 . H :
: : ;

Failure : : :

by GFRP o Failure by concrete crushing .

rupture : : :
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®

Figure 4.6 Strength reduction factor for GFRP.
Adapted from: AASHTO GFRP manual.
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In ASSHTO GRRP, resistance factors ¢ for shear are to be taken as 0.75. If con-
crete strength is higher than specified, the member can fail due to GFRP rupture.
To find a transition between two values of ¢, a section controlled by concrete
crushing is defined as a section in which p,=1.4 p,, and a section controlled by
GFRP rupture is defined as one in which p, = py,.

4.2.5.4 TR55

In TRS55 (UK) the characteristic material properties are divided by appropriate par-
tial safety factors (7,,r, Vyums Yme) to determine the appropriate design values. 7,,, is
a factor based on the type of material used; v, relates to the strengthening system
and method of application, and v,,; addresses the effect of material stiffness deteri-
oration with time. The product of the three factors, (me’ Youms Ymp)» determines the
final safety factor. Thus

S

S S— (4.16 — TR55 Eq. 5.2)
7mf NVmm-VmE

Smpa =

where the values of (V,,r, Vyum» Ve) are determined from Tables 4.6—4.8 (TRS55
Tables 5.2, 5.3, and 5.4).

The product (7,7, ) 1abeled 7,,r, is a partial safety factor applied to the character-
istic mechanical properties of the FRP system (Eq. (4.17)). The partial safety factor -,
is a function of the type of FRP material (7,,,), and the manufacturing process (7,,,,)-

YmF = Vif Vmm (4.17 — TR55 Eq. 5.3)

The guide provides examples of how Eq. (4.17) (TR55 Eq. 5.3) is applied using
the above tables. For example, for a carbon fiber pultruded plate, strength measured
on the plate, v, = 1.4 X 1.1 = 1.54; for an aramid sheet, strength measured on in
situ specimens, ,,r = 1.5 X 1.4 =2.1; for a glass prefabricated shell, made by hand
lay-up, v,,r =3.5X1.4=409.

In order to facilitate comparison of TR55 partial safety factors to strength reduc-
tion factors of other codes, the reciprocal values, (1/x), for TR55 are considered as
an equivalent reduction factors. Fig. 4.7 presents the equivalent reduction factors
corresponding to 7, values in Table 4.6. Fig. 4.8 presents equivalent reduction

Table 4.6 Example partial safety factors for strength at ultimate
limit state (TRS5 Table 5.2)

Material Partial safety factor, ,,,
Carbon FRP 14
Aramid FRP 1.5

Glass FRP 3.5
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Table 47 Recommended partial safety factors for manufactured
composites (TRSS Table 5.3)

Type of system (and method of application or Additional partial safety
manufacture) factor, v,
Plates

Pultruded 1.1

Prepreg 1.1

Performed 1.2

Sheets or tapes

Machine-controlled application 1.1
Vacuum infusion 1.2
Wet lay-up 1.4

Prefabricated (factory-made) shell

Filament winding 1.1
Resin transfer molding 1.2
Hand lay-up 1.4
Hand-held spray application 2.2

Table 4.8 Partial safety factor for modulus of elasticity at ultimate
(TRSS Table 5.4)

Material Factor of safety, v,z
Carbon FRP 1.1
Aramid FRP 1.1
Glass FRP 1.8
0.80 +« 0.71 0.67
0.60 +
0.40 +
0.29
0.20 +
0.00 T T '
Carbon FRP Armaid FRP Glass FRP

Figure 4.7 Equivalent reduction factors corresponding to material partial safety factors, 7,
for ultimate strength limit state.
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1.00 » 0.91
0.80 +
0.60 + 0.45
0.40 +
0.20 +

0.00 T T Y
Plate pultruded Wet lay-up Hand-held spray
application

0.71

Figure 4.8 Equivalent reduction factors corresponding to manufacturing process partial
safety factors, 7,,,, for select processes.

0.80 1
0.65
0-60 1 0.48
0.40 +
0.20 + 0.13
0.00 T T Y
Carbon FRP X plate Armaid FRP X wet lay- Glass FRP X hand-held
pultruded up spray application

Figure 4.9 Equivalent reduction factors corresponding to -, of select materials and
manufacturing processes.

factor values corresponding to v,,, of three select manufacturing processes from
Table 4.7. Fig. 4.9 presents equivalent reduction factors corresponding to 7,
calculated values discussed in the previous paragraph.

4.2.5.5 CNR

CNR specifies a partial safety factor, 7,, that depends on the resistance model;
either bending, shear, or confinement. These factors are applicable to ultimate limit
states as presented in Table 4.9 (CNR Table 3-3).

Other partial factors include materials and products factors +,, with values that
depend on failure mode; either FRP rupture or FRP debonding. Values of -, are
depending of application type; type A or type B. Type A applies to certified
strengthening systems, while type B applies to uncertified strengthening systems.
Certification of a strengthening system must be in accordance with CNR acceptance
criteria stipulated in section 2.5 of the code (CNR-DT 200, 2004). Values of ,, are
presented in Table 4.10.

In the case of FRP wet lay-up systems, CNR considers the coefficients o and
ag. age is a reduction factor for stiffness, while oy is a reduction factor for
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Table 49 CNR partial safety factor, v,

Resistance model Yrd
Bending/combined bending and axial load 1.0
Shear/torsion 1.2
Confinement 1.1

Table 4.10 CNR partial factor for materials and products, ~,,

Failure mode Partial factor Type-A application Type-B application
FRP rupture Y 1.10 1.25
FRP debonding Vd 1.20 1.50

FRP tensile strength which should not exceed 0.90. In design applications, CNR
considers partial safety factors of 1.15, 1.60, and 1.20 for steel, concrete, and
FRP, respectively. The reciprocals of the partial safety factors are considered
equivalent reduction factors for steel, concrete, and FRP:

Steel equivalent reduction factor =0.87
Concrete equivalent reduction factor = 0.63
FRP equivalent reduction factor =0.83

4.2.5.6 Summary

FRP strength reduction factor values are near 0.85 for the majority of
codes. Certain codes offer separate factors depending of the material and
manufacturing process used as in the cases of ISIS (Canada) and TRS55 (UK).
Depending on the manufacturing process the factors considered by ISIS
and TR55 are more conservative when compared to the fixed FRP reduction
factor value for ASSHTO (0.85), and values considered by ACI. The multiplica-
tive factors specified by TR55 and CNR can result in relatively large reductions
in strength. The ACI resistance factor varies with the mode of failure and
ductility. Depending on the application, ACI provides a more conservative
strength reduction factor when compared with the fixed AASHTO factor of
0.85, but AASHTO is more restrictive with maximum FRP design strain.
Table 4.11 summarizes the FRP reduction factors specified by various codes.
Table 4.12 summarizes commonly used reduction factors of concrete, steel, and
CFRP. Blank rows in the tables indicate nonapplicable cases for the code
considered.



Design provisions 53

Table 4.11 Strength reduction factors with and without environ-
mental factor

Code Application Reduction factor | Reduction factor
including excluding
environmental environmental
factor factor

ACI Interior exposure includes Cr and ¢ | 0.81 0.85

Exterior exposure includes Cg, 0.72
¥, and ¢
ISIS CFRP sheet-wet lay-up 0.56
CFRP plate-wet lay-up 0.75
AASHTO | Fixed value for FRP 0.85
TRSS5 CFRP wet lay-up sheets (equiv.) 0.65
CFRP wet lay-up pultruded 0.83
plates (equiv.)
CNR Fixed value for FRP 0.83

Table 412 Reduction factor values for concrete, steel, and CFRP

ACI AASHTO ISIS UK CNR
Steel 09=¢=0.65 | 1.0=¢=0.65 | 0.90 nonprestressed | 0.87 0.87
0.95 prestressed
Concrete 0.75 0.67 0.80
CFRP 0.85 0.85 0.56 sheet-hand 0.65 0.83
applied
0.75 pultruded

4.2.6 Serviceability and service load limits
4.2.6.1 Ad

For nonprestressed concrete members, ACI restricts stresses in reinforcing steel and
concrete under service loads to avoid the development of inelastic deformation,
especially when structures are subject to cyclic loading. The service limits for steel
as well as concrete stresses are provided in Eqs. (4.18) and (4.19).

Js.s =0.80f, (4.18 — ACI Eq. 10.6)
fes =0.45f, (4.19 — ACI Eq. 10.7)
Under service loads, the stress in steel can be computed using Eq. (4.20)

(ACI Eq. 10.14), and the stress in the FRP strengthening system can be computed
using Eq. (4.21) (ACI Eq. 10.15). The values calculated are compared to the service
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stress limits found in Egs. (4.18) and (4.19) (ACI Egs. 10.6 and 10.7) to verify if
serviceability conditions are met.

|:M + Eb,AfEf (df (k?) > ):| (d kd)E
fv,x =
AE, (d ("3" ) ) (d — k) + AsE; (d (k"> ) (d; — ka)

(420 — ACI Eq. 10.14)
(dr — ka)
fo = () =iy o8

(4.21 — ACI Eq. 10.15)

ACI does not provide references for Eqs. (4.18) and (4.19) (ACI Egs. 10.6
and 10.7).

4.2.6.2 AASHTO

AASHTO references AASHTO LRFD Bridge Design Specifications, 2010, for more
detail on the load combinations specific to different limit states including service-
ability, strength, extreme events and fatigue. Recommended values for AASHTO
service stress limits are provided in Table 4.13.

4.2.6.3 ISIS

ISIS specifies no limits on concrete stresses under service loads, but stipulates that
the stress in steel reinforcement under service loads may not exceed 80% of the
yield stress, which is similar to ACI limit.

4.2.6.4 TR55

TRS5S5 references BS 8110, part 2, 1985, or BS 5400, Part 4, 1990, for crack width
limits not to be exceeded under service loads. A procedure to calculate crack width
is referenced to Part 2—section 3 of BS 8110, 1985. To avoid excessive deforma-
tions in bridges, the stresses in the steel reinforcement and concrete at working
loads should not normally exceed 0.8f; and 0.6f;, (or 0.6 times the worst credible
strength), respectively.

Table 413 Summary of service limit state

ACI AASHTO ISIS UK CNR
Steel 0.80 f, 0.80 f, 0.80 f, 0.80 f,
Concrete 0451 0.36 .. 0.60 f.,,
CFRP 0.55 ff 0.80 fz 0.65 0.80 f7
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4.2.6.5 CNR

CNR specifies that when investigating a service limit state, stresses in the FRP sys-
tem shall satisfy the limitation of

or =1 fa (4.22)

where fj = the FRP characteristic strength at failure; n = a factor for environmental
effects, long-term effects, impact and explosive loadings and vandalism.

CNR also specifies that the service stress in concrete and steel must
be in accordance with limits stated in the current building code (CNR-DT
200, 2004).

4.2.6.6 JSCE

According to JSCE, cracks in FRP-strengthened members are relatively more
dispersed than in unstrengthened members, and accordingly, the individual crack
width is reduced. In pull-out tensile strength tests of members strengthened
with CFRP sheets, the crack width is proportional to the average strain of the sheet
and reinforcement, and is almost independent of the concrete cover, the steel
rebar diameter, the rigidity of the continuous fiber sheets, and the compressive
strength of concrete. At the level just before the steel yield point, the crack
width is approximately 0.3—0.7 times the width of cracks in members not bonded
with FRP.

For structures with large dead loads, JSCE recommends that crack width be cal-
culated using Eq. (7.4.1) of the Standard Specifications for Design and
Construction of Concrete Structures (Design), 1996. The equation proposed is iden-
tical to Eq. (4.23), but without the (0.7) multiplier.

For the specific case of large dead load, and the absence of concrete cracking
prior to the application of FRP, or for structures governed by live loads,
the flexural crack width may be calculated using Eq. (4.23) (JSCE Eq. C6.5.1),
in which the crack width is taken as 70% of the width calculated from
Eq. (7.4.1).

o 1%
=0. +0.7(Cs — Q)] | = | or L) + &
w = 0.7k[4c + 0.7(Cs — ¢)] |:Es (or Ep) €l

(4.23 — JSCE Eq. C6.5.1)

4.2.6.7 Summary

The service stress limits for different codes are summarized in Table 4.13. The
same steel limit is shared by all standards except JSCE and CNR codes.
AASHTO and CNR allow the highest FRP limits, while ACI specifies the
lowest.
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4.2.7 Creep rupture and fatigue stress limits
4.2.7.1 AC

According to ACI, of the available fiber types, CFRP is least affected by creep rup-
ture. After 500,000 h which ACI roughly equates to “about 50” years (actually 57),
CFRP is predicted to maintain 90% of its initial ultimate stress (Yamaguchi et al.,
1997, Malvar, 1998). The values for GFRP and AFRP are 30 and 50% of the CFRP
limit, respectively. Taking 0.6 as a safety factor (ACI 440.2R), the limit values for
GFRP, AFRP, and CFRP are 20, 30, and 55% as shown in Table 4.14.

The tabulated limits in Table 4.14 represent fiber stress limits under service con-
ditions f;,. An evaluation of f;; using Eq. (4.21) must be less or equal the tabulated
limit in Table 4.14.

4.2.7.2 ISIS

ISIS provisions to guard against fatigue failure include limits on the difference
between maximum and minimum stresses in the steel bars to 125 MPa (CAN/CSA
S6-06 bridge code, 2006). ISIS imposes limits on the service stresses providing dif-
ferent limits for bridges and buildings to protect against creep rupture. Table 4.15
(ISIS Table 5.1) presents these limits for AFRP, CFRP, and GFRP. ISIS limits are
slightly higher than those provided by ACI since they are specific to creep rupture
protection only, while the ACI limits include cyclic service loads.

4.2.7.3 AASHTO

AASHTO imposes an FRP strain limit of 0.005 and at ultimate capacity, a maxi-
mum allowable FRP strain level of 2.5 times the FRP strain at steel yield.
Subjected to the fatigue load combination of the AASHTO LRFD Bridge Design

Table 4.14 ACI sustained plus cyclic service load stress limit in
FRP reinforcement

Fiber type

GFRP AFRP CFRP
0.20f5 0.30f5 0.55fp,

Table 4.15 ISIS maximum stress level against creep rupture

Material Bridges Buildings
Aramid FRP 0.35 fFRPU 0.38 fFRPU
Carbon FRP 0.65 fFRPU 0.60 fFRPU

Glass FRP 0.25 fFRPU 0.25 fFRPU
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Specifications, the maximum compression strain in the concrete, ., the strain
in the steel reinforcement, &, and the strain in the FRP reinforcement, &y, are
given as:

f/

c=0.36=% 4.24
3 E, (4.24)
g, =0.8¢, 4.25)
Efp = 77€}er (4.26)

where ¢7, = the characteristic value of the tensile failure of FRP reinforcement.

By limiting the maximum strain in the concrete to the above value, the stress
range in the concrete is kept less than 0.40f".. Limiting the steel reinforcement strain
under service load to 80% of yield strain is equivalent to the recommendation of
ACI Committee 440, where the stress in the reinforcing steel under service load is
limited to 80% of yield stress (Eq. (4.18)). This recommendation is based on the
work of El-Tawil et al. (2001), Shahawy and Beitelman (1999, 2000), and Barnes
and Mays (2000). It was found that concrete strengthened with CFRP and subjected
to cyclic fatigue leads to stress results similar to those obtained for static creep, and
limiting the service load stress of steel bars in reinforced concrete beams strength-
ened with CFRP to 0.8f; is adequate.

Strain limits on the FRP reinforcement are also specified to avoid creep rupture.
AASHTO suggests that the creep rupture reduction factor,  should be based on
experimental data and in the absence of such data, a value of n=0.8, 0.5, and 0.3
shall be used for carbon, aramid, and glass fiber, respectively. However, FRP
strains investigated under the service load combination are usually sufficiently
low that creep rupture of the FRP is typically not of concern. Note that AASHTO,
FIB 14 (Swiss code), and ACI base the selection of n values on the work of
Yamaguchi et al. (1997) and Malvar (1998), although ACI recommends using 0.9
rather than 0.8 for carbon.

Per AASHTO, the investigation of material strain limits can be done as follows.
If the section cracking moment M, is less than the moment caused by the
fatigue load combination, the portion of the concrete in tension is neglected and a
transformed section of the cracked, FRP and steel-reinforced section is developed.
The cracking moment can then be evaluated per Eq. (4.27).

1
Mo =1, .27)

where

f=024\/7, (4.28)
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From the FRP reinforcement load-strain data, E;, can be evaluated.

_ S _ No/tip

Epp = (4.29)
P e Efip
Modular ratio for concrete: n, = — (4.30)
Efip
E;
Modular ratio for steel n, = 4.31)
Efrp

Once the transformed section is developed and the neutral axis location (z) is
identified, strains in the concrete, steel reinforcement and FRP due to fatigue can
then be calculated using Eqs. (4.32)—(4.34).

e = M2 (4.32)
ITEpy,
=M~ (4.33)
ITEfy,
o Mf(h + 1y —2)
efrl? ITEfrp (434)
4.2.7.4 CNR

CNR expresses the effect of fatigue, cyclic loading and continuous (creep) stress by
use of a conversion factor for long term effects, 7,. Values for 7, are provided in
Table 4.16 for several FRP systems.

4.2.7.5 TR55

TRS55 recommends that checks for fatigue should be carried out in accordance with
the recommendations in Clause 4.7 of BS 5400, Steel, Concrete, and Composite
Bridges-Part 4, 1990, and the stress range in the FRP should be limited to the
appropriate values given in Table 4.17 (TR55 Table 6.1).

Table 4.16 Conversion factor for long term effects for several FRP
systems for service limit states

Loading mode Type of fiber/resin 7

Continuous (creep and relaxation) Glass/epoxy 0.30
Aramid/epoxy 0.50
Carbon/epoxy 0.80

Cyclic (fatigue) All 0.50
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Table 4.17 Maximum stress range as a percentage of the design
ultimate strength

Material Stress range (%)
Carbon FRP 80
Aramid FRP 70
Glass FRP 30

Table 418 Maximum stress range under service loads to avoid
stress rupture for different materials

Material Maximum range (%)

Carbon FRP 65
Aramid FRP 40
Glass FRP 55

90
80 80%
70
60
50
40
30
20
10

70%

30%

Design ultimate strength, %

Carbon FRP Armaid FRP Glass FRP

Figure 4.10 TR55 maximum stress range as a proportion of the design ultimate strength.

TR5S5 stipulates that a stress rupture of the FRP may occur under sustained ser-
vice loads. The code recommends that the maximum stress in the FRP at service
loads, as a proportion of the design strength, should not exceed the values given in
Table 4.18 (TR55 Table 6.2).

Figs. 4.10 and 4.11 are visual representations of Tables 4.17 and 4.18, respectively.
Fig. 4.10 presents the permitted maximum service stress range as a percentage of the
ultimate strength of the FRP material to protect against fatigue failure for bridges
exposed to repeated live loads. Fig. 4.11 presents the maximum service stress to pro-
tect against stress rupture. From the data, carbon fibers perform best under fatigue
loads and to resist creep rupture. Aramid fiber, while performs well under fatigue
load conditions, it performs poorly to protect against creep rupture. Glass fiber
performs poorly under fatigue loading, but moderately resists creep rupture.
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70 4 65%

60 1 55%
50 1
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40%

Design ultimate strength, %

Carbon FRP Armaid FRP Glass FRP

Figure 4.11 TR55 maximum stress range under service loads to avoid stress rupture.

4.2.7.6 JSCE

According to JSCE the design flexural fatigue resistance of members strengthened
with FRP reinforcements shall be calculated considering the flexural fatigue charac-
teristics of existing sections, the fatigue characteristics of the continuous fiber sheet
and the characteristics of interfacial peeling fatigue failure between the continuous
fiber sheet and the concrete. The code indicates that methods for accurate calcula-
tion of flexural capacity fatigue resistance have not yet been established. One
recommended test method for performing tensile fatigue strength of continuous
fiber sheets (JSCE-E 546, 2000).

To set a fatigue limit, JSCE uses its limit to avoid peeling failure using an inter-
facial fracture energy approach (Eq. (4.35), JSCE Eq. 6.4.1). Eq. (4.36) is modified
to consider interfacial peeling fatigue failure for continuous fiber sheets and con-
crete substrate (Eq. (4.36), JSCE Eq. C6.4.11). A reduction factor, p, is introduced
to limit the value of tensile fiber stress, oy, instead of being set for peeling failure
limit to further accommodate fatigue loading.

[2G/E;
op =, L (4.35 — JSCE Eq. 6.4.1)
ng -ty

where 1= number of plies of continuous fiber sheets; Er= modulus of elasticity
for continuous fiber sheet (N/mmz); ty= thickness of one layer of continuous fiber
sheet (mm); Gy=interfacial fracture energy between continuous fiber sheet and
concrete (N/mm).

PuG/E
op = [T (436 — JSCE Eq. C6.4.11)
ne.ty

where p =reduction factor resulting from the influence of fatigue load on the
interfacial fracture energy relating to the bond of continuous fiber sheets to
concrete. In general, this value may be set to 0.7.
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4.2.7.7 Summary

The factors for creep rupture and fatigue effects vary significantly. CNR and TR55
set fixed values for creep rupture and fatigue limits, while ACI and ISIS express
this limit as a function of FRP strength. AASHTO provides the most elaborate
checks for creep rupture and fatigue, providing strain (or stress) limits for concrete,
steel and FRP. These limits are presented in Tables 4.19. Refer to Table 4.12 for
recommended reduction factors for steel, concrete and FRP.

Fig. 4.12 summarizes reduction factors for carbon, aramid, and glass fiber to
guard against creep rupture and fatigue. In general, ACI, AASHTO, and ISIS factors
are similar, while ACI and AASHTO generally provide the most conservative factors.

Table 4.19 FRP limits due to creep rupture and cyclic loading

Code Formula/description Limit
M;z !
AASHTO | _ % <036lc
I TEfrp EC
. M(d —z) =0.8¢,
Y IrEp,
o = Mf(h + 1 — Z) = na}‘rp
w IrEs, Note: 7 for CFRP is taken as 0.80
TRSS5 Stress range as a proportion of the 80%
design ultimate strength
ACI Sustained plus cyclic stress limit 0.55 ff
ISIS Maximum stress level for creep 0.65 firp
CNR Partial factor for creep rupture and 0.8 for creep and relaxation
fatigue 0.5 for fatigue
JSCE af P) E,
o <, |2HGrEr
iy
1.0
0.9 +—{B Carbon
0.8 +—{@ Aramid
0.7 +— 0 Glass
0.6 il
0.5 1 ml
0.4 1 — H
0.3 T - — - M
0.2 1 — — — H
0.1 1 [r— = —1 = il il
00 T T T T T T -
ACI AASHTO ISIS CNR, CNR, TR 55, TR 55,
fatigue creep fatigue creep

Figure 4.12 Summary of FRP fatigue/creep rupture coefficients.
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4.2.8 End peeling
4.2.8.1 ACl

An end peeling failure frequently occurs due to a high stress at the FRP termination
point causing a splitting away of the concrete cover at plane of the steel reinforce-
ment. In ACI, to prevent this failure, the FRP reinforcement requires anchorage if
the factored shear V,, at the termination point is greater than 2/3 of the concrete
shear strength V., or

V,>0.67V, (4.37)
where
Ve=2\/f.byd (438 — ACI 318, Eq. 11-3)

The anchoring is generally done using a transverse FRP U-wrap with an area Ay.

4.2.8.2 AASHTO

The peel stress at the point of end termination of externally bonded reinforcement
is required to meet following limit:

Foeet =0.065/f.. (4.39)
In which
3E,\ 15, 1/4
fpeel = Tav |:<Efr[[)> l—dp:| (4.40)
where
E, =2G,(1 +v,) (4.41)

v, = Poisson’s ratio of the adhesive, and is taken as 0.35.

1/2 _
Vu+< Ga > Mu] tp(h =) (4.42)

Tay =
Efiptppta Ir

Tq» = the characteristic value of the limiting shear stress in the adhesive (ksi). In the
absence of experimental data a value of 5.0 can be used.

AASHTO discusses three possible modes of debonding at the termination point of
an externally bonded FRP reinforcing system when the structure is subjected to shear
and flexure. One possibility is critical diagonal crack debonding with or without
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concrete cover separation and plate-end interfacial debonding. In this case, if the FRP
termination point is in a zone of high shear and the amount of steel reinforcement is
insufficient, critical diagonal cracking may occur. In such cases a critical diagonal
shear crack forms and intersects the FRP, then propagates toward the end of the
member. A second possibility occurs in beams with higher amounts of existing steel
shear reinforcement, instead of a single critical diagonal crack, multiple diagonal
cracks of smaller width may occur. In this case, concrete cover separation is generally
the controlling debonding failure mode. Here, failure of the concrete cover is initiated
by a crack near the FRP termination point. The crack then propagates to and
then along the level of the steel tension reinforcement. This mode of failure has been
demonstrated experimentally for beams with externally bonded steel plates and FRP
reinforcement, and is the mode of failure discussed in Section 4.2.8.1.

A third possibility occurs when high interfacial shear and normal stresses near the
end of the FRP exceed the strength of the weakest element, generally the concrete,
and plate-end interfacial debonding is initiated. Debonding in this case propagates
from the FRP termination point toward the middle of the structural member, near
the FRP—concrete interface. Note that this failure mode is only likely to occur when
the FRP is significantly narrower than the beam section. AASHTO does not quantify
a threshold for a ratio at which debonding initiates and propagates.

Although a wide range of predictive models that include numerical, fracture
mechanics, data-fitting, and strength of material-based methods have been
developed to address end peeling failures (Yao, 2004), AASHTO recommends a
simplified equation based on the approximate analysis of Roberts (1989). At pres-
ent, AASHTO does not specify a standard test method for determining the peel
strength of an FRP reinforcement system from the concrete surface. However,
AASHTO recommends for this purpose the use of ASTM Standard Test Method D
3167, Standard Test Method for Floating Roller Peel Resistance of Adhesives
(2010). The ASTM method can be used for determining the peel resistance of adhe-
sive bonds between rigid and flexible surfaces adhered together. For cases in which
the peeling occurs within the concrete layer, AASHTO recommends that the peel-
ing strength be limited to 0.065\/]_”2 and if the peeling stress exceeds 0.065 \/fw:,,
mechanical anchors at the FRP termination point must be used.

4.2.8.3 TR55

TRS5S5 refers to early research on FRP separation failure and suggests a number of
possible approaches for combating this problem, including: the use of plate-end
anchorage devices, flexible adhesives, and imposing limits on the plate aspect (i.e.,
breadth/thickness) ratio. Bolted systems, bonded angle sections and composite
straps bonded across the soffit plate are examples of plate-end anchorage devices
that have been proposed as possible methods of preventing FRP separation failure.
Generally, TR55 states that end plate separation failure can be avoided by meeting
two criteria: (1) limiting the longitudinal shear stress between the FRP and the sub-
strate, and (2) anchoring the FRP by extending it beyond the point at which it is
theoretically no longer required.
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Tk, max

Characteistic bond
failure force, Fy

I t, max

Anchorage lenegth, /;

Figure 4.13 Characteristic bond failure force vs. anchorage length (TR55).

To meet the first criterion, TR55 notes that field experience indicates that limit-
ing the longitudinal shear stress at the ultimate limit state to a value no greater than
0.8 N/mm?, premature peeling failure can be avoided. TR55 also presents a proce-
dure to calculate the minimum anchorage length as it relates to the maximum ulti-
mate bond force. The longitudinal shear stress, 7, can be calculated using the
following expression (Eq. (4.43)):

T =Vorads(h — x)/1I5b, (4.43)

The relationship between the bond force,T;, and the corresponding anchorage
length, [, is presented in Fig. 4.13. It is further recommended that a minimum
anchorage length of 500 mm should be provided. In situations where it is not possi-
ble to provide the maximum allowable anchorage length, the bond force should be
less than the following:

Timaxli\ [2 —1
T, = <’“ ’> { ’} (4.44)
lt,max lr,max
Additionally, TR55 considers using an anchorage device, provided its capacity
has been verified by testing.

4.2.84 JSCE

JSCE does not clearly specify design equations other than the following limiting
peeling stress expression:

2G/E
oy ==L (4.45)
ny.ty



Design provisions 65

JSCE notes how the interfacial fracture energy factor Gy varies with the strength-
ening system, the number of plies, and the anchoring system used, and states that
this value should be determined through testing. When testing cannot be performed,
JSCE recommends using a Gy value of 4 Ib/in. (0.7 N/mm).

4.2.85 CNR
The following equation is used to limit the peeling stress in CNR:

The =Jbd (4.46)

Per Eq. (4.46), to prevent peeling failure, the equivalent shear stress 75, should
be less than the design bond strength (fp). If the shear stress is higher, an anchor-
age device must be used. The equivalent shear stress is given by Eq. (4.47):

T},’e = kid *Tm (447)

where k;; = a coefficient (=1) accounting for shear and normal stresses close to the
anchorage ends, assumed to be 1.0.

V(Z:a) Iy (h - xe)
Ic/ny

(4.48)

Tm =

Tm = average shear stress; V-, = shear force acting on the section where FRP
strengthening ends; #,= fiber thickness; n,= modular ratio, Ef/EC; x, = distance
from the extreme compression fiber to the neutral axis; /., = moment of inertia of
the transformed section.

Joa = kb.@ (4.49)

Yo

Jfva = design bond strength, a function of the characteristic tensile strength of the concrete, f.
v, = 1.0 for rare loading combinations;
= 1.2 for frequent loading combinations.

The peeling stress is then given as

1/4
fpeel = Tay |:(3'Ea> tfrp:| (4.50)

Epiptfipta Ir

1/2 _
N MM] tn =) @5
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References are not provided for the basis of the safety factors -y,. Environmental
factors are not accounted for. A value of 116 psi (0.8 N/mm?) is recommended for
use as an upper limit to avoid premature peeling failure.

4.2.8.6 Anchorage methods for FRP

For cases of high peeling or shear stress an anchorage system may be required to
avoid debonding failure. In these cases an anchorage system might allow the use of
a FRP strengthening plan that otherwise would not meet design code provisions.
For example, anchorage may allow greater strengthening or the use of a wider
range of possible FRP geometries and material properties. A drawback of the use of
many anchorage systems is the added cost and complexity of installation.

NCHRP 678 (Belarbi et al., 2011) describes several anchorage systems, including
the near-surface mounted system, where the end of the FRP wrap or preformed plate
is bent and embedded into a groove cut into the concrete, then secured with epoxy.
Another system available involves anchoring the FRP to the concrete with a spike
made from a bundle of fibers. In this process, half of the spike length is covered with
resin and allowed to harden. The precured spike end is then inserted into a resin-
filled hole that is drilled into the concrete, and the dry fibers on the other end of the
spike are spread apart on the surface of the FRP layer to be anchored, and then satu-
rated with resin. Yet other types of anchorage systems involve embedding nails or
rods into the concrete to secure steel plates on top of the FRP layer to be anchored.

ISIS also describes several common anchorage systems, including bonding an
additional FRP strip along the edges of the applied FRP; anchoring FRP shear stir-
rups into the bottom of the slab in T-beam applications; and clamping the FRP
strips with plates and bolts, as later illustrated in Section 4.3.2.3.

4.2.8.7 Summary

A summary of peeling limits and procedures are given in Table 4.20.

Table 4.20 Peeling summary

Code Quantity Formula Limit
ACI 440.2R Vu _ (Afffu)longiludinal V. =0.67 V.
incor (Ef K"Efu)anchor
AASHTO ocel 3E,\ iyt [ freet =0.065\/F.
fpeel = Tav -
Efp) ta
CNR-DT 200 | Bond shear strength | 73, < fjq fu=ks Seik
Vb
TRS5 Shear stress V,=116psi (0.8 N/mm?) | 116 psi (0.8 N/mm?)
JSCE Shear stress
2G/E, 2G/E,
Aoy = Ef 7 Ef
el nf.lf
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As shown in the table, different methods are used to evaluate peeling for the
various codes. ACI uses a peeling limit evaluating the shear capacity of concrete at
the FRP termination point, expressed as a function of ,/f’. and section shear capac-
ity and demand (V,, =0.67 V). AASHTO and CNR limits are similar, and are a
function of f, and \/fz respectively, while JSCE expresses the limit in terms of
FRP-related quantities. To compare code expressions a rectangular concrete beam
of h=30 in and b =18 in is considered as an example. The beam is assumed to
have the following properties: factored shear force at the reinforcement end termi-
nation = 100 kips; factored moment at the reinforcement termination = 500 kip-in;
materials properties of Mbrace Saturant and Mbrace CF130 wrap are used, such
that fiber thickness (one ply) = 0.0065 in.; fiber modulus of elasticity = 33,000 ksi;
adhesive thickness = 0.0022 in.; adhesive modulus of elasticity = 440 ksi; Poisson
ratio of adhesive =0.40; ~, =12 (assumes a frequent load combination (for
CNR)). Peeling stresses and limits are evaluated as a function of the amount of
FRP strengthening (Fig. 4.14), and concrete compressive strength f7. (Fig. 4.15).

Two notable observations are that: (1) for the example beam, the peeling
stress exceeds the peeling limit in all cases, and end anchorage is required; and
(2) peeling stresses significantly increase as f.. increases, and marginally increases
as the amount of FRP strengthening increases. However, peeling limits are inde-
pendent of the amount of FRP strengthening, but vary with the increase in f7.
AASHTO and CNR are similar in the treatment of peeling stresses and peeling
limits, although AASHTO peeling limits are slightly more conservative than those
of CNR.
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0.20

0.15 /

0.10

Peeling stress, ksi

0.50

0.00
0.11 0.22 0.33 0.44 0.55

Strengthening area, in.?
—&— CNR AASHTO AASHTO LIMIT STATE CNR LIMIT

Figure 4.14 Peeling stress versus FRP strengthening area.
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Figure 4.15 Peeling stress versus f.

4.2.9 Development length
4.2.9.1 AASHTO

In AASHTO the tension development length, L, is taken as

Ty,
L;= % (4.52)
mtYfrp

where T, = tensile force in the FRP reinforcement corresponding to an FRP strain
of 0.005; 7;,; = interface shear transfer = 0.065 \/]T/C

The specified development length is required to allow the full tension strength of
the FRP to be developed in the region of maximum moment.

As will be shown below, the AASHTO development length calculations produce
more conservative values as FRP area increases. It was also found that AASHTO
development length values are most conservative at lower values of f., producing
values as well as trends that are significantly different from the other codes studied
(see Figs. 4.16 and 4.17). Other code results appear to be independent of the
changes in FRP area as well as f. (ISIS and TR55) or slightly dependent on these
factors (ACI and CNR). To understand the reasons for these discrepancies, the basis
of AASHTO’s development length methodology is reviewed.

The interface shear transfer strength (7;,) given in AASHTO is based on the rec-
ommendation of Naaman and Lopez (1999), who conducted tests on uncracked and
precracked reinforced concrete beams externally bonded with FRP reinforcement and
subjected to accelerated freeze—thaw cycles. This shear limit represents a lower
bound of the experimental data found from short-term direct tension tests of FRP rein-
forcement bonded to concrete surfaces (Haynes, 1997; Bizindavyi and Neale, 1999).
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Figure 4.16 Development length as a function of f7, ksi.
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Figure 4.17 Development length as a function of FRP area, in.”,

This research was conducted for MDOT and is detailed in Report RC-1372, “Repair
and strengthening of reinforced concrete beams using CFRP laminates, behavior of
beams subjected to freeze-thaw cycles.”

In the experimental program, reinforced concrete beams were subjected to a
maximum of 300 freeze—thaw cycles according to ASTM C666. The parameters
investigated were two different adhesive systems, the Tonen CFRP sheet system
(MBrace), and the Sika CFRP system (Carbodur); as well as the degree of cracking
prior to strengthening. It was found that freeze—thaw cycles influenced the
behavior of reinforced concrete beams with glued-on CFRP laminates, and the
recommended value of interface shear transfer strength (7, represents the lower
bound of the test results.
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4.2.9.2 Ad

In ACI the bond capacity of FRP is developed over a critical length /. To develop
the effective FRP stress at a given section, the available anchorage length of FRP
should exceed the value given in the equation below:

Ety
Ly = 0.057, |~ \/}l in.-Ib units (4.53)
Et
7 ST units (4.54)

1,r =
df \/]T2

4.2.9.3 ISIS

ISIS specifies the minimum required anchorage length for the externally bonded
FRP beyond the point where no strengthening is required, /,. According to the S6-06
bridge code, [, may be evaluated as follows:

lo = 0.5/ Errpterp = 11.81 in. (300 mm) (4.55 — ISIS Eq. 5.29)

Anchorage lengths longer than I, must be provided if required by the manufac-
turer’s installation procedure. For cases where /, is not provided, suitable anchorage
mechanisms must be used.

4.2.9.4 CNR

The optimal bonded length /, may be estimated as follows:

Erty
l, = : (4.56 — CNR Eq. 4.1)
\/ 2V d

where [, is in mm; the value from Eq. (4.56) should be multiplied by 0.03937 to
obtain /, in inches.

4.2.9.5 TR55

TRS55 specifies a threshold anchorage length, /; max, above which no increase in the
bond failure force is possible. The maximum anchorage length, [, n,«, needed to
activate this bond force is calculated using the following expressions:

limax = 0.7\ Epaty /fum = 19.69 in. (500 mm) (4.57 — TR55 Eq. 6.19)



Design provisions 7

where

Foom = 0.18(fou)*? (4.58 — TR55 Eq. 6.22)

4.2.9.6 Summary

Generally, all expressions (with the exception of ISIS), express development length
as a function of tension in the FRP and concrete compressive strength f7.. The ISIS
formula f/. sets a minimum limit of 11.81 in. (300 mm), while TRS5S5 sets the devel-
opment length minimum value at 19.69 in. (500 mm). A comparative evaluation of
development length is given in Figs. 4.16 and 4.17 (note that to evaluate CNR, f.,
is assumed to be 0.3 (fi,)z/ 3 in accordance with the Eurocode, since CNR does not
provide an expression for the value). Two scenarios are considered; the first
(Fig. 4.16) varies f., while the second (Fig. 4.17) varies FRP area from one to five
plies of BASF MBrace CF130 CFRP wrap (see article 4.2.8.7 in this book for
example beam properties and other relevant data).

It can be seen from the figures that a significant variation in development length
requirements exist. For ISIS and TRS55 the lower limits specified generally con-
trolled. For AASHTO, development length is independent of FRP modulus, while
all other codes have expressions for development length as a function of FRP modu-
lus. The AASHTO expression is also significantly more sensitive to FRP area. As
discussed above, AASHTO recommendations differ significantly from the other
codes and generally provide conservative results. However, the values considered by
AASHTO were specifically based on testing conducted for MDOT at the University
of Michigan that included freeze—thaw conditioning relevant to Michigan.

4.2.10 Flexural design approach and assumptions
4.2.10.1 AASHTO

In AASHTO the calculation of the flexural strength of reinforced concrete members
externally reinforced with FRP materials assumes perfect bond between the reinfor-
cing steel, FRP reinforcement and the concrete; that the contribution of tension
stress in the concrete to flexural strength is neglected; the stress—strain behavior for
FRP reinforcement is linear-elastic until failure; the stress—strain behavior of steel
reinforcement is bilinear, with elastic behavior up to yielding and perfectly plastic
behavior thereafter; the maximum usable compression strain in the concrete is equal
to 0.003; and the maximum usable strain at the FRP/concrete interface is 0.005.

When concrete compressive strain is less than 0.003, the concrete compression
stress distribution is to be modeled with a parabolic shape according to the follow-
ing equation:

_ 2(0.9f.)(ec/€0)

=T (ec/e0)

(4.59)
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where

€0 = 1.71% (4.60)

c

€o is the concrete strain corresponding to the maximum stress on the concrete
stress—strain curve.

The factored resistance, Mr, of a steel-reinforced concrete rectangular
section strengthened with FRP externally bonded to the beam tension surface is
be taken as

Mr = 09[A, fidy — kae) + A(f(kae = d)] + GegpTrrp(h — kac) (4.61)
where ¢prp = resistance factor = 0.85.
Trrp = nbprpNy (4.62)

n =number of FRP reinforcement plates; N, = FRP reinforcement strength per unit
width, corresponding to 0.5% strain in the FRP reinforcement when subjected to
tension in accordance with ASTM D3039; assumed to be 1.07.

4.2.10.2 JSCE

JSCE considers carbon and aramid fibers. It employs five partial safety factors:
material, load, member, structure, and analysis. However, JSCE does not include
explicit design equations for flexure. Due to the lack of a clear procedural descrip-
tion of flexural capacity evaluation, JSCE was not further considered for moment
capacity analysis and comparison.

4.2.10.3 CNR

Similar to JSCE, CNR also provides no explicit capacity expression, but the flex-
ural failure mode and capacity can be determined from strain compatibility, sec-
tion equilibrium, and the required material strength limits. In CNR the concrete
stress block is not specified, so the FIB 14 procedure (2001) is used, where the
coefficient representing the resultant of the compressive stress can be expressed as
follows:

1= 0.8 for f/, <7.3 ksi (50 MPa);

= 0.8—(f.-50)/400 for f. > 7.3 ksi (eq. in MPa).

A = coefficient representing the extreme compression fiber;
= 0.40 (from FIB 14, as no value is given in CNR).

K, = geometric coefficient, =1.0.
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Finally the maximum strain in FRP is to be calculated as follows:

Efd =min{na.€—fk,5fdd} (412)
Ur

For comparison to other codes (as applicable in Figs. 4.18—4.35) the following
assumptions are used in CNR flexural calculations: steel yield strength is reduced by

the specified partial safety factor of v, = 1.15 such that f,; =f,/,; the mean value
of concrete tensile strength f.,, = 0-3(\/172)2/ : (not explicitly defined in CNR, but
taken from Eurocode; concrete compressive strength is taken as f.; = 0.85(f./7,),
with the partial safety factor taken as v, = fom = (\/ff)z/ a=( fi/ve. = 1.6.

4.2.10.4 Ad

ACI assumes that the maximum concrete compressive strain is 0.003. The FRP
strain limit is imposed using Eq. (4.8) as shown below:

’
er = 0.083 f—“ = 0.9¢y, in in.-1b units (4.8 — ACI Eq. 10.2)
1 nE;i, fi
_ fe . .
ga = 0.41, | ——=0.9¢y, in SI units (4.9)
nEgty
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Figure 4.18 Effect of amount of FRP flexural strengthening on unfactored moment (p = 0.0033).
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Figure 4.19 Effect of amount of FRP flexural strengthening on unfactored moment (p = 0.0064).
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Figure 4.20 Effect of amount of FRP flexural strengthening on unfactored moment (p = 0.0171).

Eq. (4.63) (ACI Eq. 10.13) is typically used to evaluate the nominal moment
capacity of the section:

M, = A {d - (%)} + PAsf {h - (%)] (4.63 — ACI Eq. 10.13)
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Figure 4.21 Effect of amount of FRP flexural strengthening on factored moment (p = 0.0033).
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Figure 4.22 Effect of amount of FRP flexural strengthening on FRP strain (p = 0.0033).

For the special case when ¢, is smaller than 0.003, values for 3, and «; are

evaluated as follows:

!/

3, = 4e, — e,
6e. — 2¢,
3ele, — 2

a = c=¢ 4

38,e.*

(4.64)

(4.65)
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Figure 4.23 Effect of amount of FRP flexural strengthening on factored moment (p = 0.0064).
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Figure 4.24 Effect of amount of FRP flexural strengthening on FRP strain (p = 0.0064).
Note: As steel reinforcement ratio increases and FRP strain decreases, failure mode changes
from compression to tension failure. Also, with increasing f7,, the mode of failure changes
from compression to tension failure.
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Figure 4.25 Effect of amount of FRP flexural strengthening on factored moment
(p=0.0171).
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Figure 4.26 Effect of amount of FRP flexural strengthening on FRP strain (p = 0.0171).
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Figure 4.27 Effect of f,. on unfactored moment (p = 0.0033).
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Figure 4.28 Effect of f/. on unfactored moment (p = 0.0064).

Using (,and «a; the neutral axis location can be evaluated from Eq. (4.66).
_ Asfy + Asfre
Oé]f;ﬁlb

Steel and FRP service stresses are calculated using Egs. (4.20) and (4.21) to
ensure compliance with serviceability requirements.

(M. + enilrEr (dy — ()] (d ~ ka)E,

(4.66)

o = 4.20 — ACI Eq. 10.14

T AR @) k) A (4 B k) @101
_ . (E\dr—ka) B

Jrs =Fss ( Es) @=k) eniky (4.21 — ACI Eq. 10.15)
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Figure 4.29 Effect of f,. on unfactored moment (p = 0.0171).
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Figure 4.30 Effect of f/. on factored moment (p = 0.0033).

An environmental reduction factor Cr (taken as 0.85 assuming exterior expo-
sure) and the additional reduction factor ¢ specific to FRP are considered in the
factored moment calculations.

4.2.10.5 ISIS

The ISIS design procedure is straightforward with the assumptions given in the
code. The neutral axis is determined using strain compatibility and section balance.
In ISIS, it is assumed that concrete maximum compressive strain is = 0.0035; the

www.FreeEngineeringBooksPdf.com



80 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

800
700
600

500

400
300

200

Factored moment, k.ft

100

3.0 4.0 5.0 5.5 6.0 7.0 8.0
f'c, ksi
—6—CNR == AASHTO UK SIS ==k=ACI

Figure 4.31 Effect of /. on factored moment (p = 0.0064).
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Figure 4.32 Effect of f,. on factored moment (p = 0.0171).

maximum FRP strain (per the bridge code) = 0.006; and, the appropriate reduction
factors are used as specified earlier in this chapter.

4.2.10.6 TR55

TRS5 is similar to the other codes in its assumptions of the applicability of basic
engineering mechanics to establish section capacity. Specific to TR55 are the fol-
lowing recommendations for flexural capacity: the FRP strain limit to prevent
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Figure 4.33 Effect of f.. on FRP strain (p = 0.0033).
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Figure 4.34 Effect of f.. on FRP strain (p = 0.0064).

debonding is taken as 0.008 for uniformly distributed loads and 0.006 for load
effects of simultaneous high shear and moment; and the ultimate compressive strain
in concrete €., = 0.0035.

Unique to In TRSS5, an additional moment capacity, M,4,, representing the FRP
contribution, is added to the original section nominal moment capacity. Assuming a
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Figure 4.35 Effect of f/ on FRP strain (p =0.0171).
flexural section is to be strengthened to carry a larger moment M than its current

capacity, with a singly-reinforced section, the nominal moment is evaluated as
follows:

M, =F;z+ Fe[z+ (h — d)] (4.67 — UK Egq. 6.14)
where
_ _ (S
M,=Mand F, = = | - A,
’yl’ﬂS

4.2.10.7 Summary

For comparison of different code results a rectangular reinforced concrete beam
with »=18 in and £ =30 in is considered for strengthening with MBrace CF130
CFRP. Figs. 4.18—4.26 illustrate how moment capacity changes as a function of
FRP area and initial steel reinforcement ratio. It was found that, as expected, an
increase in moment capacity accompanies an increase in FRP area. An exception is
observed for ACI with a steel ratio of 0.0171 (Fig. 4.25—factored moment case).
This exception occurs because the steel reinforcement strain falls in the transition
zone between a tension and compression controlled failure, causing a reduction in
the value of ¢ and thus reducing the factored moment as FRP area increases. It was
also found that as steel reinforcing ratio increases, a compression failure is observed
in some codes but not in others. For example, AASHTO and CNR develop
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compression failures at a steel reinforcement ratio of 0.0171 for all values of FRP
strengthening. It is important to note that the compression failures were obtained
for the relatively low f7. chosen for the evaluation beam of 3000 psi. This low value
was specifically chosen such that the behavior of different code procedures consid-
ering different beam failure modes (i.e., tension and compression controlled) could
be compared. In most cases, where f/. is greater that 3000 psi, the likelihood
of developing a compression failure is reduced for the same amount of FRP
reinforcement.

It was also found that due to the need to maintain section equilibrium, when
FRP area increases, FRP strain is reduced. However, when the code-specified FRP
strain limits are imposed (for example, ISIS enforces a maximum FRP strain of
0.006), FRP rupture sometimes becomes the only possible mode of failure.
Moreover, ACI exhibits a higher FRP strain at lower values for FRP area, relative
to other codes. This can be attributed to one of the two ACI strain limit expressions,
where the strain limit is inversely propotional to FRP area (Eq. (4.8)).

g = 0.083 /LS 0.9¢g, in in. — Ib units (4.8 — ACI Eq. 10.2)
I’lEftf ’
€a = 0.41 Je = 0.9¢p, in SI units 4.9)
nEyty

Although predicted FRP strains differ, AASHTO and ISIS, both bridge-
specific codes, generally produce similar moment capacity values for the differ-
ent cases investigated. ACI, AASHTO, and ISIS are also reasonably consistent
with flexural capacity prediction. ACI has greatest capacity for lower FRP area
and higher f/, while AASHTO and ISIS have greatest capacity for higher FRP
areas. TR55 is more sensitive when there is a change in concrete compressive
strength and is less affected by change in FRP area. It is the most conservative
for almost all cases. Despite its largest FRP strain limit of 0.008, it produces the
least capacity due to its conservative (nonadjustment of the neutral axis) flexural
capacity calculation method. In most cases, FRP rupture was found to be the
mode of failure.

Figs. 4.27—4.35 illustrate the effect of changing f. on moment capacity, as a
function of several other parameters. For this comparison, FRP area was fixed at
three plies of 17 in. wide of MBrace CF130 CFRP. As expected, higher FRP strains
result in higher the moment capacities. It was also found that ACI results in higher
values for FRP strain as well as factored and unfactored moments when compared
to other codes. For lower steel reinforcement ratios (p=0.0033 and 0.0064),
tension failure is the dominant mode of failure, though the higher value for
p(0.0171), when combined with the FRP, results in possible compression failures
(for example, AASHTO and CNR transition from tension failure into compression
failure at the 0.0171 steel reinforcement ratio).
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4.3 Shear FRP strengthening of RC/PC bridge members

4.3.1 Introduction

A review and analysis of the shear strengthening provisions for concrete bridge
members with FRP is presented in this section for the six reviewed guidelines. The
organization of this section is based on the framework presented in ACI 440.2R-08
since it offers the most complete coverage of the subject. The specific items for
analysis and comparison include:

*  Wrapping schemes
Strength reduction factors
Reinforcement and spacing limits
FRP strain limits
Shear design approach and assumptions
Shear analysis procedure and results

4.3.2 Wrapping schemes

Three types of wrapping schemes are generally used to increase the shear strength
of rectangular beams: four-sided (complete or “closed”) wrap, three-sided
(U-wrap), and two-sided wrap, as shown in Fig. 4.37. Each standard mentions these
three types, and some offer recommendations and comments, which are summa-
rized below.

4.3.2.1 Ad

ACI notes that the completely wrapped scheme is the most efficient, followed by
the three-sided U-wrap, although complete wrap is more common in columns. In all
wrapping schemes the FRP system can be installed continuously along the span of
a member or placed as discrete strips (Fig. 4.36). However, the use of continuous
FRP that completely encases a member is discouraged since it potentially prevents
migration of trapped moisture.

4.3.2.2 AASHTO

Similar to ACI, AASHTO notes that the two-sided wrap is least effective, as it is
subject to premature debonding under high shear loads. Similarly, U-wrap schemes
may debond prior to a complete wrap scheme, but U-wrap is popular in practice
because of its wide applicability and ease of installation. U-wrap, or U-jacketing,
can be combined with anchorage to increase the effectiveness of the FRP by
anchoring the fibers, preferably, in the compression zone. Properly design anchors
can result in the fibers reaching their tensile capacity prior to debonding, permitting
the jacket to behave as if it were completely wrapped.
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Figure 4.36 (A) Fibers at 90 degree direction, (B) fibers at inclined direction (AASHTO).
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Figure 4.37 Recommended application of wrapping schemes in ISIS. (A) Closed wrapping;
(B) U-shaped stirrups; (C) Side bonding.

4.3.2.3 ISIS

As with ACI and AASHTO, ISIS recommends the use of closed wrapping in
beams whenever possible as this approach is most effective. U-shaped stirrups
are recommended when access to the full perimeter of the beam is not possible, as
in the case of a T-beam. In the case of AASHTO-type beams (Fig. 4.37) or
shear walls, side bonding is the only form of strengthening possible. ISIS notes that
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two- and three-sided schemes are bond critical and, depending on shear value
(discussed in ISIS section 7.4.2), may require anchorage. Fig. 4.38 illustrates the
typical anchoring systems described in ISIS.

4.3.2.4 CNR

CNR notes that, for U-wrap schemes, delamination of the ends of the FRP reinforce-
ment can be avoided by using anchors in the form of laminates/sheets and/or bars
installed in the direction of the member longitudinal axis. In such cases, the behavior
of the U-wrap can be considered equivalent to that of a completely wrapped member.

4.3.2.5 TR55

TRS55 recommends that the FRP is placed such that the principal fiber orientation is
either 45 or 90 degrees to the longitudinal axis of the member.

4.3.2.6 Wrapping schemes—summary

In summary, there is little difference in the wrapping schemes presented and
recommended by the different codes. Essentially, completely wrapped sections,
three-sided wrap, and two-sided wrap are considered, where the wrapping can be
continuous or in parallel strips either at 90 degrees to the member direction or at an
inclined angle. Detailed provisions to determine the strength of such schemes
differs somewhat among codes and is discussed in Section 4.3.6.

4.3.3 Strength reduction factors

FRP shear strength reduction factors are summarized in Fig. 4.39 for the different
codes. The largest reduction value (most conservative) is adopted by ISIS (0.56) and
the smallest value (least conservative) is adopted by AASHTO (0.85). It is noted
that AASHTO uses other limits such as restricting the maximum FRP stirrup spac-
ing, depending on the total shear value. Similar to flexure, the highly conservative
reduction factor for shear given by ISIS is attributed to the fact that the ISIS factor
incorporates environmental and material reduction factors as well.

(A) (B) (©)

Figure 4.38 Typical anchoring systems for FRP shear reinforcement described in ISIS.
(A) Longitudinal strips; (B) In-slab bonding; (C) Clamping plates.
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Figure 4.39 FRP strength reduction factor.

4.3.4 Reinforcement limits and spacing limits
4.3.4.1 Ad

Shear strengthening limits

The sum of the shear strengths provided by the FRP and existing shear reinforce-
ment are to be limited to the criteria given for steel alone, as given in ACI 318.
This limit is given in terms of four times the nominal shear strength of the concrete
(2\/f_2_bwd), and is expressed as

Vi + V; =8y/f b,d in.-Ib units (4.68 — ACI Eq. 11.11)
Vy + V; =0.66+/f. b,d SI units (4.69)

Spacing of FRP strips

For external FRP shear strengthening in the form of discrete strips, ACI specifies
limits in articles 11.1 and 11.4.2. Article 11.1 stipulates that the center-to-center
spacing between the strips should not exceed the sum of d/4 plus the width of the
strip. Moreover, Article 11.4.2 states that spacing limits should follow those given
in ACI 318, which are as follows (Egs. (4.70) and (4.71)):

d
For Vi + V; =4\/f. b, d Smax = 2= 24 in. (4.70)
d .
For Vi + Vi >4\/f/ by d Smax = 1 =12in. “4.71)

www.FreeEngineeringBooksPdf.com
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4.3.4.2 AASHTO

Maximum FRP shear reinforcement
In AASHTO the amount of FRP used cannot result in a section with nominal shear
strength exceeding the limit given in Eq. (4.72):

V,= O.25f’cbvdv +V, (4.72 — AASHTO Egq. 5.8.3.3-2)
where
Vo=V + Vi + Vg, 4.73)

The factored shear strength, V,, is defined as
Vi=(Ve + Vs + V) + 6, Vi (4.74 — AASHTO Eq. 4.3.1-1)

where V. = the nominal shear strength provided by the concrete in accordance with
Article 5.8.3.3 of the AASHTO LRFD Bridge Design Specifications

=0.03168+/f.b,d, (475 — AASHTO Eq. 5.8.3.3-3)

Vi = the nominal shear strength provided by the transverse steel reinforcement in
accordance with Article 5.8.3.3 of the AASHTO LRFD Bridge Design
Specifications

_ Afy.d,(cot 0+ cot asin a)
S,

(4.76 — LRFD Eq. 5.8.3.3-4)

where

dv = max(dvl 5 dv27 dv3) (477)
a
dy=d-— E,dvg =0.9d,d,3 =0.72hy

V, = component of the effective prestressing force in the direction of applied shear
as specified in Article 5.8.3.3 of the AASHTO LRFD Bridge Design Specifications;
Vfp = the nominal shear strength provided by the externally bonded FRP system in
accordance with AASHTO Article 4.3; ¢ = 0.9; ¢f,p = FRP resistance factor = 0.85.

4.3.4.3 Summary

Table 4.21 summarizes expressions for shear reinforcement limits by different
codes, while Table 4.22 summarizes spacing limits.

As shown in Table 4.21 the maximum combined shear contribution is a fixed
value for a given section. For this reason the amount of allowable FRP shear rein-
forcement depends upon the amount of steel shear reinforcement present in the
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Table 4.21 Maximum shear resistance allowed

Code Limit Equation
AASHTO Maximum total allowable shear V, =0.25f.b,d, + Vp
where
Vn = Vc + Vs aF Vf
CNR Maximum total allowable shear Vikamax = 0.3fcabd
ACI Max. shear by steel and FRP Vs + V; =8y/f. b,d in-lbs units
Vi + V; =0.66+/f. b,d SI units
UK Maximum permissible shear stress 0.8v/fou 01 675 psi (5 N/mm?)
ISIS Max. strengthening (bridge code) Ve + Vi + Virp = 0.25¢,f.b,d,

Table 422 Maximum spacing of FRP shear reinforcement

Code Equation
AASHTO For v, <0.125f/,use  Spmax = 0.8d, =24 in.
For v, > 0.125f,use  Smax = 0.4d, = 12 in.
CNR 2 in (50 mm) = w,= 10 in. (250 mm), and
wr = py = min {0.5d, 3 wy, wy + 8 in. (200) mmy}
d
Acl SFRP = WFRP T %
d
For Vi + Vy =4./f. by, d, use  Spax = . =24in
d
For Vs + Vy >4./f. b, d, use Smax = 7 =12in
d
ISIS Bridge code S6-06: Sprp = wirp + %
Building code:
V —
5 =0.75 d, = 24 in. (600 mm) for -~ de <0.1¢,f.

vy

s =033 d, =12 in. (300 mm) for 4" = 0.14,f,

section (and associated shear capacity of the steel stirrups V). The effect of the
existing level of V on the allowed FRP shear capacity (V) is shown in Fig. 4.40,
for different ratios of V/V, and values of /.. An obvious observation is the increase
in allowed FRP shear strengthening with an increase of f... It is also seen that ACI

is most restrictive, while CNR allows the most strengthening, while AASHTO and

ISIS fall between these bounds. Notice that for ACI, with a V,/V, ratio of 4.0, no
FRP shear strengthening is allowed (Fig. 4.40) (Fig. 4.41).
The effect of the FRP strip width on spacing limits for different codes is evalu-

ated for different beam depth using beam dimensions provided in Section 4.3.6.7 of

this book. Beam depths considered are 12, 24, 36, 48, and 60 in. Figs. 4.41—4.45
present the maximum spacing limits as a function of strip width for different codes.
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Figure 4.40 Effect of V;/V. on allowed V;.

Except for CNR and ISIS, codes have different maximum spacing limits depending
the applied shear value. For most codes, spacing limits for low shear values
fall between 10 in. and 20 in., while for high shear values, limits fall between 5 in.
and 10 in. Limits are generally expressed as a function of concrete compressive
strength. However, the ISIS S6-06 bridge code spacing limit is independent
of concrete compressive strength f/. and is a function of the depth dprp and strip
width wggp.
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Figure 4.41 Effect of strip width on maximum strip spacing, d =12 in.
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Figure 4.42 Effect of strip width on maximum strip spacing, d =24 in.
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Figure 4.43 Effect of strip width on maximum strip spacing, d = 36 in.

d=48 in.
28

24 e D ) B o - e i
° /
o 20
> . /
0
g 12 » - - - *
'E —eo—ACI, ISIS, low v
» 8 = ACI,ISIS, highv [H
o] J/ —a—CNR
= & —— AASHTO, low v

—=—AASHTO, high v

0 Ll T T T T T L T
6 8 10 12 14 16 18 20

Strip width (in.)

%]

Figure 4.44 Effect of strip width on maximum strip spacing, d = 48 in.
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Figure 4.45 Effect of strip width on maximum strip spacing, d = 60 in.

4.3.5 FRP design strain limits
4.3.5.1 ACl

For completely wrapped members with FRP, ACI sets the following FRP
strain limit to prevent wide cracks from forming that could cause a loss of
aggregate interlock in the concrete (Eq. (4.78), ACI Eq. 11-6a):

£ = 0.004 = 0.75¢, (4.78 — ACI Eq. 11-6a)

For U-wrap and two-sided wrap schemes, aggregate interlock is preceded
by FRP delamination. Therefore setting strain limits to prevent delamina-
tion failure is the control criterion. The following strain limit equation incorpo-
rates a bond-reduction coefficient «, applicable to shear (Eq. (4.79), ACI
Eq. 11.6b):

£ = Ry = 0.004 (479 — ACI Eq. 11.6b)
where
kikoL, . .
Ky = —22 <075 (in.-Ib units) (4.80 — ACI Eq. 11.7)

 468¢,
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kik,L, .
=——— =07 I unit
Ky 119002, 0.75 (ST units)
2
o= 2% (in1b units) (4.81 — ACI Eq. 11.8)
(nytyEy)
23300
e = ——sg (Sl units)
(ns17Ey)
7\
ki = (406 > (in.-1b units) (4.82 — ACI Eq. 11.9)
\2/3
k= (ch—;> (ST units)
di, — L,
(id y for U-wraps
‘fv
ko (4.83 — ACI Eq. 11.10)
ds — 2L
% for two sides bonded
v

4.3.5.2 AASHTO

AASHTO specifies the effective FRP strain, ef,, which represents the average strain
experienced by the FRP at shear failure of the strengthened member. When the
FRP is fully anchored, as in the case of complete wrap or for U-wrap with anchors,
FRP rupture is the expected mode of failure. The strain limit to prevent such a fail-
ure is expressed as follows:

£re = Rrep (4.84)
where
Ry =0.088 =4(p,Ep) " = 1.0 (4.85)

In the case of side bonding or U-wrap with other anchorage causing nonrupture
failures to be the more likely mode of failure, the expression for strain limit is as
follows:

e = Ryegu = 0.004 (4.86)
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where
Ry =0.06=3(pE) " = 1.0 (4.87)

The reduction factor, Ry, is to be found from tests in which the load is applied
at a distance from the support sufficient to assume that plane sections before defor-
mation remain plane after deformation, i.e., slender beam behavior. Thus these
provisions are only applicable to beams with a shear span-to-depth ratio greater
than 2.5.

4.3.5.3 ISIS

The reviewed ISIS procedure to establish strain limits is taken from the S6-06
bridge code. Strain limits are specified in Eqs. (4.88)—(4.90) (7.3) with limits
for FRP strength given by Eq. (4.88) (7.3a), aggregate interlock by Eq. (4.89)
(7.3b), and bond critical applications such as U-shaped FRP stirrups by
Eq. (4.90) (7.3c).

errpe = 0.75¢prp, FRP strength (4.88 — ISIS Eq. 7-3a)
errpe =0.004 aggregate interlock (4.89 — ISIS Eq. 7-3b)
€rrre = kyerrp,  bond capacity (U-wrap only) (4.90 — ISIS Eq. 7-3¢)

Eq. (4.90) requires the evaluation of the bond-reduction coefficient «,. The steps
for calculating x, are identical to those described for ACI, above.

4.3.5.4 Summary

Table 4.23 summarizes the shear strengthening strain limits. UK and CNR have
fixed strain limits of 0.004 for U-wrap and side wrap, while CNR has a limit of
0.005 for a completely wrapped system.

4.3.6 Shear design approach and assumptions
4.3.6.1 ACI

The goal of the analytical procedure described in ACI is to evaluate FRP shear
resistance Vy while applying applicable strain limits necessary to meet strength,
aggregate interlock, and bond requirements. The following are the steps needed for
FRP shear calculation.

Step I: Evaluate the bond reduction coefficient x, (provided in the strain limits
section above).
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Table 4.23 Specified maximum FRP strain for different codes

Code Application Equation
AASHTO U-wrap and two sided gfe = Rrep, = 0.004
where
Ry =0.06 =3(pEp) " =1.0
Completely wrapped € = Rrep
where
Ry =0.088 =4(pEr) " =1.0
CNR Completely wrapped g, max = 0.005
U-wrap and two sided 0.004
UK U-wrap 0.004
ACI Completely wrapped g = 0.004 = 0.75¢y,
U-wrap and two sided gr = K5, = 0.004
ISIS All wrapping cases errpe = 0.75¢FRpy
errpe = 0.004
U-shaped FRP stirrups only ErrPe = K, EFRPY
Ky = M =0.75 (in.-1b units) (4.80 — ACI Eq. 11-7)
468¢y,
kikoLe

y = ——— =<0.75 (SI unit
K 119002, (SI units)

Step 2: Evaluate €y, for U-wrap case using the strain limit equation:

€fe = Kyep = 0.004 (4.79 — ACI Eq. 11-6b)
Step 3: Calculate the effective stress of FRP, f,:

Jre = Erege (491 — ACI Eq. 11-5)
Step 4: Calculate FRP shear area, Ap:

Ap = 2ntrwy (4.92 — ACI Eq. 11-4)

Step 5: Calculate shear resistance for FRP, V}:

_ Apfr(sina + cosa)dy,
S

Vi (4.93 — ACI Eq. 11-3)

For a 90 degree angle (i.e., vertically placed strips), (sin a+cos o) =1, as
per the assumption in Eq. (4.95).
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Step 6: Calculate shear resistance by concrete and steel:

V. =2X\/f.b.d (4.94)

Afvd
v, = % (4.95)

Step 7: Calculate nominal and factored shear by concrete, steel, and FRP:
Vi=V.+Vi+ Vg

¢Vn = ¢(VC +V,+ Vf)

4.3.6.2 ISIS

The ISIS procedure to calculate the shear resistance of FRP is as follows:
Step 1: Evaluate dpgp:

dprp = The greater of 0.72h or 0.9d

Step 2: Choose the smallest FRP strain value from the following conditions
(ISIS Eq. 7.3):

errpe = 0.75¢prp, FRP strength (4.88 — ISIS Eq. 7-3a)
errre = 0.004  aggregate interlock (4.89 — ISIS Eq. 7-3b)
EFRPe = KyEFrpy,  Dond capacity (U-wrap only) (4.90 — ISIS Eq. 7-3¢)

Step 3: Use Eq. (4.32) to evaluate Vggp:

drrpErrPEFRPAFRPARRP(COL O + COt [)sin 3
SERp

VErp = (4.96 — ISIS Eq. 7-3c)

Step 4: Calculate the shear resistance of concrete and steel (building code):

V.= 0.2)\¢C\/Ebvd for beams (4.97 — ISIS Eq. 7-22a)
V.= O.ZAQSL.\/EO.S A, for columns (4.98 — ISIS Eq. 7-22b)

V. =02X¢.\/f.0.8 b,L for walls (4.99 — ISIS Eq. 7-22¢)
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_ b fiAd

N

v, (4.100 — ISIS Eq. 7.21)

Step 6: Calculate the total shear capacity of the concrete, steel, and FRP:
V.=V, + Vi + Verp

Note: When computing the unfactored total shear, the reduction factors ¢, ¢,
and ¢pgrp are dropped from the equations for V., Vi, and Vggp.

4.3.6.3 AASHTO

The AASHTO procedure is as follows:
Step I: Evaluate the nominal shear resistance of the concrete:

V. =0.03168\/f, b, d, (4.101)

Assuming 3 =2 and § = 45° (simplified procedure), d = Max (d — 4, 0.9, 0.72hr)
Step 2: Evaluate the nominal shear resistance of the steel:

A,fyd,(cot § + cot a)sin o

Vi =
S

(4.102)

where S =internal shear reinforcement spacing; A, =area of internal shear
reinforcement.
Step 3: Evaluate the nominal shear resistance of the FRP:

Vip = prfsfebvdf(sin ay + cos ay) (4.103 — AASHTO Eq. 4.3.2-1)

where p, = reinforcement ratio of FRP.

2nst
for discrete strips, py = % (4.104)
vSf
2nsty
for continuous sheets, pr= "ty (4.105)

by

tr = FRP reinforcement thickness; wy = width of the strip; sy = center-to-center
spacing of FRP; b, = effective web width taken as the minimum web width within
the effective depth (dp); fj. = effective stress of FRP; d = effective depth of FRP
measured from the top of FRP reinforcement to the centroid of the longitudinal
reinforcement; oy = angle of inclination of FRP with respect to the longitudinal
axis of the member; Er = modulus of elasticity of FRP; ¢f, = effective strain of FRP
(refer to Eqgs. (4.84)—(4.87)).
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Step 4: Evaluate the nominal shear resistance of the member:

Vn = Vc + Vx + VFRP

AASHTO GFRP
The steps to calculate shear resistance for AASHTO GFRP are as follows:
Step I: Evaluate the nominal shear resistance provided by the concrete:

Ve =0.16+/f. b, c=0.32\/f. b, (4.106)

where

¢ = distance from extreme compression fiber to neutral axis, in.
=kd
k = ratio of depth of neutral axis to reinforcement depth

k= 1\/2pm + (pyne)* — pyng (4.107 — AGFRP Eq. 2.7.3-4)

b,, = width of web, in.; d = distance from extreme compression fiber to centroid of
tension reinforcement, in.; b, = perimeter of critical section computed at d/2 away
from the concentrated load (in.).

Note: the shape of the critical section is taken as the same shape of the concen-
trated load.

Step 2: Evaluate design tensile strength for shear:

v =0.004E; <fy, (4.108)
where
fo= (0.0052—2 + 0.3) fu =fu (4.109)

E; = modulus of elasticity of GFRP reinforcement, ksi; fj, = strength of the bent
portion of a GFRP bar, ksi; r, =internal radius of the bent GFRP bar, in.;
dp = GFRP bar diameter, in.; fz; = design tensile strength of GFRP bars considering
reduction for service environment, ksi.

Step 3: Evaluate the nominal shear resistance by the shear reinforcement, V.

_ Apfpd

Vi S

(4.110)

Step 4: Evaluate the nominal shear resistance, V,:

Vo=V +V @.111)
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4.3.6.4 CNR

The CNR procedure is as follows (see Fig. 4.46):
Step I: Evaluate the shear resistance of concrete:

VRd.ct = 0.6fcrabdd (4.112)
where

s=1

foa = 0.7 (4.113)

fom =037, (4.114)

v.=1.6

Step 2: Evaluate the shear resistance of steel:
_ Asw
Vras = — fywa 0.9d (4.115)
s

where Ay, s, and f},, represent area, spacing, and steel stirrups yield strength,
respectively.

Step 3: Evaluate the effective FRP design strength:

For a U-wrap configuration:

_ 1 l,-sin 3
Sfea = frad {1 3 mln{09d,th 4.116)

For completely wrapped members having rectangular cross-sections:

1 l,-sin 3 1 I, -sin 8
e =fiad |1 = = —— oo+ (i~ fa) |1~ e
Jra ﬁd"[ 6 m1n{0.9'd,hw}} 2 Ol =l |1 09 - d, )
(4.117)
hl d he
[ =

Figure 4.46 CNR shear strengthening notation (CNR).
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where f;; = design strength of FRP reinforcements.
¢r=02+16-S, and 0= =05 (4.118)
by, by,

Step 4: Evaluate the FRP contribution to the shear capacity:
For a rectangular cross-section and FRP side bonding configuration:

Vi = - minl09d. b f2s g 2 (4.119)
For U-wrapped or completely wrapped configurations:
Vaay = ——0.9dfu2t/(cot 8 + cot )L (4.120)
Vra pr
Step 5: Evaluate the total shear capacity:
Vra = min{Vgger + Vras + Vrag, Vramax} (4.121 — CNR Egq. 4.24)
where
Vramax = 0.3fcabd (4.122 — CNR Egq. 10.14)

Yra = 1.20; d =member effective depth; h, =stem depth; f,,= effective FRP
design strength; #,= thickness of the adopted FRP system; w,=FRP width;
pr=FRP spacing.

4.3.6.5 JSCE

The JSCE procedure is as follows:
Step I: Evaluate the shear resistance of concrete:

d
Vea = BalBpBufocaby — (4.123 — JSCE Eq. 6.4.4)
b
where
frea =0.23/f.,(N/mm?) < 0.72(N/mm?) (4.124 — JSCE Eq. 6.4.5)

Bs=+/1/d(d:m),1.5 when 3;>1.5
B, =+/100p,(d:m),1.5 when 3,>1.5

B,=1+My/My(N/,=0), whenj3,>2
=1+2My/My(N;=0), when3,>0

N/, =design axial compressive force; M,=design bending moment; M,=
decompression moment; b,, =web width; d=effective depth; p,, =AJ/(b, X d);



102 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

A = cross-sectional area of reinforcing bars in tension side; f/,, = design compressive
strength of concrete (N/mmz); v, = member factor (in general, may be set to 1.3).
Step 2: Evaluate the shear resistance of steel:

Via = [Aufipa(sin a; + cos o) /S,1Z /7, (4.125 — JSCE Eg. 6.4.6)

where A, =total cross-sectional area of shear reinforcement in spacing Sg;
fiwya = design tension yield strength of shear reinforcement [58 ksi max. (400 N/
mm?)]; a,, = angle formed by shear reinforcement about the member axis; s, = spacing
of shear reinforcement; z=lever arm length (generally may be set to d/1.15);
7, = member factor (generally may be set to 1.15).

Step 3: Evaluate the effective FRP design strength:

Via = K[Afﬁud(sin Qaf + cos af)/Sf]Z/’yb (4.126 — JSCE Eq. 6.4.7)

where K = shear reinforcing efficiency of continuous fiber sheets according to
Eq. (4.127) (JSCE Eq. 6.4.8).

K =1.68 —0.67R, however, 04<K =0.8 (4.127 — JSCE Eq.6.4.8)
N3\ 13
R = (pEp)'/* fiua —) . however, 0.5=R=20
’ Ef cd

Pr= Af/(waf)
Step 4: Evaluate the total shear capacity:

Visa = Vea + Vi + Vi (4.128 — JSCE Egq. 6.4.3)

4.3.6.6 UK

The maximum allowable design shear force due to ultimate loads, Vg max at any
cross-section, is obtained from:

VRmax = Vmax - b - d (4.129 — UK TR5S5 Eq. 7.1)

where vp,x = maximum permissible shear stress; b = width of section; d = effective
depth of section; Vg max = min {0.8(f.,)">, 5 N/mm?}.
Step 1: Evaluate the shear resistance of concrete (per BS 8110):

0.79 (1004, \ '/ /400\'* )
= =) N 4.1
S {(bvd}} a) N @130

Step 2: Evaluate the shear resistance of steel (BS 8110):

_ 0.87Aufnd

Sy

Vs (4.131)
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Step 3: Evaluate the effective FRP design strength.
The amount of FRP required can be calculated using the same principles as
in conventional reinforced concrete design. The shear resistance of the FRP is given by

1
VRf = <T>Af5(Efd€fé)Sin ﬁ (1 + cot ﬁ)(df/Sf) (4.132 — UK TR55 Eq. 7.3)

mf

where Ay = area of FRP shear reinforcement and = 21y wy, assuming that the FRP
is placed on both sides of the member; wy, = effective width of FRP, which is a
function of shear crack angle and FRP strengthening configuration, equal to (d—L,)
where FRP is in the form of a U-jacket and (d; —2L.), where FRP is bonded to side
faces; L, = effective bond length = 461.3/(¢, .Efd,)o‘5 8, s, = design strain in the FRP;
0 = angle between FRP and the longitudinal axis of the member = 45° or 90°;
dy= effective depth of FRP shear reinforcement, usually equal to d for rectangular
sections and (d - slab thickness) for T-sections; s, = spacing between the center line
of FRP plates (see Section 4.7.3). Note that for continuous sheet reinforcement
Sy = Wyg; Y = partial safety factor for FRP.

Step 4: Evaluate the total shear capacity. Add the concrete, steel, and FRP shear
components:

VT:VC+‘/S+VRf

4.3.6.7 Summary

To identify the effect of different parameters on the shear capacity of beams accord-
ing to the different code procedures, an example singly-reinforced rectangular beam
section was examined. The example beam has a f]. = 4 ksi, and grade 60 longitudinal
steel with area A; =3 in.%, and 3 stirrups spaced at 12 in. (A, =0.22 in.z). The analy-
sis includes the use of a single CFRP ply of BASF MBrace CF130 to strengthen
the beam in shear with a U-wrap scheme. The critical variables explored include
the width of the FRP shear strengthening strip and the spacing between strips.

All applicable code reduction factors are removed when calculating unfactored
FRP shear results, which are presented in Figs. 4.47—4.50 for FRP stirrups. As
shown in the figures, unfactored shear resistance values are very close for the
different codes. As expected the FRP shear capacities increase as FRP spacing
decreases. Strip width has a minimal impact on capacity.

When code reduction factors are applied, some significant differences in capacity
are observed, as shown in Figs. 4.51—4.54 for FRP strips. Here, AASHTO and ACI
consistently provide the largest design capacity values for FRP. Factored shear
values for CNR, UK, and ISIS result in nearly identical values as well, but signifi-
cantly lower than AASHTO and ACI, with shear resistance values approximately
30—40% higher than those provided by CNR, UK, and ISIS. Note that some code
values do not appear on the graphs; this is due to a maximum strip spacing
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Figure 4.47 Unfactored fiber shear resistance versus FRP spacing, width = 6 in., U-wrap.
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Figure 4.48 Unfactored fiber shear resistance versus FRP spacing, width = 8 in., U-wrap.

restriction. This is particularly apparent for ACI, which has relatively strict spacing
requirements.

Figs. 4.55 and 4.56 illustrate the FRP shear resistance for continuous U-wrap. As
shown in Fig. 4.55, results are similar for all codes. However, large differences
emerge when reduction factors are applied, as shown in Fig. 4.56. Similar to the
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Figure 4.49 Unfactored fiber shear resistance versus FRP spacing, width = 10 in., U-wrap.
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Figure 4.50 Unfactored fiber shear resistance versus FRP spacing, width = 12 in., U-wrap.
Note that a 12 in. FRP width exceeds the maximum allowed in CNR (10 in.), and CNR
results thus do not appear.
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Figure 4.51 Factored fiber shear resistance versus FRP spacing, width = 6 in., U-wrap.
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Figure 4.52 Factored fiber shear resistance versus FRP spacing, width = 8 in., U-wrap.



Design provisions 107

30

25

20

15

10

Factored fiber shear resistance, kips

12 14 16
FRP spacing, in.

—8—AASHTO —@—CNR ACl —@—ISIS —&—UK

Figure 4.53 Factored fiber shear resistance versus FRP spacing, width = 10 in., U-wrap.
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Figure 4.54 Factored fiber shear resistance versus FRP spacing, width = 12 in., U-wrap.
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FRP strip case, AASHTO and ACI provide the highest (and similar) design capaci-
ties, while the remaining codes provide similar, lower capacities.

Figs. 4.57 and 4.58 compare two-sided to U-wrap results. In all cases, two-sided
results consistently provide less capacity than U-wrap, as expected. Note, however,
that AASHTO limits the maximum strain of FRP to 0.004 for both U-wrap and two
sided schemes, and provides the same formula for shear resistance. Moreover,
TRS55 does not provide an explicit procedure to calculate two-sided shear capacity.
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Figure 4.55 Unfactored fiber shear resistance, U-wrap, continuous.
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Figure 4.56 Factored fiber shear resistance, U-wrap, continuous.
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Figure 4.57 Effect of strip spacing on U-wrap and two-sided wraping, wy= 6 in.
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Figure 4.58 Effect of strip spacing on U-wrap and two-sided wraping, wy= 8 in.

JSCE and ISIS do not offer any formula for calculating the shear resistance of two-
sided wrap.

In Fig. 4.59 the effect of changing FRP strip width on the components of the
total shear resistance (for a constant gap between strips of d/4, which is the maxi-
mum allowed for ACI code). ACI, AASHTO, and ISIS have somewhat similar
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Figure 4.59 Effect of FRP strip width on total shear resistance when gap = d/4.
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Figure 4.60 Effect of FRP strip width on FRP shear resistance when gap = d/4.

results, while TR55 and CNR are most conservative. JSCE does not provide enough
information to calculate the shear resistance of steel or concrete. As shown, increas-
ing the FRP strip width does not result in significant changes in shear resistance
(note that the maximum spacing allowed in CNR is exceeded in the last two widths
shown in the graph, and is therefore not shown). This can be verified with
Fig. 4.60, which illustrates the relatively change in FRP capacity with strip width,
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Figure 4.61 Effect of the ratio of dj,,/d on unfactored FRP shear resistance.

for a constant gap between strips. Note that a 12 in. strip width exceeds the maxi-
mum allowed in CNR. It appears that all codes have similar trends.

Fig. 4.61 presents the effect of the ratio of the effective depth of FRP shear rein-
forcement to the effective depth of the section on unfactored FRP shear resistance.
In the figure the effective depth of the section is taken as 26 in. and the effective
depth of FRP is varied from 16 to 24 in. Note that the CNR approach for calculat-
ing shear resistance has no relationship to the effective depth of FRP and was thus
not included on the graph. As shown, AASHTO and ISIS results are very close,
with increasing ratios of (dy,/d) resulting in increased capacities. Although TRS55
provides significantly lower capacities, trends are similar.

In Figs. 4.62—4.64 the effect of changing the beam height on the components of
total unfactored shear resistance is examined (for the case of continuous U-wrap).
In the figures the effective depth of the section is assumed to equal 4 in less
than the beam height, while the effective depth of the FRP is assumed to be equal
to 0.9 of the effective depth of the section, while the steel stirrups are assumed
to be #3 bars. Changing the height of the beam has the most effect on the total
shear resistance, which is most sensitive to the concrete component of resistance.
ACI provides the highest capacities, although AASHTO and ISIS are similar but
slightly lower.

Figs. 4.65—4.67 show the effect of changing beam height on the shear capacity
of each of the contributing components (concrete, steel, FRP) individually. In gen-
eral, AASHTO, ACI, ISIS, and CNR provide similar values for FRP and concrete,
while TRSS is significantly more conservative, especially at larger beam depths.
Code results are more similar for steel capacity, where ISIS and CNR are most
conservative.
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Figure 4.62 Effect of beam height on total shear resistance, steel stirrup spacing =9 in.
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Figure 4.64 Effect of beam height on total shear resistance, steel stirrup spacing = 15 in.
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Figure 4.66 Effect of beam height on steel shear resistance, steel stirrup spacing = 9 in.
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4.4 FRP-confinement strengthening of RC/PC
bridge members

4.4.1 Introduction

As with previous sections, the items considered for review and comparison in this
section are based on the organization of ACI 440.2R-08. These items include

» Design considerations

» Strength reduction factors

*  Maximum FRP strain due to confinement
» FRP stress limits

» Design procedures and analysis

4.4.2 Design considerations
4.4.2.1 Strength reduction factors

Table 4.24 presents strength reduction factors recommended for use by different
codes. Most range from 0.65 to 0.75, although, as discussed in previous sections,
how these factors are applied in design is not consistent among codes.

4.4.2.2 Maximum FRP strain due to confinement
CNR

Failure of an RC confined member may occur by fiber rupture. However, beyond a
critical value of hoop strain, the concrete loses effective confinement as it expands
laterally and axial strength and stiffness are no longer enhanced with the FRP. As a
result, according to CNR, failure of the FRP-confined RC member is also reached
when the FRP strain reaches a value of 0.4% or above.

Table 4.24 Strength reduction factor

Code Reduction factor
AASHTO Reduction factor: confinement 0.65
Resistance factor: Spiral 0.75
Ties 0.65
CNR Reduction factor for FRP 0.90
UK Concrete 0.67
ISIS Concrete 0.75
Steel 0.90
CFRP (embedded in f; equation) 0.56
ACI Spiral 0.75
Ties 0.65
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AASHTO

Similar to CNR, AASHTO specifies a FRP strain limit of 0.004 when used for con-
finement of axial compression members. For comparison, Table 4.25 presents other
strain limits depending on the type of stresses applied to the section.

Acl

ACT introduces the following expression to calculate the maximum confinement strain:

f/ /
c

The parameter k;, accounts for the geometry of the section and can be taken as
1.0 for circular cross-sections. To prevent excessive cracking and potential loss of
concrete integrity, the strain calculated in Eq. (4.133) should be limited to the value
given in Eq. (4.134) (ACI Eq. 12-7):

/ fi (5 0.45
Eceu =€, | 1.50 + 12kp, — 5_ (4.133 — ACI Eq. 12-6)

ISIS
As with CNR and AASHTO, ISIS specifies a maximum confinement strain of
0.004 in the Canadian building code.

_ 2trre@rrpfiree _ 21rrpErRp(0.004)

leRP Dg Dg

(4.135 — ISIS Eq. 6-2b)

Table 4.25 Maximum FRP strain due to confinement

Code Maximum strain due to confinement
AASHTO Axial compression 0.004
Axial tension 0.005

Max. design (axial tension) completely wrapped
Efe = 0.004 =0.75 Efu

Combined axial compression and bending 0.003
ACI fi (e 0.45

Eceu =€, | 1.50 + 12k, % (EL)

Eceu = 0.01

CNR Epdrid = min{na. 2 0.004}
ISIS Building code 0.004

Bridge code No limit provided
UK Confinement 0.010

Shear 0.004
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The bridge code, however, does not include specific limits on FRP hoop strain,
but rather imposes a material reduction factor, ¢grp.

_ 21erpQPrrpfFRPU

JSirrp (4.136 — ISIS Eq. 6-2a)
Dg

Taking ¢prpfrrey = Errp(Pprperrpy), and considering a typical case of MBrace
CF130 FRP with eprp, =0.0167 and ¢prp = 0.5625, the resulting factored strain
becomes 0.0094, a value which is close to the ACI limit of 0.01.

TR55

Note that although TRS55 specifies a maximum strain fixed value of 0.004, which
matches the AASHTO and CNR values, this is in fact for the case of shear. When
axial confinement is considered, however, the hoop strain limit is specified as 0.01.
This value corresponds to an effective enhanced cube strength of 1.5f,,,.

Summary—maximum FRP strain due to confinement
A summary of the FRP strain limits for confined sections is presented in
Table 4.25. As shown, most are from 0.003 to 0.005.

4.4.2.3 FRP stress limits

Limits for confinement stress are generally a function of the stress—strain model
used by a particular code. AASHTO adopts a bilinear model similar to that of ISIS.
AASHTO takes a minimum strain limit of 600 psi to reflect the fact that confine-
ment pressure effectiveness is attained after a certain level of ductility is achieved.
Note that AASHTO’s maximum confinement stress introduces errors for the case of
rectangular columns (D becomes the diagonal length instead of the radius). The
errors are tolerated by AASHTO since they are on the conservative side.

ACI and CNR both assume a two-stage stress—strain model; an initial parabolic
stage to represent unconfined concrete behavior, followed by a linear stage for con-
fined behavior. The maximum confined stress limits are identical for both codes,
while the minimum limits vary slightly.

TRS55 discusses several stress—strain behavior models and recommends a model
proposed by Lillistone and Jolly (2000). The general expression for FRP-confined
concrete stress is presented in Eq. (4.137) (TR55 Eq. 8.3).

— (067/'-)/1nc)(El - Ep)gcc

fcc 1+ {Ecc(Ei - Ep) }
fo

+ Ejecc (4.137 — TRSS5 Eq. 8.3)

where E; = initial tangent modulus of concrete.

813
cu } (4.138 — TRS5 Eq. 8.4)

=21
500{ 0



118 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

= postcrushing tangent modulus of concrete.

2 .
= 1282 (%) Ep (4.139 — TR55 Eq. 8.5)
o= ful Ei — Ey) J(Ei — E)) (4.140 — TR55 Eq. 8.6)
E = (feu +8)/ecu (4.141 — TRS5 Eq. 8.7)

To evaluate the maximum confinement pressure, TR55 recommends Eq. (4.142)
(TR5S 8.16):

0.67f.0 2t
feed = > 06%cu 005( f)Efd (4.142 — TRS5 Eq. 8.16)

Table 4.26 summarizes minimum and maximum confined stress limits.

4.4.3 Analysis and design procedures
4.4.3.1 AASHTO

Axial capacity of confined columns in compression
The design procedure for columns strengthened with FRP is the same as that for rein-
forced concrete columns without strengthening. However, the concrete compressive
strength f”, is replaced by the increased confined concrete compressive strength f, .
The factored axial load resistance, P,, for a confined column is taken as
For members with spiral reinforcement:

P, =0.85¢[0.85f, (A, — Ay) + f1A4] (4.143 — AASHTO Eq. 5.3.1-1)
For members with tie reinforcement:
P.= O.80¢[O.85f/cc(Ag —Ay) + Ad] (4.144 — AASHTO Egq. 5.3.1-2)

where ¢ = resistance factor; A, = gross area of section (in.%); A, =total area
of longitudinal reinforcement (in.2); Sy =yield strength of reinforcement (ksi);
fi. = compressive strength of the confined concrete.

Table 4.26 FRP stress limits

Code Minimum confined stress Maximum confined stress
AASHTO 600 psi 2N, !
’ =g <% ()
CNR Confinement is effective if: Secd =fed + E€eeu
Sirefp [fea > 0.05
ACI fl/fi =0.08 fcc u 7f + E25uu
ISIS 0.1f., 0. 33f/
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The multipliers 0.85 and 0.80 are intended to account for accidental load eccen-
tricity (0.054 and 0.104 for columns with spiral or tied reinforcement, respectively).
Columns with larger eccentricities are to be designed using the provisions of
AASHTO section 5.5-Axial Tension.

Evaluation of confined compressive strength, /..

The compressive strength of the confined concrete, f/

cc’

is determined from:

2
fre =f’6<l + f_]?> (4.145 — AASHTO Eq. 5.3.2.2-1)
where f; = the confinement pressure due to FRP strengthening for circular columns
2Npp _ 1
= =fl— -1 4.146 — AASHTO Egq. 5.3.2.2-2
¢frp D 2 ke¢ ( q )

k. = strength reduction factor applied for unexpected eccentricities,

= 0.80 for tied columns, and

= 0.85 for spiral columns.

Ny, = strength per width of FRP reinforcement corresponding to a strain of 0.004;
(]5]",,, =0.65.

For rectangular columns the diameter D is taken as the smaller dimension of the
width and depth. When Eq. (4.146) (AASHTO Eq. 5.3.2.2-2) is applied to rectangu-
lar columns after replacing D with the smaller dimension of the rectangular section,
the factored axial strength estimated from Eq. (4.143) or (4.144) (AASHTO 5.3.1-1
or 5.3.1-2) is conservative. The calculated gain in strength provided by the confine-
ment of a rectangular section is very little compared to that attainable for circular
section. As a result, neither minimum nor maximum limits are specified for rectan-
gular sections, since the attainable confinement pressure, which relies on ductility
development, is very limited for rectangular columns.

4.4.3.2 ACl

Axial capacity of confined columns in compression

ACI provides an expression similar to AASHTO to evaluate the axial capacity of
confined columns. The confined stress—strain behavior model adopted by ACI is
based on the stress—strain model developed by Lam and Teng (2003b). The expres-
sions used to evaluate axial design capacity for spiral and tied columns are provided
in Eqgs. (4.147) and (4.148) (ACI 12-1a and 12-1b). These equations follow ACI
318 column design equations, but concrete compressive strength f. is replaced with
the confined compressive strength f/, .

For nonprestressed columns with steel spiral reinforcement:

®P, = 0.85¢[0.85f. (A, — Ay) + f1Ax] (4.147 — ACI Eq. 12-1a)
For nonprestressed with tie reinforcement:

GP, = 0.800[0.85f" (A, — Ay) + f,Ay] (4.148 — ACI Egq. 12-1b)



120 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

Confined concret

UnConfined
concrete

e € 0.003

-

ocu

Figure 4.68 ACI stress—strain model for FRP-confined concrete (Lam and Teng, 2003a).

Stress—strain model for confined reinforced concrete columns

The Lam and Teng (2003b) model adopted by ACI is shown in Fig. 4.68.
Eq. (4.149) provides the general expression for concrete stress for the nonlinear/
unconfined portion as well as the linear/confined portion. Eq. (4.150)
evaluates the slope for the linear portion of the stress—strain model, E,.
Eq. (4.151) evaluates the transition strain between the nonlinear and linear
portions of the stress—strain curve. Eqs.(4.133) and (4.134) are discussed in
Section 4.4.2.2.3.

E.—Ey)*
E.e. — Mez O0=e =g
f.= 4f". ¢ (4.149 — ACI Eq. 12-2a)
.+ Exe. € =€ =¢€ceu

where E, = the slope of the linear portion of the stress—strain model for FRP con-
fined concrete, psi.

e —fe (4.150 — ACI Eq. 12-2b)
2 !

- S < (4.151 — ACI Eq. 12-2¢)
¢ £2
) ﬁ & 0.45

Ecen = .| 1.50 + 12k, ol (4.133 — ACI Eq. 12-6)

Eceu = 0.01 (4.134 — ACI Eq. 12-7)
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Evaluation of confined compressive strength f”..

fl.=f.+ V33K (4.152 — ACI Egq. 12-3)
2Esntes,
fi= % (4.153 — ACI Eq. 12-4)

£ = Kb (4.154 — ACI Eq. 12-5)

ke = strain efficiency factor (accounts for the possibility of premature failure of FRP)
=0.586 for CFRP

D is the diameter of a circular column. For noncircular cross-sections an equiva-
lent circular cross-section with diameter D equal to the diagonal of the rectangular
cross-section is used. The equivalent D value for a rectangular column cross-section
is presented in Eq. (4.155) (ACI 12-8):

D=+b>+h? (4.155 — ACI Eq. 12-8)

For circular cross-sections the shape factors x, and «; appearing in Egs. (4.133)
and (4.152) above can be taken as 1.0. For rectangular cross-sections, k, and kp
are expressed in Eqgs. (4.156) (ACI Eq. 12-9) and (4.157) (ACI Eq. 12-10),
respectively. Their values depend on two parameters: the side-aspect ratio h/b
(see Fig. 4.69), and the ratio of the effective area of the confined concrete A, to the

Figure 4.69 Equivalent circular cross-section (Lam and Teng, 2003b).
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total area of the concrete section A.. The ratio A,/A. is evaluated in Eq. (4.158)
(ACI Eq. 12.11).

A, (b)?
a=— 1|7 4.156 — ACI Eq. 12-
o= (h) ( g. 12-9)
A, (b 0.5
=2¢(Z 4.157 — ACI Eq. 12-10
Rp Ac (h) ( q )
1-— (B2 + B)(n—2r)"]
A, 3A g
Te g (4.158 — ACI Eq. 12-11)
Ac 1 —=p,

Serviceability considerations

ACI stipulates that the transverse strain in the concrete should remain below its
cracking strain at service load levels, which is to be taken as an equivalent concrete
compressive stress limit of 0.65f".. ACI also states that the service stress in the lon-
gitudinal steel should remain below 0.60f, to avoid plastic deformation under sus-
tained or cyclic loads.

4.4.3.3 ISIS

Axial capacity of confined columns in compression

The analysis considered in this chapter is based on the S6-06 bridge code equations
and procedure. The factored axial resistance of a section in compression, P,, is
given by Eq. (4.159) (ISIS Eq. 6.5a):

P, =0.80[a1¢.f. . (A; — Ay) + O fyAq] (4.159 — ISIS Eq. 6-5a)
where

¢.=0.75

¢, =09

a; =0.85 —0.0015 f,. = 0.67 (4.160 — ISIS Eq. 5-1)

Evaluation of the confined compressive strength, f.,

The model used in S6-06 to evaluate the confined compressive strength f7,_ is given
by Eq. (4.161) (ISIS Eq. 6-3). This equation provides a reasonably conservative
estimate of f,, based on the research by Thériault and Neale (2000), Teng et al.,
(2002), and Bisby et al. (2005).

flo=f. + 2fire (4.161 — ISIS Eq. 6-3)
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where
f. =7.25 ksi (50 MPa)

’rrp = confinement pressure due to FRP strengthening at ultimate capacity (MPa)

2t U
_ w (4.162 — 1SIS Eq. 6-2a)
8

D, = diameter of a circular column, or diagonal of a rectangular column
provided that the section edges are rounded, h/b=1.5 (see Fig. 4.69), and
b=31.5in. (800 mm).

4.4.3.4 CNR

Axial capacity of FRP-confined members under concentric or slightly
eccentric force
Confinement action on reinforced concrete columns becomes significant only after
cracking of the concrete and yielding of the steel reinforcement when increased
lateral expansion occurs; prior to concrete cracking, the FRP is practically
unloaded.

Ultimate strength design requires that both the factored design axial load, Ngy,
and the factored axial capacity, Ng.. 4, satisfy the following equation:

Nsa = Nreea (4.163 — CNR Egq. 4.39)

For nonslender FRP confined members the factored axial capacity can be calcu-
lated as follows:

1
Nreea = ’V—A(f(.(.d +Afya (4.164 — CNR Egq. 4.40)
Rd

where g, = partial factor taken equal to 1.10; A, = member cross-sectional area;
feca = design strength of confined concrete; A; = area of existing steel reinforce-
ment; f,,; = yield strength of existing steel reinforcement.

Evaluation of the confined compressive strength, ..y
The design strength, f,.,, of the confined concrete is evaluated as follows:

\2/3
J;ﬁ“‘ =1+26 (fj‘fﬁ > (4.165 — CNR Eq. 4.41)
cd cd

where f.;=the design strength of unconfined concrete; f 4= the effective
confined lateral pressure. For effective confinement, use (fi ¢ /feca) > 0.05.
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Evaluation of the confined lateral pressure
The effective confined lateral pressure, fi .y, is a function of the member cross-
section and FRP configuration, as indicated in the following equation:

Srefr = ke (4.166 — CNR Eq. 4.42)

where k.= a coefficient of efficiency (=1), defined as the ratio of the volume,
Veefr» Of the effectively confined concrete and the volume, V., of the concrete mem-
ber (neglecting the area of existing internal steel reinforcement); f; = the confined
lateral pressure.

1
= Eﬁf-Ef-Efd,rid (4167 — CNR Eq. 443)

pr= the geometric strengthening ratio as a function of section shape (circular or rectangu-
lar) and FRP configuration (continuous or discontinuous wrapping); Er= Young’s modu-
lus of the FRP in the direction of fibers; €/;,.« = a reduced FRP design strain.

= min {naii;o.om} (4.168 — CNR Eq. 4.47)
f

1), = environmental conversion factor (CNR Table 3.4); ~,=partial factor (CNR
Table 3.2)

ke = kig kv ke (4.169 — CNR Eq. 4.44)

Evaluation of ky, ky, and k,

The coefficient of horizontal efficiency, ky, depends on the cross-section shape.
The coefficient of vertical efficiency, ky, depends on the FRP configuration.
Regardless of the section shape the efficiency coefficient, k,, is used when fibers
are spirally installed with an angle oy with respect to the member cross-section. &,
is evaluated using Eq. (4.170) (CNR Eq. 4.46).

1

=—> 4.170 — CNR Egq. 4.46
1 + (tan af)2 ( a )

a

For reinforced concrete columns confined using continuous wrapping, ky = 1.0.
For the case of discontinuous FRP wrapping, FRP strips are installed with a center-
to-center spacing of py, and clear spacing of p} (see Fig. 4.70). A reduction in
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Figure 4.70 Elevation view of circular member confined with FRP strips (CNR).

confinement effectiveness occurs due to the diffusion of stresses (approximately at
45°) between two subsequent wrappings. The reduction is independent of column
cross-section shape. The coefficient of vertical efficiency, ky, can be evaluated
using the following expression:

/ 2
ky = (1— 25( ) (4.171 — CNR Eq. 4.45)

where d,,;, = the minimum cross-sectional dimension of the member; p]’c = (dmin/2)
for discontinuous wrapping.

For circular cross-sections subjected to either concentric or slightly eccentric
axial load, confinement is most effective and k; = 1.0. For members with square or
rectangular cross-sections, FRP-confinement produces only marginal increases in
the member’s compressive strength, and CNR specifies additional special limita-
tions in this case; for example, the strengthening effect of FRP confinement is
neglected for rectangular cross-sections having b/d >2, or max{b, d} > 35.4in.
(900 mm) unless otherwise demonstrated in experimental tests.

In CNR, similar to other codes, for rectangular cross-sections, the effectively
confined concrete area is taken as a fraction of the overall concrete
cross-section, due to the “arch effect” as shown in Fig. 4.71. Such an
effect depends on the corner radius r.. CNR recommends the following minimum
limit to r,:

r.=0.79 in. (20 mm) (4.172 — CNR Eq. 4.49)
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Figure 4.71 Confinement of rectangular sections (CNR).
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Figure 4.72 Effect of changing f,. on factored axial load resistance, square column, p = 0.02.

For rectangular cross-sections the coefficient of horizontal efficiency, kg,
accounts for the arch effect and is evaluated as follows:

b/2 + d/Z

kg = 1
g 34,

(4.173 — CNR Eq. 4.51)

4.4.4 Summary

Code results are compared in Figs. 4.72—4.101. Results in the figures are calculated
with the following assumptions: a circular cross-section is considered with a
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Figure 4.73 Effect of changing f/, on unfactored axial load resistance, square column, p = 0.02.
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Figure 4.74 Effect of changing f/. on factored axial load resistance, square column, p = 0.03.

diameter of 26 in. and a square cross-section with side lengths of 23 in. (both col-
umns have the same area of 530 in.z). When the effects of f/. are evaluated, FRP
wrapping is taken as three plies with a total thickness of 0.02 in. (0.51 mm). Here,
BASF MBrace CF130 CFRP is considered. When the amount of CFRP is varied
from one, two, three, four, and five plies, f.. is taken as 4 ksi, and the corresponding
CFRP thicknesses are 0.0065, 0.013, 0.0195, 0.026, and 0.033 in., respectively
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Figure 4.75 Effect of changing f/. on unfactored axial load resistance, square column, p = 0.03.
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Figure 4.76 Effect of changing f!. on factored axial load resistance, square column, p = 0.04.

(0.17, 0.33, 0.50, 0.66, and 0.83 mm). Moreover, for sake of comparison, for
AASHTO results, the minimum confinement pressure limit is ignored.
Figs. 4.72—4.77 present the effect of changing . on the axial capacity of a square
column with different reinforcement ratios (0.02, 0.03, and 0.04). Factored
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Figure 4.77 Effect of changing f.. on unfactored axial load resistance, square column, p = 0.04.

4000
3500
3000
2500
2000
1500
1000

500

Axial load capacity, kips

4.0 5.0 5.5 6.0 7.0 8.0

fc, ksi
—&—CNR ~——ACI ISIS  ==¢=UK ==¥=AASHTO

Figure 4.78 Effect of changing f/. on factored axial load resistance, circular column, p = 0.02.

(including applicable reduction factors) and unfactored (excluding applicable reduc-
tion factors from calculations) axial loads are evaluated. Also note that for TR5S,
reduction factors are embedded and only the partial safety factor for concrete could
be removed for the unfactored cases.
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Figure 4.79 Effect of changing f!. on unfactored axial load resistance, circular column, p = 0.02.
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Figure 4.80 Effect of changing f.. on factored axial load resistance, circular column, p = 0.03.

It was found that the unfactored results are very similar among codes, and as
expected, when the effect of various reduction factors are included, greater differ-
ences emerge. Here, CNR is least conservative while the other codes show, in gen-
eral, closer agreement, with AASHTO and TR55 (as expected, as some implicit
reduction factors are present, as noted above) most conservative. It was also found
that axial capacity is more sensitive to reinforcement ratio p at lower values of A
than higher values; at a compressive strength of 8 ksi, no increase in axial load
capacity is observed with an increase of p from 0.02 to 0.04.
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Figure 4.81 Effect of changing /7. on unfactored axial load resistance, circular column, p = 0.03.
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Figure 4.82 Effect of changing f'. on factored axial load resistance, circular column, p = 0.04.

In Figs. 4.78—4.83 the effect of changing f." on circular column capacity with
different reinforcement ratios is examined. As shown, although trends are similar,
the circular column generally has greater capacity than the corresponding square
column of the same area. Considering the unfactored case, ACI generally has the
highest capacity. However, for the factored cases, CNR produces the greatest
capacity.
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Figure 4.83 Effect of changing f!. on unfactored axial load resistance, circular column, p = 0.04.
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Figure 4.84 Effect of changing number of plies on factored axial load resistance, square
column, p = 0.02.

In Figs. 4.84—4.89 the effect of number of plies on the axial capacity of square
columns is shown. In these figures, it can be seen that, for the factored case, CNR
has the highest capacity while ACI is most conservative. However, the codes con-
verge to similar values for the unfactored case. Figs. 4.90—4.95 illustrate the effect
of changing the number of plies on the axial load capacity of circular columns. For
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Figure 4.85 Effect of changing number of plies on unfactored axial load resistance, square
column, p = 0.02.
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Figure 4.86 Effect of changing number of plies on factored axial load resistance, square
column, p = 0.03.

circular columns, axial capacity was more sensitive to f/. than the amount of FRP
confinement. For the circular column, AASHTO, ISIS, and TR55 are most conser-
vative (as compared to ACI for square columns), while CNR is least conservative
in both cases. Figs. 4.96 and 4.97 present the effect of number of plies on axial
capacity. It can be seen that increasing the number of layers has little effect on
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Figure 4.87 Effect of changing number of plies on unfactored axial load resistance, square
column, p = 0.03.
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Figure 4.88 Effect of changing number of plies on factored axial load resistance, square
column, p = 0.04.

improving column axial capacity for both circular and square columns, and
AASHTO and ISIS (both bridge codes) produce similar results that are slightly
more conservative as compared to ACI and CNR.

Figs. 4.98 and 4.99 show the effect of changing f”. on circular and square column
capacity, while Fig. 4.100 compares circular and square column results. As shown
earlier, increasing f! clearly increases axial capacity, while the bridge codes
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Figure 4.89 Effect of changing number of plies on unfactored axial load resistance, square
column, p = 0.04.
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Figure 4.90 Effect of changing number of plies on unfactored axial load resistance, circular
column, p = 0.02.

(AASHTO and ISIS) are slightly conservative in predicting the axial capacity of
circular columns, and TR55 is most conservative for square columns. Due to the
reduction of effective area of confinement, square columns clearly have lower axial
capacity than a corresponding circular column. It is also clear that ACI and CNR
produce similar results for circular columns. Fig. 4.101 shows the effect of
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Figure 4.91 Effect of changing number of plies on factored axial load resistance, circular
column, p = 0.02.
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Figure 4.92 Effect of changing number of plies on unfactored axial load resistance, circular
column, p = 0.03.

changing the number of plies on axial load capacity, for both circular and rectangu-
lar columns. ACI and CNR provide higher capacities for circular columns while for
square columns, ACI is conservative. For both circular and square columns,
AASHTO and ISIS produce similar results.
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Figure 4.93 Effect of changing number of plies on factored axial load resistance, circular
column, p = 0.03.
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Figure 4.94 Effect of changing number of plies on unfactored axial load resistance, circular
column, p = 0.04.

In summary, the following general observations can be made. The different
codes produce more consistent values of capacity when f/, is varied than when ply
number is varied. This is because changing the number of plies results in different
FRP stress and strain limits imposed by different codes, which becomes the under-
lying cause of lack of agreement. Only a small change in axial capacity occurred
when ply number changed from 1 to 5, while similarly changing f/, resulted in large
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Figure 4.95 Effect of changing number of plies on factored axial load resistance, circular
column, p = 0.04.
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Figure 4.96 Effect of changing number of plies on axial load capacity, circular column,
p=0.02.

differences in capacity. Overall, CNR is least conservative for most cases, while
AASHTO and ISIS produce close results for most cases.

4.5 Witness panels

As further discussed throughout this chapter, witness panels are often part of the
FRP system design. The panels are used as test panels to verify the adequacy of the
FRP installation. As such, they are to be produced on-site and exposed to the same
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Figure 4.97 Effect of changing number of plies on axial load capacity, square column,
p=0.02.
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Figure 4.98 Effect of changing f/. on axial load capacity, circular column, p = 0.02.

construction and weathering conditions as the strengthening system. Some codes
recommend the use of witness panels in general, while others suggest that this
decision should be left to the project engineer. Although there are no universal
guidelines to their use, in general, as the size, complexity, and importance of the
strengthening project increases, the benefits to witness panel fabrication become
more compelling. The panels may be actual areas on the structure itself that are
similar in character to the strengthened areas. In this case, additional strengthening
material is applied on other areas of the structure for later testing. Alternatively the
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Figure 4.99 Effect of changing f/. on axial load capacity, square column, p = 0.02.
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Figure 4.100 Effect of changing f/. on axial load capacity, both circular and rectangular
columns, p = 0.02.

panels may be smaller, portable specimens apart from the structure. As the panels
may remain available for use for long periods of time, they can be used only to ver-
ify initial quality of the installation but long-term performance characteristics
as well.

Typical witness panel sizes are from 6 to 24 in.? and are best if placed on the
structure itself in different locations. In general the number of panels increases with
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Figure 4.101 Effect of changing number of plies on axial load capacity, both circular and
rectangular columns, p = 0.02.

project complexity as well as the size of the strengthened area. As such, careful
planning in the design phase of the project is necessary to decide upon the number
and type of panels (i.e., on or off of the structure), and if on the structure, panel
placement. Additional details are provided in this chapter and Chapter 8,
Recommendations.
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Provisions for installation, quality
control, and maintenance

5.1 Introduction

This chapter presents an overview of installation provisions of fiber-reinforced
polymer (FRP) strengthening systems. Section 5.2 concerns the installation
procedures and related matters including shipping, storage, and handling of FRP
system components as well as contractor qualifications to perform the work needed.
Section 5.3 covers all quality assurance (QA)/quality control (QC) aspects of FRP
installation including inspection, evaluation, and acceptance criteria. Section 5.4
covers maintenance and repair including inspection, assessment, and repair techniques.

5.2 Installation of FRP strengthening systems

Installation includes consideration of how materials are stored and transported to
the site; the qualification of contractors to conduct the work required; as well as
procedures and recommendations used to install the strengthening system.

5.2.1 Shipping, storage, and handling
5.2.1.1 Ad

Shipping

In ACI, packaging, labeling, and shipping for thermosetting-resin materials are to
be controlled by the Code of Federal Regulations 49 (CFR 49). Many materials
used in the system may be classified as corrosive, flammable, or poisonous in sub-
chapter C (CFR 49) under “Hazardous Materials Regulations.” As such, applicable
FRP system materials are to be packaged and shipped in a manner that conforms to
appropriate federal and state packaging and shipping codes and regulations.

Storage

To preserve engineering properties and maintain safety while storing FRP materials,
ACI suggests that the manufacturers’ recommendations are followed. Of particular
concern is storage of reactive curing agents, hardeners, initiators, catalysts, and clean-
ing solvents which have special safety-related requirements. These items should be
stored in a manner recommended by the manufacturer as well as the Occupational
Safety and Health Administration (OSHA). Catalysts and initiators (usually perox-
ides) should be stored separately.

Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP).
DOI: http://dx.doi.org/10.1016/B978-0-08-100636-8.00005-3
© 2017 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/B978-0-08-100636-8.00005-3

144 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

Properties of uncured resin components may change with time, temperature, and
humidity. Any component material that has exceeded its shelf life, has deteriorated,
or has been contaminated should not be used. FRP materials deemed unusable
should be disposed of in a manner specified by the manufacturer and acceptable to
state and federal environmental control regulations.

Handling

Thermosetting resins describe a generic family of products that includes unsaturated
polyesters, vinyl esters, epoxy, and polyurethane resins. The materials used with them
are generally described as hardeners, curing agents, peroxide initiators, isocyanates, fil-
lers, and flexibilizers. ACI notes some general health hazards that may be encountered
when handling thermosetting resins, from skin irritation to explosive reactions.

ACI recommends that product hazard labels and associated Material Safety Data
Sheets (MSDS), now referred to as Safety Data Sheets (SDS), are to be read and
understood by those working with these products. CFR 16, Part 1500 (2009), regu-
lates the labeling of hazardous substances and includes thermosetting-resin materi-
als. ANSI Z-129.1 (2010) provides further guidance regarding classification and
precautions. ACI states that disposable suits and gloves are suitable for handling
fiber and resin materials. Rubber or plastic gloves resistant to resins and solvents
are recommended and should be discarded after each use. Safety glasses or goggles
should be used when handling resin components and solvents. Respiratory protec-
tion, such as dust masks or respirators, should be used when fiber fly, dust, or
organic vapors are present, or during mixing and placing of resins if required by the
FRP system manufacturer.

The work place in which composite materials are prepared and installed should
be well ventilated, and surfaces should be covered as needed to protect against con-
tamination and resin spills. The manufacturer’s literature should be consulted for
proper mixing procedures. ACI notes that ambient-cure resin formulations produce
heat when curing, which accelerates the reaction. Uncontrolled reactions, including
fuming, fire, or violent boiling, may occur in containers holding a mixed mass of
resin; therefore such containers should be monitored.

As cleanup can involve flammable solvents, appropriate safety precautions are
suggested. However, cleanup solvents are available that do not present flammability
concerns. All waste materials are to be disposed of as prescribed by the prevailing
environmental authority.

5.2.1.2 ISIS

As with ACI, according to ISIS, the shipping, handling, and storage of all fiber,
resin, and FRP materials are to be performed in accordance with the manufacturer’s
specifications. The shipping, handling, and storage of FRP materials is covered in
Clause A16.1.2 of the S6-06 bridge code (CAN/CSA-S6-06, 2006) and Clause 14.3
of the S806-02 building code (CAN/CSA-S806-02, 2002). Governing safety and
environmental regulations must be followed, and appropriate documentation is to
be provided that specifies composite material properties, installation requirements,
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and safety considerations for workers, the environment, and the public. This docu-
mentation includes technical data sheets of FRP products, as well as MSDSs.

Shipping

ISIS states that FRP materials are to be packaged and shipped in a manner that con-
forms to applicable packaging and shipping regulations, with particular concern to
thermosetting-resin materials that are classified as corrosive, flammable, or poison-
ous, that must follow appropriate regulations for hazardous materials. It is the duty
of the contractor and supplier to ensure that the packaging and shipping methods
used do not negatively impact material properties and performance. All FRP com-
ponents must be shipped with their respective MSDSs. ISIS recommends that all
components of the FRP system are inspected upon delivery to the construction site,
and the use of opened or damaged containers should only proceed with written
authorization by the project engineer.

Storage

Proper storage of FRP components is in a clean, dry area, sheltered from the sun,
which is well ventilated and temperature controlled and in accordance with the man-
ufacturer’s recommendations. As with ACI, ISIS notes that special safety require-
ments are required in the storage and handling of certain components such as
reactive curing agents, hardeners, initiators, catalysts, and cleaning solvent.
Catalysts and initiators (e.g., peroxides) should be stored separately.

The manufacturer is to provide a recommended shelf life within which the prop-
erties of the resin-based materials should continue to meet or exceed the stated per-
formance, and the contractor must follow these time limits. Materials that have
exceeded their shelf life or have otherwise exhibited signs of deterioration should be
disposed of in a manner specified by the manufacturer.

Handling

ISIS refers to ACI 503R (1998) for detailed handling information and potential
hazards of FRP components. However, ISIS recommends that special care should
be taken to avoid material contact with water, dust, or other contaminants.
Moreover, excessive bending, crushing, and other sources of mechanical damage to
the fibers must be avoided. All involved in handling thermosetting resins are to
read and understand product labels and MSDSs.

Personal protection precautions include the use of disposable rubber or plastic
gloves that are resistant to resins and solvent penetration (which should be dis-
carded after each use), safety glasses or goggles, as well as respiratory protection
such as dust masks or respirators when handling resin components and solvents, or
for operations where fiber fly, dust, or organic vapors are present. In poorly venti-
lated areas, the use of respiratory protection is required, preferably with a fresh air
supply.

Information regarding proper storage, handling, and mixing resin components
and potential hazards should be provided by the manufacturer and made available
at the construction site. As with ACI recommendations, ISIS notes that mixed resin
containers should be frequently monitored since uncontrolled reactions, including
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fuming and fire, may occur. Similarly, ISIS notes that the work place should be
adequately ventilated, and surfaces covered as needed to protect against contamina-
tion and resin spills.

All waste materials are to disposed of as prescribed by the prevailing environ-
mental authority, and appropriate precautions observed during cleanup, since some
cleaning solvents may be flammable.

5.2.1.3 AASHTO

AASHTO does not provide specific recommendations for shipping, storage, and
handling. However, NCHRP Report 609 (2008), upon which other AASHTO
recommendations are based, offers the following guidelines.

Shipping and storage

All FRP system components must be delivered and stored in the original factory-
sealed, unopened packaging with labels identifying the manufacturer, brand name,
system identification number and date. Catalysts and initiators are to be stored sepa-
rately. All components must be protected from dust, moisture, chemicals, direct
sunlight, physical damage, fire, and temperatures outside the range specified in sys-
tem data sheets.

NCHRP 609 notes that typically, temperature in the storage area should be within
50—75°F (10—24°C), unless otherwise noted on the system data sheet, and compo-
nents should be stored in a dry environment, unless an acceptable moisture level is
specified on the system data sheet. It is further stated that any component that has
been stored in a condition different from that stated above must be disposed of.

Handling

All FRP components, but especially fiber sheets, must be handled with care accord-
ing to manufacturer recommendations to protect them from damage and to avoid mis-
alignment or breakage of the fibers. NCHRP 609 notes that higher modulus fibers are
more susceptible to misalignment damage, and therefore should be handled with
greater care. After cutting, sheets shall be either stacked dry with separators, or rolled
gently at a radius no tighter than 12 in (305 mm), or as recommended by the
manufacturer.

All components of the FRP system, especially resins and adhesives, must be han-
dled with care to avoid safety hazards, including but not limited to skin irritation
and breathing vapors and dusts. Resin mixing is to be monitored to avoid fuming
and production of excessive inflammable vapors, fire hazards, or violent boiling. It
is the contractor’s responsibility to ensure that all components of the FRP system at
all stages of work conform to governing environmental and safety regulations.

5.2.1.4 JSCE
Shipping

JSCE recommends that the handling precautions relating to material deterioration
and safety during delivery, storage, mixing, processing, and use are to be confirmed
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in advance and strictly observed. Materials are to be properly shipped and stored to
ensure that no deterioration occurs.

Storage and handling

JSCE notes that continuous fiber sheets and strands are easily damaged before
being impregnated with resin, and some types of continuous fibers may deteriorate
if exposed to ultraviolet light and moisture. Therefore, in general, the FRP materials
should be stored in a cool, dark place without exposure to direct sunlight. As resins
are potentially harmful to workers, resin containers must be sealed securely and
stored in a cool, dark place. As resins are also flammable, fire precautions should
be observed and storage quantities kept within limits prescribed by fire regulations
(JSCE references the Japanese Fire Defense Law). JSCE further recommends that
consideration is given to the handling manuals prepared by the material
manufacturer.

5.2.1.5 TR55

TRS55 does not have a specific section discussing shipping, storage, and handling.
The code requires, however, that all installation related work abide by governing
safety laws (TR55 references The Health and Safety at Work Act and The Control
of Substances Hazardous to Health Regulations). The code emphasizes that a certifi-
cate of conformity to these laws must be provided with the materials from the
supplier.

TRS5 provides few additional material storage guidelines, suggesting that all
materials should be stored and used strictly in accordance with the manufacturer’s
instructions, with particular attention to maintaining proper temperature, and for
adhesives, a dry storage area. TRS55 suggests that adhesive and material delivery
dates should be recorded, and these items used in rotation based on the date of
arrival. It further states that materials should be stored at the construction site in a
way that damage and contamination are avoided.

5.2.1.6 CNR

Shipping and storage
CNR notes that each component of the FRP system is to be suitably packaged and
transported according to governing safety regulations. FRP materials are to be
stored according to the recommendations provided by the supplier/manufacturer.
CNR notes that the properties of nonpolymerized resins may change over time and
are affected by moisture and temperature. Temperature may also affect the mixture
reactivity and properties of polymerized resin. Suitable environmental conditions
for storage are suggested to be from 50 to 75°F (10 to 24°C) and in a dry environ-
ment with less than 20% humidity, unless otherwise suggested by the manufacturer.
In storage, care is to be taken to avoid laminate and other preformed material
damage due to bending or improper stacking. It is especially important that some
potentially hazardous constituents such as reactive reticulating agents, initiators,
catalysts, solvents for surface cleaning, etc., are stored according to manufacturer
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requirements or official standards. As with other code recommendations, CNR spe-
cifies that catalysts and initiators (typically peroxides) are stored separately from
other reagents to avoid any accidental contact leading to premature polymerization.

Manufacturers are to indicate the storage time (shelf life) that ensures thermoset-
ting resin properties are maintained. Constituents exceeding their shelf life or suf-
fering degradation or contamination are not to be used, and those deemed unusable
are to be disposed of according to manufacturer specifications as well as the gov-
erning safety laws.

Handling

CNR states that the manufacturer is to provide the MSDSs for all FRP constituents.
It notes that substances used in combination with thermoset resins are typically
hardeners, cross linkers, initiators (peroxides), and fillers, and these are associated
with potential health hazards. Personnel working with these substances are to read
all labels as well as MSDS to minimize risks. When handling fibers and resins, dis-
posable gloves and work-suits, as well as protective glasses are suggested. Rubber
or plastic gloves are to be solvent-resistant. In the presence of fiber fragments, dusts
or solvent vapors, or when mixing and applying resins, respiratory protection
devices are needed, in accordance to the suggestion of the FRP manufacturer. The
working site must always be properly ventilated.

5.2.1.7 Summary of shipping, storage, and handling

ACI, ISIS, and CNR stipulate that packaging, labeling, and shipping are to be done
in accordance with applicable national and local packaging and shipping codes and
regulations. ISIS stresses the need to abide by the manufacturer’s guidelines for
shipping as well. AASHTO and TRS55 have no specific regulations for shipping.
JSCE emphasizes the need to properly ship FRP materials to prevent material dete-
rioration during shipping.

AASHTO does not have provisions regarding FRP storage, and storage recom-
mendations are taken from NCHRP 609. ACI, NCHRP 609, ISIS, CNR, and TR55
state that storage of FRP materials should be done in accordance with manufac-
turer’s recommendations to preserve the material properties and maintain worker
safety. ACI adds that reactive curing agents and cleaning solvents should also be
stored as recommended by OSHA. ACI, NCHRP 609, ISIS, and CNR require that
catalysts and initiators (usually peroxides) be stored separately.

Since FRP materials have a prescribed shelf life, there is a chance that stored
materials exceed this limit and require disposal. ACI requires that material disposal
be conducted in accordance with the manufacturer’s guidelines and be
acceptable to state and federal environmental control regulations. CNR states that
disposal should be done in accordance to the manufacturer as well as the provisions
of safety laws and regulations. ISIS relies only on the manufacturer’s recommenda-
tions for materials disposal. AASHTO has no specific recommendations for materi-
als disposal. However, NCHRP 609, Section 3.4 stipulates that disposal of expired
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materials be performed in a manner to protect the environment and follow the man-
ufacturer’s recommendations as stated in the MSDS.

Storage temperature, moisture, and other considerations are discussed with vary-
ing details among different codes. AASHTO specifies a storage temperature of
50—70°F (10—21°C), a dry enclosure protected from dust, moisture, direct sun, and
the risk of fire or damage. CNR recommends the same temperature range as
NCHRP 609, but requires a dry environment with a moisture not to exceed 20% or
as recommended by the manufacturer. ACI has no specific stated temperature or
moisture recommendations but suggests following the recommendations of the
manufacturer. TRS55 states that storage temperature range is to be in accordance
with the manufacturer, while JSCE places emphasis on fire protection of the storage
facility based on limits prescribed by the Fire Defense Law. JSCE adds several
requirements for storage such as maintaining a cool temperature and a dark environ-
ment with no direct exposure to sunlight.

ACI, NCHRP Report 609, ISIS, and CNR require that manufacturer’s
recommendations are to be used when handling FRP materials to protect against
health risks from skin exposure or fume inhalation. ACI refers to CFR 16, Part
1500 for regulations on hazardous substance labeling, and ANSI Z-129.1 for further
guidance regarding classifications and precautions. ACI, ISIS, and CNR require
individuals handling FRP system components to wear disposable suites, gloves, eye
protection, and respirators for safe handling of the materials. The three codes
recommend the use of a well-ventilated work place. TR55 and JSCE have no cover-
age of FRP materials handling. ACI and ISIS state that for cleanup and disposal, the
use of cleanup solvents that do not present a high flammability risk is advisable.
The codes require that all waste materials be contained and disposed as prescribed be
the prevailing environmental authority.

5.2.2 Contractor qualifications
5.2.2.1 Ad

ACI suggests that the FRP system installation contractor should demonstrate com-
petency for surface preparation and application of the FRP system to be installed.
This competency can be demonstrated by providing evidence of training and docu-
mentation of related work previously completed, or by an actual demonstration of
surface preparation and installation. It is recommended that the FRP system manu-
facturer or its authorized agent should train the contractor’s application personnel in
the installation procedure for the specific system to be used.

5.2.2.2 ISIS

ISIS stipulates that the contractor is responsible for providing the training of his staff
and shall provide proof of the qualification or experience of his staff to the project
engineer. The staff, which includes the installation crew, supervisors, and safety
officers, must be properly trained on the specific tasks within their responsibility.
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For example, a site safety officer must be trained on the course of action in the case
of accident in accordance with materials safety regulations provided in the MSDSs.

5.2.2.3 AASHTO

As with ACI, AASHTO recommends that FRP application must be performed by a
contractor trained in accordance with the installation procedures specified by the
manufacturer. For further information, AASHTO references NCHRP 609 (2008).
According to NCHRP 609, the manufacturer/supplier may be prequalified for each
FRP system to be installed, after providing the following information:

» System data sheets and MSDS for all components of the FRP system;

* Documentation of a minimum of 5 years’ experience with the FRP system, or 25 docu-
mented similar field applications with acceptable reference letters from respective owners;

* Documentation of a minimum of 50 test data sets from an independent agency approved
by the owner verifying the mechanical properties, aging and environmental durability of
the proposed FRP system, and;

* Documentation of the availability of a comprehensive hands-on training program for each
FRP system that can be taken by the staff of the contractor/applicator.

The owner may also require the manufacturer/supplier to provide a specified
number of samples of the components and the complete FRP system for in-house or
independent testing prior to qualification. The training program conducted by the
manufacturer/supplier should provide hands-on experience with surface preparation
and installation of the same FRP system for which the certificate is issued. The con-
tractor/applicator may be prequalified by the owner for each FRP system, after pro-
viding documentation of a minimum of 3 years’ experience or 15 similar field
applications with acceptable reference letters from respective owners, and a certifi-
cate of completed training from the manufacturer/supplier for at least one staff
member who will be present on site throughout the project.

5.2.2.4 JSCE

JSCE recommends that work should be performed under the supervision of an engi-
neer who has thorough knowledge of FRP strengthening. However, the code does
not specifically discuss criteria for qualifying a contractor.

5.2.2.5 TR55

TRS55 recommends that various issues should be taken into account when selecting
a contractor. In particular, it suggests that the contractor provides evidence of expe-
rience in strengthening work, has QA procedures in place, and is accredited and
audited in accordance with ISO 9002. TR55 further suggests that the contractor
should be a member of the Concrete Repair Association or has a record of success-
ful projects involving the installation of composites. Moreover, the contractor
should provide a detailed statement of the method which will be used to install the
composites as well as an assessment of the risks involved. This should include
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discussion of the procedure which will be used to minimize the risks to the work-
force and to any other persons (especially children) who may be affected by the
work. The contractor’s personnel should be supplied with the correct protection
equipment for use when handling the materials, and trained and qualified in the
application technique specified by the manufacturer of the system. Finally, the con-
tractor should provide a safe means of access to the work location and maintain an
environment suitable for the successful use of structural adhesives.

5.2.2.6 CNR

CNR does not provide specific recommendations for qualifying a contractor.
However, it defines several responsibilities of the contractor as follows. The con-
tractor is to obtain the material indicated by the designer through suppliers/manufac-
turers who guarantee the quality of their products, and is to ensure that the products
are accompanied by technical data sheets, reporting both mechanical and physical
characteristics, and possibly laboratory test certificates. Finally, the contractor is to
see that these products comply with the provisions indicated by the designer, and if
the material with the indicated requirements is not available, the contractor is to
work with the designer to find a viable alternative.

5.2.2.7 Summary of contractor qualifications

ACI, ISIS, and TRS5S require that the contractor provide evidence of training on the
FRP strengthening system to be used, as well as provide evidence of past experi-
ence of similar projects. CNR and JSCE do not provide any specific contractor qua-
lifications requirements. AASHTO refers to NCHRP 609 for recommendations with
regard to contractor qualifications. This report offers a comprehensive list of quali-
fication requirements for the supplier and the contractor with specifics such as doc-
umentation to verify the required years of experience for the supplier (5 years). The
report generally requires the submittal of documented evidence for all items needed
for qualification (see Section 5.2.2.3).

5.2.3 Installation procedures
5.2.3.1 Ad

ACI notes that procedures for installing FRP systems have been developed by the
system manufacturers and often differ between systems. In addition, installation pro-
cedures can vary for the same system, depending on the type and condition of the
structure. ACI recommends that deviations from the procedures developed by the
manufacturer should not be allowed without manufacturer approval.

Temperature, humidity, and moisture considerations

ACI emphasizes that temperature, relative humidity, and surface moisture at the
time of installation can affect the performance of the FRP system. It suggests that
primers, saturating resins, and adhesives should generally not be applied to cold or
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frozen surfaces. When the surface temperature of the concrete surface falls below a
minimum level as specified by the FRP system manufacturer, improper saturation
of the fibers and improper curing of the resin constituent materials can occur,
compromising the integrity of the system. It suggests that a noncontaminating heat
source can be used to raise the ambient and surface temperatures during
installation.

With regard to moisture, ACI states that resins and adhesives should generally
not be applied to damp or wet surfaces unless they have been formulated for such
applications. Moreover, FRP systems should not be applied to concrete surfaces that
are subject to moisture vapor transmission. ACI warns that the transmission of mois-
ture vapor from a concrete surface through the uncured resin materials typically
appears as surface bubbles and can compromise the bond between the FRP system
and the substrate.

Equipment

Some installation procedures specify unique equipment designed for the application
of that particular system. This equipment can include resin impregnators, sprayers,
lifting/positioning devices, and winding machines. ACI suggests that all equipment
should be clean and in good operating condition. All supplies and equipment should
be available in sufficient quantities to allow continuity in the installation project
and QA.

Surface preparation

Successful strengthening with FRP systems is dependent on a sound concrete
substrate and proper preparation of the concrete surface, as an improperly prepared
surface can result in debonding or delamination. Although ACI presents general
guidelines intended to all externally bonded FRP systems, it notes that specific guide-
lines for a particular FRP system should be obtained from the manufacturer. For gen-
eral methods of concrete repair and surface preparation, ACI refers to ACI 546R
(2004) and ICRI 03730 (2008). ACI suggests that the FRP system manufacturer
should be consulted to ensure compatibility of the FRP system with the
materials used for repairing the concrete substrate, if necessary. If corrosion-related
concrete deterioration is detected, ACI suggests that the cause of the corrosion be
addressed, and the associated deterioration repaired before application of the FRP
system.

To repair cracks, those wider than 0.010 in. (0.3 mm) can be pressure injected
with epoxy before FRP installation, in accordance with ACI 224.1R (2007). Cracks
of smaller width may require resin injection or sealing to prevent corrosion of exist-
ing reinforcement. ACI refers to ACI 224.1R (2007) for crack-width limitations
based on different exposure conditions.

ACI classifies surface preparation into two major categories: bond-critical or
contact-critical. Bond-critical applications require an adhesive bond between
the FRP and the concrete, and usually involve systems for flexural or shear
strengthening. ACI suggests that surface preparation for bond-critical applications
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should be in accordance with ACI 546R (2004) and ICRI 03730 (2008). A sum-
mary of recommendations is given as follows:

+ The surface on which the FRP system is to be applied should be free of loose or unsound
materials, and where fibers wrap around the corners of rectangular cross-sections, the cor-
ners should be rounded to a minimum 0.5 in. (13 mm) radius to prevent stress concentra-
tions in the FRP as well as voids between the FRP and the concrete. This applies to both
vertical and horizontally oriented corners. Note that ACI does not specifically mention
allowing an existing or created chamfered edge to substitute for a rounded edge.
Roughened corners can be smoothed with putty. Inside corners and concave surfaces may
require special detailing to ensure bond between the FRP system and the concrete.

» Consideration should be given to removing obstructions and embedded objects in the con-
crete before installing the FRP system, and surface preparation can be accomplished with
either abrasive or water-blasting techniques. Bug holes and other small surface voids
should be completely exposed during surface profiling. After profiling, the surface should
be cleaned and protected.

* The concrete surface should be prepared to a minimum concrete surface profile (CSP) 3,
as defined by ICRI surface profile chips, and localized out-of-plane variations, including
form lines, should not exceed 1/32 in. (~1 mm) or the tolerances recommended by the
FRP system manufacturer.

» Localized variations can be removed by grinding, before abrasive or water blasting, or
can be smoothed over using resin-based putty if variations are small. Bug holes and voids
should be filled with resin-based putty. All surfaces to be strengthened should be as dry
as recommended by the FRP system manufacturer.

Contact-critical applications only require close contact between the FRP and con-
crete and are generally reserved for confinement strengthening. In applications
involving confinement, the surface should be prepared such that continuous contact
between the concrete and the FRP system is maintained. Moreover, surfaces to be
wrapped should be flat or convex, and large surface voids should be patched.
Materials with low compressive strength and elastic modulus, such as plaster, should
be removed.

Mixing of resins

According to ACI, the manufacturer should supply recommended batch sizes,
mixture ratios, mixing methods, and mixing times, and all mixing should be done
according to the manufacturer’s recommendations. Resin components should be at the
proper temperature and mixed until there is a uniform and complete mixing of compo-
nents. Resins should be mixed for the prescribed mixing time and visually inspected
for uniformity of color. As resin components are often contrasting colors, ACI notes
that full mixing is usually achieved when color streaks are eliminated. Resin mixing
should be in quantities sufficiently small to ensure that all mixed resin can be used
within the resin’s pot life.

Application
ACI recommends that FRP systems be selected with consideration for their impact
on the environment, including emission of volatile organic compounds and
toxicology.
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Where required, primer should be applied to all areas on the concrete surface
where the FRP system is to be placed. Here, primer should be placed uniformly at
the manufacturer’s specified rate of coverage. Once applied, the primer should be
protected from dust, moisture, and other contaminants before applying the FRP sys-
tem. Putty should be used in an appropriate thickness and sequence with the primer
as recommended by the FRP manufacturer, and only to fill voids and smooth sur-
face discontinuities. Rough edges or trowel lines of cured putty should be ground
smooth, and primer and putty should be cured as specified by the FRP system man-
ufacturer before applying the FRP resin or adhesive. Note that after the putty and
primer are cured, the FRP system manufacturer may require additional surface
preparation before the application of the saturating resin or adhesive.

The use of solvents to clean the FRP surface before applying a coating is not
recommended due to the damaging effect that solvents may have on resin, and the
FRP system manufacturer should approve the use of any solvent wipe. Coatings
should be periodically inspected and maintenance provided as needed to ensure the
effectiveness of the coating.

Wet lay-up FRP systems are typically installed by hand using dry-fiber sheets
and a saturating resin and should use the manufacturer’s installation recommenda-
tions. Generally, saturating resin should be applied uniformly to all prepared sur-
faces where the system is to be placed, then the reinforcing fibers should be gently
pressed into the resin. Entrapped air between layers should be released or rolled out
before the resin sets. Sufficient resin should be applied to achieve full saturation of
the fibers, and successive layers of saturating resin and fibers should be placed
before the complete cure of the previous resin layer. If previous layers have cured,
interlayer surface preparation, such as light sanding or solvent application as recom-
mended by the system manufacturer, may be required.

Wrapping machines are primarily used for concrete columns. Machine-applied
systems can use resin preimpregnated tows or dry-fiber tows; prepreg tows are
impregnated with saturating resin off-site and delivered to the work site as spools,
while dry fibers are impregnated at the job site during the winding process. ACI
emphasizes that the FRP system manufacturer’s recommendations should be fol-
lowed in all application steps. After wrapping, prepreg systems should be cured at
an elevated temperature in accordance with the manufacturer’s recommendations.

Precured systems include shells, strips, and open grid forms that are typically
installed with an adhesive. General recommendations are as follows. Surfaces to be
bonded should be clean and prepared in accordance with the manufacturer’s recom-
mendations, with a minimum CSP of 3 (ICRI 03732). The adhesive should then be
applied uniformly at the rate recommended by the FRP manufacturer. After the pre-
cured sheets are placed into the wet adhesive, entrapped air between layers should
be released or rolled out before the adhesive sets. Any protective coatings that are
used should be compatible with the FRP strengthening system and applied in accor-
dance with the manufacturer’s recommendations.

Alignment of FRP materials
Proper FRP alignment is critical, as even small variations in angle (as little as 5
degrees) from that intended can cause a substantial reduction in strength and
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stiffness. Therefore materials should be handled such that correct fiber straightness
and orientation are preserved, and deviations in ply orientation should be made
only if approved by the project engineer. Moreover, kinks, folds, waviness, or other
forms of substantial material malformation should be reported for evaluation.

Multiple plies and lap splices

Multiple plies may be used, provided that all plies are fully impregnated with resin
the shear strength is sufficient to transfer the shearing load between plies, and the
bond strength between the concrete and FRP system is sufficient. Lap splices may
be used for long spans as necessary, provided that they are staggered, unless other-
wise approved by the project engineer. Lap splice details, including lap length,
should be based on testing and installed in accordance with the manufacturer’s
recommendations. Specific guidelines on lap splices are given in ACI Chapter 13.

Curing

Ambient-cure resins can take several days to reach full cure, and temperature
extremes or fluctuations can retard or accelerate curing time. All resins should be
cured according to the manufacturer’s recommendations, and field modification of
resin chemistry should not be permitted. The cure status of installed plies should be
verified to be sufficient before placing subsequent plies, and the installation of suc-
cessive layers should be halted if there is a curing anomaly.

To meet the manufacturer’s curing recommendations, FRP systems may require
protection such as tents or plastic screens, during installation and curing against
adverse temperatures, direct contact by rain, dust, or dirt, excessive sunlight, high
humidity, and vandalism. If temporary shoring is required, the FRP system should
be fully cured before the shoring is removed. If damage to the FRP system is sus-
pected during installation, the project engineer should be notified and the FRP sys-
tem manufacturer should consulted for evaluation.

5.2.3.2 ISIS

As with ACI, ISIS stresses the importance of following the specific recommenda-
tions of the FRP system manufacturer.

Temperature, humidity, and moisture considerations

ISIS notes that the temperature, humidity, and dew point at the time of installation
can affect the performance of the FRP system. It suggests that in general, primers,
saturating resins, and adhesives should not be applied to cold or frozen surfaces.
Per Clause A16.1.3.5 of the S6-06 bridge code, during the installation of the FRP,
ambient air and concrete surface temperature should be 50°F (10°C) or more; the
concrete surface temperature should be at least 5°F (3°C) higher than the actual
dew point; and atmospheric relative humidity should be less than 85%. To meet
these conditions in colder temperatures, it may be necessary to provide a nonconta-
minating auxiliary heat source to the FRP material during the installation and cur-
ing processes.
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Moreover, resin and adhesive materials should not be applied to wet surfaces
unless they are specifically formulated for this purpose, and FRP materials
should not be applied to concrete surfaces that are subject to condensation, vapor
transmission, or water ingression unless such issues are clearly addressed by the
system design and the resin systems are specifically formulated for use in such
conditions.

Equipment

As with ACI, ISIS suggests that all equipment used in the installation process should
be clean and in good operating condition and should be accessible for inspection by
the project engineer. The contractor should have qualified personnel sufficiently
trained to install and operate system-specific equipment such as resin impregnators,
sprayers, lifting/positioning devices, and winding machines. All materials, and sup-
plies, and personal protective equipment should be available in sufficient quantities
to allow safe construction continuity and QA.

Surface preparation

For concrete surface preparation details, ISIS refers to Clause A16.1.4 of the S6-06
bridge code (2006) and Clause 14.9 of the S806-02 building code (2002). ISIS sug-
gests that the concrete surface preparation should be inspected and approved by the
engineer or the supervisor prior to the application of the FRP. Some specific recom-
mendations are as follows. ISIS recommends that the surface preparation should be
performed according to the FRP system manufacturer’s guidelines. Surfaces in good
condition may only require cleaning, but all signs of deterioration, including that
caused by steel corrosion, should be repaired prior to the application of the FRP sys-
tem. Before the repair process, the concrete surface must be free of particles and
pieces that no longer adhere to the structure, and cleaned from oil and other con-
taminants. An inspection and approval of the surfaces is then required before the
repair may begin. During the repair, the concrete surfaces must be repaired or
reshaped in accordance with the original section, and sections with sharp edges must
be rounded to a minimum radius of 1.4 in. (35 mm), in accordance with the S6-06
bridge code (2006), before installing the FRP system.

Cracks wider than 0.01 in. (0.3 mm) should be pressure injected with epoxy in
accordance with the guidelines of ACI 224.1R (2007), and smaller cracks in aggres-
sive environments may also require epoxy injection to prevent corrosion of steel
reinforcement. All surface repairs should meet the requirements of the FRP system
manufacturer.

For bond-critical applications, the method of surface preparation should depend
on the existing surface condition. A smooth concrete surface can be sandblasted or
otherwise abraded until aggregates become visible according to the relevant prepa-
ration recommendations. After blast cleaning, the surface should be protected
within an appropriate amount of time prior to the FRP installation. Areas that are
very rough can be leveled using a material approved by the manufacturer and/or the
engineer, and out-of-plane variations should be within the tolerances recommended
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Table 5.1 Maximum depth of depressions on the concrete surface

Type of FRP

Max. depth for length of
12 in. (0.3 m) (in.)

Max. depth for length of
80 in. (2.0 m) (in.)

Plates =0.04 in. (1.0 mm)
Plates <0.04 in. (1.0 mm)
Sheets

0.16 in. (4.0 mm)
0.08 in. (2.0 mm)
0.08 in. (2.0 mm)

0.39 in. (10.0 mm)
0.24 in. (6.0 mm)
0.16 in. (4.0 mm)

by the FRP system manufacturer, where small holes and voids should be filled with
putty or a mortar polymer. The maximum allowed depth of depressions (see Clause
A16.1.4 of the S6-06 bridge code) is shown in Table 5.1 (ISIS Table 8.1).

All dirt, oil, existing coatings, or other matter that could interfere with the bond
of the FRP should be removed. The concrete surface must have a tensile and shear
strength high enough to ensure an efficient bonding; Clause A16.1.4 of the S6-06
bridge code requires a minimum tensile strength of 218 psi (1.5 MPa) as measured
by a pull-off tension test in accordance with ASTM D4541 (2002). Rectangular
cross-sections should have corners rounded or reshaped to a minimum radius of
1.4 in. (35 mm), and roughened corners should be smoothed with an epoxy gel.

All surfaces to which the strengthening system will be applied should be dry
according to the FRP system manufacturer’s requirements, and the moisture content
should be evaluated according to the requirements of ACI Standard 503.4 (2003).

For contact-critical applications such as confinement, the surface preparation
should guarantee a continuous contact between the concrete and the FRP confine-
ment system. Rounding of corners, filling holes, and eliminating depressions are
most critical.

For all types of applications, if water seepage through the concrete is found, spe-
cial resins designed for this bond condition must be used. Both the engineer and the
contractor must verify that the pressures will neither cause debonding nor affect
the integrity of the reinforced structure. If FRP is to be installed underwater, the
method to be used must be prescribed in detail according to the recommendations
of the manufacturer and must be approved by the engineer.

Mixing of resins

When mixing resins, all components should be mixed at a proper temperature and
in the correct ratio until there is uniform and complete mixing and the product is
free from trapped air. The resin mixing should be done in quantities sufficiently
small to ensure that all mixed resin will be used within the resin’s pot life.

Application

ISIS references Clause A16.1.3 of the S6-06 bridge code for FRP application. ISIS
recommends that all materials, including primer, putty, saturating resin and fibers,
are part of the same system. ISIS notes that appropriate installation procedures
should depend on the specific FRP system and the structure for strengthening.
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For hand-applied wet lay-up systems, manufacturer recommendations must be
followed in all application steps, and the following additional recommendations are
suggested. Putty should be used only to fill voids and smooth surface discontinuities
prior to the application of other materials and should be used in an appropriate
thickness and in sequence with the primer as recommended by the FRP manufac-
turer. Primer should be placed uniformly on the prepared surface at the specified
rate of coverage and should have sufficiently low viscosity to penetrate the surface
of the concrete substrate. Rough putty edges or trowel lines should be smoothed
before installation of the fiber sheets.

Hand-applied, wet lay-up materials include dry as well as preimpregnated fiber
sheets and fabrics used with a saturating resin applied on site. In the latter case the
saturating resin should be applied uniformly to all prepared surfaces where the FRP
is to be placed. The resin should have sufficiently low viscosity such that the fiber
reinforcement becomes fully impregnated with resin prior to curing. Once the FRP
is applied, entrapped air under the sheet or between layers should be released or
rolled out before the resin sets. In doing so, it is recommended to work the FRP
materials parallel to the fibers, proceeding in one direction from the center or from
one extremity and to avoid any backward and forward movements. A protective fin-
ish compatible with the proposed system should be applied in accordance with the
manufacturer’s recommendations.

When using precured systems (i.e., surface bonded plates), the precured laminate
surfaces to be bonded should be cleaned and prepared in accordance with the manu-
facturer’s recommendations. Adhesive should be applied uniformly to the prepared
surfaces where the laminates are to be placed. Care should be taken to use an appli-
cation method to avoid entrapping air under the laminate, because such a condition
is difficult to detect as well as to rectify. In contrast to hand-applied, wet lay-up
materials, stacking multiple layers of FRP plate is usually not permitted, except for
the overlapping portion of prefabricated L-shaped stirrups. At intersections of FRP
plates, care should be exercised to minimize curvature; grooving the concrete for
the layer underneath is sometimes used to allow full contact between the plate and
the concrete surface underneath.

For FRP material used to wrap the base of a reinforced concrete column that is
in contact with the ground, the wrapping should extend a minimum of 20 in.
(500 mm) below the ground surface to prevent water and air infiltration. ISIS also
states that FRP stirrup strips for shear reinforcement must be anchored in a satisfac-
tory manner at both extremities; this anchorage is to be specified by the designer.

Alignment of FRP materials

ISIS notes that the alignment of the FRP material is critical, and the ply orientation
and stacking sequence must be specified in the design prior to installation. As with
ACI, ISIS specifies that sheet and fabric materials should be handled in a manner to
maintain the fiber straightness and orientation, as even small variations in the
intended orientation angle can cause a reduction in strengthening. Any observed
deviation in angle for an installed FRP are to be approved by the project engineer.
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Multiple plies and lap splices

ISIS allows the use of multiple layers of FRP materials, provided that all layers are
fully impregnated within the resin system, that the resin shear strength is sufficient
to transfer the shearing load between layers, and that the FRP-to-concrete adhesive
strength is sufficient. However, the project engineer or the manufacturer may limit
the maximum number of consecutive layers, and/or define the installation period
between successive layers. When several superposed layers of FRP materials are
required, care must be taken not to move or otherwise disturb the preceding layers
where the resin has not set. In the absence of other prescriptions, a minimum over-
lap length parallel to the fibers of 6 in. (150 mm) is suggested. If an interruption of
the FRP system laying up process occurs, interlayer surface preparation such as
cleaning or light sanding may be required.

Curing

FRP materials are to be cured according to the recommendations of the manufac-
turer. Unless otherwise specified, ISIS recommends the following curing provisions.
A minimum curing time of 24 h should be allowed before further work is per-
formed, unless the curing process is accelerated by heating (via a chemical reactant
or other external supply). For the entire curing duration, the temperature must be
maintained above the minimum required curing temperature; condensation on the
surface must be prevented; and chemical contamination from gases, dust, or liquid
sprays must be prevented during curing. ISIS notes that although successful rehabil-
itation of beams under simulated traffic loads have been reported), mechanical
stresses should be minimized during curing.

Protective coating

When the surface of the FRP materials is sufficiently dry or hard, a protective coating
and/or paint compatible with the installed reinforcement system can be added. A min-
imum of 24 h should be allowed for the protective coating/paint to dry, or as recom-
mended by the manufacturer. Further, the contractor is required to provide a
certificate of compatibility of the protection system prepared by the FRP manufac-
turer, and the contractor is to provide a guarantee for the performance of the proposed
protection system for the expected exposure conditions. The protection system must
provide sufficient protection against ultraviolet radiation. It may include a wearing
layer if the FRP reinforcement materials are expected to be subjected to abrasive
effects. The wearing layer must not be considered to be structural reinforcement, and
it must be inspected and maintained regularly. If the FRP reinforcement must be pro-
tected against fire, the protection system proposed must be approved by the engineer,
and the contractor or manufacturer must guarantee its compliance.

5.2.3.3 AASHTO

AASHTO requirements are written in a similar manner to those given by ACI and
ISIS. According to AASHTO, procedures for the installation of FRP systems are
developed by the manufacturer and can vary between different systems. Procedures
may also vary depending on the type and condition of the structure to be
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strengthened. AASHTO notes that the application of FRP systems will not stop the
ongoing corrosion of existing steel reinforcement, and the cause of any corrosion
should be addressed and corrosion-related deterioration should be repaired prior to
application of any FRP system.

Temperature, humidity, and moisture considerations

When temperatures exceed 90°F, the epoxy may be difficult to apply due to an
accelerated hardening rate. AASHTO thus recommends that work should be sched-
uled to avoid high temperatures. If it is necessary to apply epoxy compounds in
high temperatures, the work should be supervised by a person experienced in apply-
ing epoxy under such conditions. AASHTO also notes that epoxy systems formu-
lated for elevated temperatures are available and should be considered (see ACI
530R-93). At temperatures below 40°F, application difficulties may also occur due
to a deceleration of the rate of curing, and the presence of frost or ice crystals may
be detrimental to the bond between the FRP and the concrete.

Surface preparation

Prior to FRP application, the concrete surface should be prepared to a minimum CSP
3. Proper preparation and profiling of the concrete surface is necessary to achieve the
specified bond strength; improper surface preparation can lead to debonding or
delamination. AASHTO recommends that localized out-of-plane variations, including
form lines, should not exceed 1/32in. or the tolerances recommended by the FRP
system manufacturer, whichever is smaller. Bug holes and voids are to be filled with
epoxy putty. It is recommended that surface preparation be accomplished using abra-
sive or water-blasting techniques, and all contaminants that could interfere with the
bond between the FRP system and concrete substrate should be removed. When
fibers are wrapped around corners, corners should be rounded to a minimum radius
of 1/2 in. to prevent stress concentrations in the FRP system as well as voids between
the FRP and the concrete. Rough edges can be smoothed by grinding or with putty.

5.2.3.4 JSCE

Temperature, humidity, and moisture considerations

When bonding or wrapping with continuous fibers, at each stage of the work it
should be verified that environmental conditions are suitable. Suitable conditions
for epoxy resin applications are a 41°F (5°C) or higher temperature and humidity
no more than 85%. In lower temperatures the construction site should be warmed
or a low-temperature primer and resin may be used. If the surface of the concrete is
not dry, special primers for wet surfaces should be used. It should also be verified
that the concrete surface preparation is suitably performed; that the mixing and
coating of primer are appropriately performed; and that the mixing and coating of a
smoothing agent are appropriately performed.

To prevent improper hardening of the primer and smoothing agent, the materials
should be applied to a dry surface. After application, the primer and smoothing
agent should be allowed to harden until firm, and should be checked visually and
by touch to make sure there is no dust or moisture on the surface. If there is
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condensation or other moisture on the surface before initial hardening, indicated by
whitening, the area should be wiped with solvent or the effected portion of primer
or smoothing agent removed with sandpaper.

Surface preparation

Prior to application of FRP, JSCE recommends that construction defects, remark-
able deterioration, and surface cracking in the concrete should be repaired. These
defects include problems such as rock pockets, honeycombs, level differences, or
other surface imperfections, which deviate from a smooth surface and can reduce
the effectiveness of the FRP strengthening.

When continuous fiber sheets and continuous fiber strands are placed perpendic-
ular to corner angles, the angles should be rounded by chipping, polishing, or the
use of a smoothing agent.

To ensure proper bond between the FRP and the concrete surface, deteriorated
layers, oils, and other contaminants should be removed from the surface.

Application

When using continuous fiber sheets, JSCE notes that it is critical that the sheets are
attached with the specified position, direction, and number of plies. A working dia-
gram matching the actual structure should be prepared based on the design. The
diagram should clearly identify the reference point for attachment, the overlap
splice positions and the number of plies to enable the sheets to be attached properly.
It must also be ensured that the sheet is bonded or sealed securely to the concrete
surface, and that the resin is suitably mixed and applied and has thoroughly impreg-
nated the sheet. This is particularly important in the overlap splice sections, where
the impregnation resin should thoroughly penetrate between the fibers and sheets.
After attaching the continuous fiber sheets, an inspection should be done visually or
through sounding to verify the absence of lift, swelling, peeling, slackness, wrin-
kles, and voids in the epoxy resin impregnation.

When using continuous fiber strands, it must be verified that the strand winding
interval is appropriate, the strand winding tension is constant, the strand winding
speed is appropriate, the strands are thoroughly impregnated with resin, that the
resin has been suitably mixed and applied, and that the impregnation resin is cured
thoroughly. JSCE notes that if carbon fiber strands are wound by hand, the tension
force applied is not constant, resulting in variations of stress distribution in the
strands after completion. Moreover, since the winding speed is not constant, there
may also be variations in the degree of permeation of the impregnation resin. These
issues may affect the tensile strength of the strands. For these reasons, the use of a
machine to wind the strands, to control the winding interval, tension, and speed, is
recommended.

JSCE notes that when wrapping FRP around corners, it is important that a suffi-
cient radius of curvature is maintained, as when the radius of curvature is small, as
noted by AASHTO, stress concentrations occur, decreasing the effective tensile
strength of the FRP. In general the chamfer radius should be between 0.4 in. and
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2.00 in. (10—50 mm). However, the type and thickness of FRP used have a large
influence on the necessary chamfer radius.

Lap splices
JSCE states that the required lap length is to be determined through testing in accor-
dance with JSCE-E 542 (2000). JSCE note that carbon and aramid fiber sheets have
been found to require an overlap splice length of approximately 4 in. (100 mm) at the
lower stress level produced in the splice zone and about 8 in. (200 mm) for strength-
ening for shear capacity and ductility. However, depending on the type of FRP and
resin used, the splice strength may be lower than the tensile strength of the FRP and
failure may occur in the bonded layers of the splice even if the overlap length is long.
When only one layer of continuous fiber sheet is used for reinforcement, varia-
tions in overlap splice strength due to construction errors may significantly influ-
ence the splice strength. In such cases, it is recommended to elongate the overlap
splice length and to attach one more layer of FRP over the splice section. When
more than one layer is used, the overlap splices should not be placed at the same
section, since this reduces the overlap splice strength. Overlap splices should not be
placed at locations subjected to large bending moments.

Curing

After applied, resin should be cured for a suitable period of time before the next
sheet is attached. Before the initial setting of the impregnation resin, JSCE recom-
mends that the surface should be protected with vinyl sheets from rain, dust, and
sudden climatic changes. It must also be verified that the impregnation resin is
cured thoroughly.

Anchorage length

JSCE notes that an item requiring verification is the end anchorage of FRP, for
which it should be confirmed that the strand is wound with the required number of
turns at the section to be anchored. The required number of turns for anchorage
should be determined through testing. JSCE states that one to two wraps is suffi-
cient anchorage for carbon fiber strands composed of 12,000 filaments.

If mechanical anchorage is to be used, it can be by way of anchor bolts and
plates and should be verified by confirming that the anchorage detail has sufficient
strength to prevent anchorage failure. JSCE suggests that when reinforcing bridge
pier foundations, mechanical anchoring with anchor plates and bolts may be neces-
sary because attaching FRP sheets to the footing surface is generally insufficient
anchorage. When FRP is bonded to the sides of beams for shear reinforcement,
anchorage should be provided by anchor bolts and plates.

5.2.3.5 TR55

Temperature, humidity, and moisture considerations

Before application of FRP, the concrete surface should be dry for normal
applications. If surface dryness is not achievable, a suitable epoxy adhesive for
nondry surfaces should be selected.
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Suitable environmental conditions including temperature, relative humidity and
surface moisture must be maintained during surface preparation, strengthening sys-
tem application, and the curing period. During surface preparation, environmental
control consists of a system to extract dust from the work area and the exclusion of
any material that might contaminate the prepared surface. During installation, a
clear access path from the adhesive work area to the location of the concrete
surface should be maintained in order to minimize contamination risk. During the
curing period, the adhesive temperature must be maintained within the specified
limits. The work area should be kept dry.

Surface preparation

TRS55 suggests that a trial run of the surface preparation process should be con-
ducted to determine the best technique for the FRP system to be used. As with other
codes, TR55 notes that the concrete surface must be cleaned to remove contami-
nants. Even new concrete should be cleaned to remove mold release agents and cur-
ing membranes. The preparation process should remove the surface layer to expose
small particles of aggregate without causing damage to the substrate. The surface
should not be polished or roughened excessively. Sharp edges, shutter marks, or
other irregularities should be removed to achieve a flat surface.

Various preparation techniques can be effective, including wet, dry, and vacuum-
abrasive blasting; high-pressure washing, with or without emulsifying detergents, and
using biocides (where necessary); steam cleaning alone or in conjunction with deter-
gents; and, for smaller areas, mechanical wire brushing or surface grinding. TR55
warns that special care should be taken when using some methods, including
mechanical impact methods such as needle gunning and bush hammering, which are
often too aggressive and may cause microcracks and/or an irregular concrete texture.

Washing techniques may be ineffective in some cases and can simply spread the
contaminants further. The use of solvent-based and sodium hydroxide-based
products in the form of a gel or poultice can be effective in drawing out the con-
taminants, but such products must be then completely removed from the surface.
If wet grit-blasting is done, the concrete surface must be allowed to completely dry
before proceeding. TR55 further recommends vacuum dry-blasting over “open”
blasting, the former of which is safer for workers and the environment.

TR55 states that, prior to FRP installation, defects in the concrete surface should
be repaired, and if cementitious repairs are used, they should be allowed 28 days to
cure. TR55 notes that it is important that the prepared surface should allow applica-
tion of the resin in a layer of uniform thickness; the thickness of the adhesive layer
is commonly between 0.04 and 0.20 in. (1—5 mm). To facilitate this, the surface
should be smoothed by removing any steps and filling hollows with a
suitable repair mortar. Minor imperfections in the concrete surface can be treated
with epoxy materials which can be applied in thin layers. The flatness of the surface
should be such that the gap under a 3.3 ft. (1 m) straight-edge does not exceed
0.20 in. (5 mm). When fabric is to be wrapped around corners, the corners should
be rounded to a minimum radius of 0.6 in. (15 mm), or as recommended by the
manufacturer. TR55 notes that some bonding systems require the use of a primer to
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be applied once the surface preparation is complete if so, primer should be applied
in strict accordance with the manufacturer’s instructions.

The final assessment of surface quality can be made with pull-off tests. If primer
was used, the primed surface should be tested. Here, a minimum of three tests are
carried out, as described in BS 1881: Part 207 (1992).

Mixing of resins

All equipment used for the mixing and application of the adhesive and materials
should be kept clean and maintained in good operating condition, and all operators
should be suitably trained in the use of such equipment. The mixing and application
of the adhesive should be in accordance with the manufacturer’s instructions. For
accurate mix proportioning, prebatched quantities of resins and hardeners should be
used. The materials should be mixed thoroughly per the supplier’s instructions. The
volume of adhesive mixed at one time should be such that it may be applied within
the pot life of the adhesive; adhesive remaining at the end of the specified pot life
must be discarded.

Application

If the concrete surface is to be strengthened using FRP plates, the mixed adhesive is
to be applied to the bonding area by hand, using plastering techniques. The thickness
of the adhesive should be maintained from 0.04 to 0.08 in. (1—2 mm). Before apply-
ing the adhesive to the FRP plate, the plate surface should be prepared in accordance
with the manufacturer’s recommendations; in general, this involves application of
light abrasion and cleaning with a solvent. No additional treatment is required for
materials with an additional peel ply which, upon removal, exposes a clean surface
with the appropriate roughness. The adhesive layer should be applied to the plates to
form a slightly convex profile across the plate. Extra thickness along the center-line
helps to reduce the risk of void formation.

If FRP fabric is to be applied, a handheld foam roller or brush can be used to
apply the bonding adhesive to the concrete surface. The adhesive layer should be
evenly applied to saturate the concrete surface and adhere to the FRP. Dry fabric can
be directly applied to the resin-saturated concrete surface without adhesive being
applied to the fabric. For wet fabric, the resin must be applied to the fabric before it
is installed. The resin can be applied to the fabric using handheld foam rollers or
brushes, or an impregnation machine.

5.2.3.6 CNR

Temperature, humidity, and moisture considerations

CNR recommends that FRP should not be installed in very moist environments, as
a high degree of humidity may delay resin curing and affect strengthening effective-
ness, especially for wet lay-up applications. Moreover, FRP should not be applied
to substrates having a surface humidity greater than 10%, as such conditions could
delay the penetration of the primer and generate air bubbles that could compromise
bond. Substrate humidity can be evaluated with a hygrometer for mortar or by
employing absorbent paper. FRP material should also not be applied if temperatures
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are too low, as resin curing and fiber impregnation could be compromised. It is also
recommended not to install FRP when the concrete surface is heavily exposed to
sunlight. CNR suggests that the range of suitable temperature for FRP application
is generally within 50—95°F (10—35°C). In low-temperature environments, artifi-
cial heat can be provided. If resin curing takes place under rainy conditions, protec-
tive measures should be employed to ensure proper curing.

Surface preparation

Prior to FRP installation, CNR recommends that the soundness of the concrete sub-
strate is checked, and in any case, concrete compressive strength should not be less
than 2.18 ksi (15 N/mm?) below which the FRP strengthening may not be effective.
CNR states that deteriorated concrete should be removed, and an assessment of the
existing steel reinforcing bars should be made if exposed. Corroded steel bars are to
be protected against further deterioration. Once the deteriorated concrete has been
removed, suitable measures taken to prevent further corrosion, and additional pro-
tective measures, if needed, to prevent other sources of concrete degradation (such
as water leakage), concrete restoration using shrinkage-free cement grouts is to be
performed. A concrete surface roughness with profile differences greater than
0.4 in. (10 mm) is to be leveled with a compatible epoxy paste, and specific filling
materials are to be used for unevenness greater than 0.8 in. (20 mm). Cracks wider
than 0.02 in. (0.5 mm) should be stabilized using epoxy injection methods before
FRP strengthening can take place. Once the flatness and soundness of the concrete
is restored sandblasting should be done to provide a roughness of at least 0.01 in.
(0.3 mm); level of roughness can be measured by suitable instruments such as a
laser profilometer or an optical profile-measuring device. All inside and outside
corners and sharp edges shall be rounded or chamfered to a minimum radius of
0.8 in. (20 mm). Finally, the concrete surface should be cleaned to remove any
dust, laitance, or any other bond-inhibiting material.

Application

Proper fibers alignment is to be observed, and waving of FRP reinforcement must be
avoided during installation. If carbon fiber is used and there is potential for direct
contact between the carbon and existing steel reinforcement, insulating material
should be installed to prevent galvanic corrosion. CNR recommends that an anchor-
age length of at least 8 in. (200 mm) be used for the end portion of FRP systems.
Alternatively, mechanical connectors may be used.

Witness areas

If semidestructive tests are planned, it is suggested to provide additional strengthen-
ing areas (“witness areas”) in properly selected parts of the structure of size of at
least 20in. X 8 in. (500 mm X 200 mm), with a minimum extension of 155 in.
0.1 mz), but not less than 0.5% of the overall area to be strengthened. Witness areas
are to be strengthened at the same time of the main FRP installation, using the same
materials and procedures. In addition, witness areas are to be exposed to the same
environmental conditions of the main FRP system and should be uniformly distrib-
uted on the strengthened structure.
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Protective coating

The FRP system should be protected from direct sunlight, which may produce
chemical-physical alterations in the epoxy matrix. This can be achieved with pro-
tective acrylic paint, provided that the composite surface is cleaned with soap
beforehand. Alternatively, a better protection can be achieved by applying a plaster
or mortar layer (preferably concrete based) to the installed system.

For fire protection, two different solutions may be adopted: the use of intumes-
cent panels or the application of protective plasters. In both cases, the manufacturer
is to indicate the degree of fire protection provided, as a function of the panel/plas-
ter thickness. The panels, generally based on calcium silicates, are to be applied
directly on the FRP system, provided that fibers will not be cut during their installa-
tion. Fire-protective coatings that can keep the FRP temperature below 176°F
(80°C) for 90 min are also available.

5.2.3.7 Summary of installation procedures

Coverage of installation procedures varies widely among codes. AASHTO and
CNR are primarily design codes with little coverage of many aspects of FRP instal-
lation. The limited areas that are covered by the two codes include surface prepara-
tion of the concrete substrate and site environmental conditions at the time of
installation. CNR covers three additional topics; minimum width for crack injection
repair; lap splices; and temporary protection of the FRP system during resin curing.
AASHTO’s lack of coverage is supplemented by NCHRP 609, which provides
description of a recommended installation procedure not found in AASHTO. JSCE
is similarly brief in coverage and includes site environmental conditions at the time
of installation, surface preparation of the concrete substrate, mixing of resin, and
lap splicing. TR5S5 covers the same items as JSCE, with the exception of lap splic-
ing. TRS5S also adds detail on FRP application in the form of primer/putty applica-
tion and wet lay-ups.

The most comprehensive installation procedure detailed in the reviewed codes is
provided by ACI and ISIS. The two codes have similar coverage, although ISIS
provides more quantitative limits. The topics covered by ACI and ISIS include site
environmental conditions at installation, use of equipment, surface preparation,
resin mixing, application of the FRP system, protective coatings, alignment of FRP
materials, multiple plies and lap splices, resin curing, and temporary protection.
Comparative summaries are provided in Tables 5.2—5.4. Table 5.2 compares maxi-
mum allowable crack width beyond which concrete injection is required as part of
surface repair prior to FRP application. Table 5.3 compares the minimum allowable

Table 5.2 Maximum allowable concrete crack width beyond which
injection is required

ACI ISIS CNR

0.01 in. (0.3 mm) 0.01 in. (0.3 mm) 0.02 in. (0.5 mm)
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Table 5.3 Minimum allowable lap splice length

ISIS JSCE CNR

6 in. (150 mm) 4 in. (100 mm) at lower stress levels 8 in. (200 mm)
8 in. (200 mm) for strengthening
of shear capacity and ductility

Table 5.4 Minimum radius for roundness of concrete corners

ACI ISIS AASHTO JSCE CNR TR55
0.5 in. 1.4 in. 0.5 in. 0.4—2.0 in. 0.8 in. 0.6 in.
(13 mm) (35 mm) (13 mm) (10—50 mm) (20 mm) (15 mm)

lap splice length. Table 5.4 compares code recommendations for minimum radius
for roundness of concrete corners for FRP application.

5.3 Inspection, evaluation, and acceptance

5.3.1 Introduction

This section reviews inspection procedures, evaluation, and acceptance criteria for
the installed FRP strengthening system. An assessment survey inspection, checklist
is given in Appendix 2.

Inspection evaluation procedures cover the materials used, conformance to the
strengthening design plan, and postinstallation inspection of the finished product to
detect any deficiencies such as delamination, air bubbles, fiber waviness or mis-
alignment, and adhesion strength. Evaluation of deficiencies, if any, is conducted
based on acceptance criteria that sets limits between acceptable minor deviations
and deficiencies that require corrective repairs.

5.3.2 Inspection
5.3.2.1 Ad

ACI states that FRP systems and all associated work should be inspected as
required by applicable codes. The inspection should be conducted by or under the
supervision of the project engineer or a qualified inspector. The qualified inspector
should look for compliance with the design drawings and project specifications.
During the installation of the FRP system, daily inspection should be conducted
and should note, as applicable:

* Date and time of installation;
» Ambient temperature, relative humidity, and general weather observations;
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» Surface temperature of concrete;

» Surface dryness per ACI 503.4 (2003);

» Surface preparation methods and resulting profile using the ICRI-surface-profile-chips;

* Qualitative description of surface cleanliness;

* Type of auxiliary heat source, if applicable;

»  Widths of cracks not injected with epoxy;

» Fiber or precured laminate batch number(s) and approximate location in structure;

* Batch numbers, mixture ratios, mixing times, and qualitative descriptions of the appear-
ance of all mixed resins, including primers, putties, saturants, adhesives, and coatings
mixed for the day;

* Observations of progress of resin cure;

+ Conformance with installation procedures;

+ Pull-off test results: bond strength, failure mode, and location;

» FRP properties from tests of field sample panels or witness panels, if required;

+ Location and size of any delaminations or air voids; and

* General progress of work.

The inspector should provide the inspection records and witness panels. ACI
defines witness panels as structural samples manufactured on site as true representa-
tives of the materials and FRP system used. They are to be kept under the same condi-
tions as the structure for future testing and evaluation. In some cases, FRP system is
applied to areas of the structure not in need of strengthening for future testing and
assessment. Records and witness panels should be retained for a minimum of 10 years
or a period specified by the project engineer. The installation contractor should retain
sample cups of mixed resin and maintain a record of the placement of each batch.

5.3.2.2 ISIS

ISIS divides inspection tasks into several phases; inspection of the concrete sub-
strate; materials inspection; and inspections before installation, during installation,
and at completion of the project.

Contractor's quality control responsibilities

ISIS requires that the FRP material suppliers, the installation contractors and all
others associated with the FRP strengthening project maintain a comprehensive QA
and QC program (per Annex A16.2 of S6-06 bridge code). QA is achieved through
a set of inspections, measurements, and applicable tests to document the acceptabil-
ity of the surface preparation and the installation of FRP, and the QC should cover
all aspects of the strengthening project and will depend on the size and complexity
of the project.

The FRP material suppliers are responsible for training the installation crew and
as well as certifying their competency for the surface preparation and installation of
the FRP materials. ISIS notes that only qualified inspectors should be used.

FRP materials should be qualified on the basis of the engineer’s plans and
specifications. ISIS notes that two types of specifications are possible: descriptive
or performance. In descriptive specifications, the engineer specifies the length,
width, orientation, installation sequence, and other requirements of a particular,
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selected FRP material, and perhaps acceptable equivalents. In performance specifi-
cations, the engineer specifies requirements in term of strength, stiffness, or other
necessary properties and characteristics, and the contractor is responsible for select-
ing an appropriate FRP system and submitting it for approval.

The FRP manufacturer is to provide documentation demonstrating that the pro-
posed system meets all design requirements such as tensile strength, type of fibers
and resin, durability, resistance to creep, bonding to substrate, and glass transition
temperature. Independent tests of the FRP constituent materials and laminates fabri-
cated with them are essential and should be mandatory.

Selection of contractors should be based on evidence regarding their qualifica-
tions, their demonstrated skills and ability through experience or training for FRP
strengthening projects.

Inspection of concrete substrate

The concrete surface should be inspected and tested before application of the FRP
material. The inspection should include an examination for surface smoothness,
protuberances, holes, cracks, corners, and other imperfections and characteristics.
Pull-off tests should be performed to determine the tensile strength of the concrete
for bond-critical applications, in accordance with Clause A16.1.4 of the S6-06
bridge code (2006). The degree of surface dryness, including the potential for con-
densation, should be in accordance with the criteria established by the FRP
manufacturer.

Inspection before installation

Inspections of the FRP material is to be conducted before, during and after installa-
tion. The inspection program should cover such aspects such as raw materials, the
presence and extent of delamination, the cure of the installed system, adhesion,
laminate thickness, fiber alignment, and material properties.

Before construction, the FRP material supplier should submit a certification and
identification of all FRP materials to be used, and the installation procedure should
be submitted with information on shelf life and resin working time related to tem-
perature. Performance tests on the supplied materials should be performed accord-
ing to the QC test plan and should meet the requirements specified in the
engineer’s performance specifications. Testing may include parameters such as ten-
sile strength, glass transition temperature, gel time, pot life, as well as the adhesive
shear strength.

Inspection during installation and at completion

During construction, special care should be taken to keep all records on the quantity
of mixed resin during a 1-day period, the date and time of mixing, the mixture pro-
portions, and identification of all components, ambient temperature, humidity, and
other factors that may affect resin properties. These records should also identify the
FRP sheets used each day, their location on the structure, the ply count and direc-
tion of application, and all other relevant information in accordance with Clause
A16.2.3.3 of the S6-06 bridge code.
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Sample cups of mixed resin should be prepared according to a predetermined
sampling plan and retained for testing to determine the level of cure. Sample FRP
plate specimens should be fabricated according to a predetermined sampling plan,
under the same ambient conditions and procedures used to apply the FRP material
to the concrete surfaces. Performance tests on these FRP specimens may be con-
ducted as needed. Moreover, a visual inspection of fiber orientation, and waviness
for specific FRP material systems, should be performed. Fiber misalignment of
more than 5 degrees (1/12 slope) from the specified angle should be reported to the
engineer.

Inspection at completion

At project completion, the inspector is to check for delamination, the overall
quality of cured system, and test for adhesion. Moreover, a record of all final
inspection and test results related to the FRP material should be retained. It should
include a description of any delamination and repairs, on site bond tests, anomalies
and correction reports as well as all test results from designated testing facilities.
Samples of the cured FRP materials should be retained by the engineer. The
required reports and tests are specified in Clause A16.2.3.4 of the S6-06 bridge
code (2006).

5.3.2.3 AASHTO

AASHTO recommends that systems considered for FRP strengthening should be
inspected by a licensed engineer or qualified inspector knowledgeable in FRP sys-
tems and installation procedures. The following should be recorded at the time of
installation:

» Date and time of installation;

+ Ambient temperature, relative humidity, and general weather observations and surface
temperature of concrete;

* Surface dryness, surface preparation methods, and the resulting surface profile using
ICRC surface profile-chips;

* Qualitative description of surface cleanliness;

* Type of auxiliary heat source, if used;

*  Widths of cracks not injected with epoxys;

» Fiber or precured laminate batch number(s) and approximate locations in the structure
where each was used;

+ Batch numbers, mixture ratios, mixing times, and qualitative descriptions of the appear-
ance of all mixed resins, including primers, putties, saturants, adhesives, and coatings
mixed for the day;

+ Observations of progress of resin curing;

+ Conformance with installation procedures;

» Location and size of any delaminations or air voids;

* General progress of work;

» Level of resin curing, in accordance with ASTM D2582 (2009);

» Adhesion strength.
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5.3.2.4 JSCE

JSCE recommends that inspections are conducted at each stage of the work, which
are: material inspections when first received, inspections of the storage condition of
these materials, surface preparation inspections, and, inspections of the bonding
or jacketing condition of the FRP after the work is completed. Further description
of these inspections is provided below.

Materials and storage inspection

When material is first received, the FRP, primer, smoothing agent, impregnation
resin, and other materials should be inspected for quality and damage. Inspection of
materials should be done in accordance with the QA sheet, test results, or other rel-
evant documents issued by the manufacturer. If the materials have suffered damage
during shipment, long-term storage at the site, or during construction, before use,
they should be tested to confirm quality.

The storage condition of the materials is to be inspected as well. In general,
materials should be stored indoors in a well-ventilated location away from direct
sunlight, flame, and rain, and at appropriate temperature and humidity conditions.
Laws relating to storage should be strictly observed.

Inspection of the existing structure
At the site, a detailed inspection of the existing structure to be strengthened should
be conducted, with attention to the following:

+ Existing structural configuration and site conditions. Due to construction errors or undocu-
mented changes, existing structures may not necessarily have been completed as specified
in the available design documents. The dimensions of the existing structure should be ver-
ified in advance. Moreover, as climatic conditions affect curing and bond, it is necessary
to determine the wind, sunshine, temperature changes, and other conditions expected at
the site.

» Necessity for impact protection. If the applied FRP sheets may be damaged by impacts, it
is necessary to study whether surface protection should be implemented. Accordingly, the
potential for damage to a strengthening system by impacts and the degree of damage to
the existing structure from impacts should be estimated.

» Surface quality. Since bond strength is crucial for effectiveness, the degree of surface
deterioration and damage of the existing concrete surface should be carefully determined,
SO necessary repair measures can be implemented.

» Cause and degree of existing deterioration. The deterioration progress of the upgraded
concrete structure depends on the type and degree of the causes of deterioration.
Accordingly, when damaged concrete structures are upgraded, it is necessary to preexa-
mine the type and degree of external factors causing deterioration. Particularly, when con-
crete damaged by alkali-aggregate reaction is strengthened, volumetric expansion may
occur after construction. Therefore the quantity and area of FRP coverage should be deter-
mined by taking account of the amount of residual expansion.

Inspection before, during, and after installation

Before application of FRP, concrete surface preparation is to be inspected with
respect to the completeness of sectional restoration work, surface smoothness, pro-
cessing of corner angles, primer coating, and smoothness.
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During and after construction, FRP should be inspected for attachment position,
lifting, peeling, slackness, wrinkles, overlap splice length, number of plies, and
quantity of the resin coating. Moreover, a bond strength test should be conducted as
needed. If the scale of construction is large or construction conditions are severe, it
is best to conduct confirmation tests using test specimens fabricated at the site. The
same materials as those used on site should be used for tests, and the tests should
be performed on the concrete at the site. However, if it is difficult to perform the
test on the concrete at the site, the test may be performed on a slab specimen with
concrete properties representative of the site concrete. If wound on site, FRP strands
are to be inspected for winding position, winding interval, winding tension and
winding speed, and that fibers are thoroughly impregnated with resin.

5.3.2.5 TR55

TRS5S states that its recommendations for inspection, evaluation, and acceptance are
not intended to be a specification, but are meant to suggest what significant points
should be included in a specification. TR55 suggests that the manufacturer should
supply characteristic values of the mechanical properties to be used for design pur-
poses (e.g., strength, elastic modulus, etc.), which TR55 defines as the mean value
minus 2 standard deviations. It further suggests that sufficient tests should be car-
ried out at regular intervals to ensure that the values reported are statistically valid.

Material QC requirements

TRS55 suggests that all materials used should have been manufactured under an
approved quality scheme, such as ISO 9000, and conform to relevant ISO specifica-
tions, Euronorms, or other equivalent international standards. In addition, the trace-
ability of all materials should be ensured and materials should be supplied with a
certificate of conformity to the relevant standards. Further, all external or indepen-
dent testing to determine material properties should be carried out in approved labo-
ratories in accordance with relevant international standards or by the manufacturer
under an approved quality scheme. When no international standards exist, an indus-
try or company standard or method with a recognized history should be used.

Inspection before installation

Testing should consist of visual checks on the basic materials and where appropri-
ate, physical tests on the finished elements as detailed below. For fabric materials,
the properties of a specified width of finished material should be checked by testing
samples. The frequency of testing should be stated in the quality plan. A minimum
of one sample should be taken at the start and finish of each production run.
Minimum properties to test for should include unit weight, elastic modulus, and ten-
sile strength. Samples of FRP may be made into laminates, using the appropriate
specified resin, and the laminate then tested to determine composite properties.
Where appropriate, properties should be determined in the transverse direction as
well as in the longitudinal direction. All individual rolls of material should be
appropriately labeled.
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For pultruded plates, the supply of fibers to the pultrusion line should be moni-
tored on a regular basis, with a frequency of at least once per hour. The speed of
processing, processing temperature, and other manufacturing parameters should be
maintained within agreed limits and checked and recorded regularly. The properties
of the plate should be checked by testing samples, and the frequency of testing
should be stated in the quality plan. A minimum of one sample should be taken at
the start and finish of each production run. The samples should also be checked for
dimensional accuracy, and plates should be marked with a unique batch number at
regular intervals.

When received from the supplier, all materials should be accompanied by a
certificate of conformity to appropriate standards. When received, all materials
should be stored and used strictly in accordance with the manufacturer’s instruc-
tions. Accurate records should be maintained of all materials used (e.g., delivery
notes, batch numbers) and, when required, the ambient conditions (e.g., tempera-
ture, relative humidity). If plates are used, visual checks should be carried out to
ensure that the plate material is as specified and undamaged. When bonded, the
plate should be checked by tapping or other means to ensure continuous adhesion.

Inspection during installation

For wet lay-up laminates, visual checks should be carried out on mats, unidirectional
tapes/fabrics, woven rovings, and multiaxial fabrics to ensure uniformity and confor-
mity. The completed laminate should be checked visually for defects. When required
by the contract, trial pieces to verify properties such as strength and elastic modulus
should be made at the same time and by the same process. Care should be taken to
ensure that the trial pieces are representative of the material in the finished unit.

5.3.2.6 CNR

CNR contains little information relevant to this topic, and simply indicates that the
inspector’s responsibilities are to check that the quality of the materials are in com-
pliance with the manufacturer specifications; to verify that all materials have been
accepted by the construction manager; and to check the results of any experimental
tests required.

5.3.3 Evaluation and acceptance
5.3.3.1 Ad

ACT states that FRP systems should be evaluated and accepted or rejected based on
conformance to the design drawings and specifications. FRP system material prop-
erties, installation within specified placement tolerances, presence of delaminations,
cure of resins, and adhesion to substrate should be included in the evaluation.
Placement tolerances including fiber orientation, cured thickness, ply orientation,
width and spacing, corner radii, and lap splice lengths should be evaluated. ACI fur-
ther suggests that witness panels and pull-off tests are to be used to evaluate the
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installed FRP system. In-place proof load testing can also be used to confirm the
installed behavior of the FRP-strengthened member (Nanni and Gold, 1998).

Evaluation and acceptance before starting the project

Before starting the project, the FRP system manufacturer should submit a certifica-
tion of specified material properties and identification of all materials to be used.
Based on the needs of the project, additional material testing can be conducted if
deemed necessary. Evaluation of delivered FRP materials, in accordance with the
QC test plan, may include tests for tensile strength, an infrared spectrum analysis,
glass transition temperature, gel time, pot life, and adhesive shear strength.
Materials that do not meet the minimum requirements as specified by the licensed
design professional should be rejected.

For FRP systems such as precured and machine-wound systems, that do not lend
themselves to the fabrication of small, flat witness panels, the project engineer can
require test panels or samples to be provided by the manufacturer. During installa-
tion, sample cups of mixed resin should be prepared according to a predetermined
sampling plan and retained for testing to determine the level of cure.

Evaluation and acceptance at project completion

Fiber or precured laminate orientation should be evaluated by visual inspection.
Fiber or precured laminate misalignment of more than 5 degrees [approximately
1 in./ft. (80 mm/m)] from that specified should be reported to the engineer for eval-
uation and acceptance.

The cured FRP system should be evaluated for delaminations or air voids between
multiple plies or between the FRP system and the concrete. Inspection methods
should be capable of detecting delaminations as small as 2 in.” (1300 mm?), and may
include acoustic sounding (hammer sounding), ultrasonics, and thermography.
Delamination size, location, and quantity relative to the overall application area
should be considered in the evaluation.

For wet lay-up systems, small delaminations less than 2 in.? (1300 mm?) are
permissible as long as the delaminated area is less than 5% of the total laminate
area and there are no more than 10 such delaminations per 10 ft.> (1 m?).
Large delaminations, >25 in.? (16,000 mm?), can significantly affect the perfor-
mance of the installed FRP and should be repaired by selectively cutting away
the affected sheet and applying an overlapping sheet patch of equivalent plies.
Delaminations less than 25 in.” (16,000 mm?) may be repaired by resin injection
or ply replacement, depending on the size and number of delaminations and their
locations.

For precured FRP systems, ACI states that each delamination should be evalu-
ated and repaired in accordance with the instructions of the project engineer. Upon
completion of the repairs, the laminate should be re-inspected to verify that the
repair was properly accomplished.

The relative cure of FRP systems can be evaluated by laboratory testing of wit-
ness panels or resin-cup samples using ASTM D3418 (2003). The relative cure of
the resin can also be evaluated on the project site by physical observation of resin
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tackiness and hardness of work surfaces or retained resin samples. The FRP system
manufacturer should be consulted to determine the specific resin-cure verification
requirements.

Adhesion strength is a critical inspection parameter. For bond-critical applica-
tions such as flexural or shear strengthening, tension adhesion testing of cored sam-
ples should be conducted using the methods in ACI 503R (1998), ASTM D4541
(2002), or the method described by ACI 440.3R (2004), Test Method L.1.
Successful tension adhesion strengths should exceed 200 psi (1.4 MPa) and exhibit
failure of the concrete substrate. Lower strengths or failure between the FRP system
and concrete or between plies should be reported to the engineer.

Cured thickness also should be verified. Small core samples, typically 0.5 in.
(13 mm) in diameter, may be taken to visually ascertain the cured laminate thickness
or number of plies; however, taking samples from high stress or splice areas should
be avoided. The cored hole can generally be filled and smoothed with a repair mortar
or the FRP system putty. However, if required, a 4—8 in. (100—200 mm) overlapping
FRP sheet patch of equivalent plies may be applied over the filled and smoothed
core hole immediately after taking the core sample.

5.3.3.2 ISIS

The categories covered under evaluation and acceptance by ISIS are similar to those
covered in ACI. These include a preinstallation evaluation as well as an evaluation
at project completion, which involves checking for items such as fiber orientation,
delamination, cure of strengthening system, adhesion, laminate thickness, and mate-
rial properties.

Evaluation and acceptance before starting the project

For materials qualification, ISIS recommends that FRP systems without fully estab-
lished properties through appropriate testing should not be considered for use, and
all constituent materials should be acceptable by applicable codes and known for
their good performance. Mechanical properties of FRP systems should be deter-
mined from plate specimens manufactured in a process representative of their field
installation, and from tests based on established standards. However, modification
of standard procedures may be permitted in order to better represent field assem-
blies. The specified material qualification programs should include sufficient labo-
ratory testing to measure the repeatability and reliability of critical properties, and
testing multiple batches of FRP materials is recommended.

Evaluation and acceptance at project completion
Visual inspection of fiber orientation, and waviness for specific FRP material sys-
tems, should be performed; fiber misalignments of more than 5 degrees from the
specified angle should be reported to the engineer.

An inspection of the FRP system for delamination should be conducted after the
full cure. Delaminations or other anomalies that are detected should be evaluated
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considering their size and number relative to the overall application area, as well
as their location with respect to structural load transfer. Inspection methods
may include acoustic sounding (hammer sounding), ultrasonics, and thermography,
and should be capable of detecting delaminations as small as 1in.? (600 mm?) as
well as any defects with a leading edge greater than 1 in. (25 mm). Repairs are
required for delaminations of size greater than 2.3 in.? (1500 mm?) or 5% of the
total laminate area. Cutting away the affected sheet and applying an overlapping
sheet patch of equivalent plies may be considered a repair option for delaminated
FRP areas. Appropriate bond lengths must be used to ensure the integrity of the
repaired area. The repaired area should then be re-inspected, and the resulting
delamination map or scan compared with that of the initial inspection to verify that
repair soundness.

Evaluation of the relative cure of FRP materials can be performed by laboratory
testing of sample plate specimens or resin samples using ASTM Standard D3418
(2003). At the construction site, curing evaluation is achieved by physical observa-
tion of resin tackiness and hardness of work surfaces or retained resin samples. For
premolded systems, adhesive hardness measurements should be made in accordance
with the manufacturer’s recommendations.

Tension adhesion testing of cored samples should be conducted using known
methods such as those described in ASTM D4541 (2002) or ACI 503R (1998).
However, care should be taken to avoid coring in high stress or splice areas. The
tested areas must be repaired unless they are located in areas where the FRP is
unstressed. Sampling frequency will depend on the size and complexity of the project.
Tensile bond strength values less than 220 psi (1.5 MPa) are unacceptable.

The laminate thickness or number of plies used can be inspected with small core
samples, typically 0.6 in. (15 mm) in diameter; these cores may be those used for
adhesion testing. As with coring for adhesion testing, highly stressed or splice areas
should be avoided. After coring, the hole should be filled and smoothed. A 4—8 in.
(100—200 mm) overlapping sheet patch of equivalent plies should be applied when
required.

Confirmation of the strength and elastic modulus of the FRP materials can be
determined using tension tests on panels fabricated from construction site speci-
mens. Tension testing should follow procedures such as those prescribed in Annex
F of the S806-02 building code (2002) or ASTM Standard D3039 (2008). The lap
strength, tensile strength, and elastic modulus of the FRP materials can also be
determined using burst testing of ring specimens. FRP materials can be tested in
accordance with existing ASTM test methods, but all exceptions to the method
should be listed in the test report. Durability related tests use the same test methods,
but require application of specific preconditioning of the specimens.

For verification of the qualification testing results, samples of the FRP system
should be prepared at the construction site and tested at an approved laboratory,
with the properties to be verified specified. In-place load testing can be used to con-
firm the behavior of the FRP-strengthened member. Such testing should be per-
formed under the supervision of an experienced engineer and precaution must be
exercised to avoid damaging the structure.
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5.3.3.3 AASHTO

Contractor submittals

For evaluation and acceptance, AASHTO recommends that the contractor be
required to submit evidence of acceptable QC procedures that were followed in the
manufacture of the FRP system. The QC procedure should at least include the spe-
cifications for raw material procurement, quality standards for the final product, in-
process inspection and control procedures, test methods, sampling plans, criteria for
acceptance or rejection, and record keeping standards.

The contractor also must provide information describing the fiber, matrix, and
adhesive systems to be used that is sufficient to define their engineering properties.
Descriptions of the fiber system should include the fiber type, percent of fiber ori-
entation in each direction, and fiber surface treatments. When required by the engi-
neer, the matrix and the adhesive shall be identified by their commercial names and
the commercial names of each of their components, along with their weight frac-
tions with respect to the resin system.

Further, AASHTO suggests that the contractor should submit test results that
demonstrate that constituent materials and the composite system are in conformance
with the physical and mechanical property values stipulated by the engineer. These
tests shall be conducted by a testing laboratory approved by the engineer. For each
property value, the batches from which test specimens were drawn are to be identi-
fied and the number of tested specimens from each batch, and the mean, minimum,
and maximum value, as well as the coefficient of variation, must be reported. The
minimum number of tested samples is 10.

Moisture content and epoxy requirements

When cured under conditions identical to those of the intended use, the composite
material system as well as the adhesive system are to conform to the following
requirements. The characteristic value of the glass transition temperature of the
composite system, determined in accordance with ASTM D4065 (2012), should be
at least 40°F higher than the maximum design temperature, defined in
Section 3.12.2.2 of the AASHTO LRFD Bridge Design Specifications (2012). The
characteristic value of the tensile failure strain in the direction corresponding to
the highest percentage of fibers must not be less than 1% if the tension test is
conducted according to ASTM D3039 (2008).

When moisture migrates through the matrix and reaches the fiber—matrix
interface, adhesion of the matrix to the fibers weakens. AASHTO thus specifies that
the moisture content must be limited; the mean and coefficient of variation of the
moisture equilibrium content, as determined in accordance with ASTM D5229/
D5229M (2010), must not be greater than 2 and 10%, respectively. A minimum
sample size of 10 should be used in the calculation of these values.

Environmental conditioning
After conditioning in the various environments listed below, the characteristic value
of the glass transition temperature, determined in accordance with ASTM D4065
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(2012), and that of tensile strain, determined in accordance with ASTM D3039
(2008), of the composite in the direction of interest shall retain 85% of the required
values above. The conditioning environments are as follows:

*  Water: Samples shall be immersed in distilled water having a temperature of 100 = 3°F
(38 = 2°C) and tested after 1000 h of exposure.

* Alternating ultraviolet light and condensation humidity: Samples shall be conditioned in
an apparatus under Cycle 1-UV exposure condition according to ASTM G154 (2012)
Standard Practice. Samples shall be tested within 2 h after removal from the apparatus.

» Alkali: The sample shall be immersed in a saturated solution of calcium hydroxide (pH ~ 11)
at ambient temperature of 73 = 3°F (23 £2°C) for 1000 h prior to testing. The pH level
shall be monitored and the solution shall be maintained as needed.

* Freeze—thaw: Composite samples shall be exposed to 100 repeated cycles of freezing and
thawing in an apparatus meeting the requirements of ASTM C666 (2008).

Further, if impact tolerance is stipulated by the engineer, impact tolerance should
be determined according to ASTM D7136 (2007).

When adhesive material is used to bond the FRP reinforcement to the concrete
surface, the following requirements shall be met. After conditioning in the environ-
ments noted above, the characteristic value of the glass transition temperature of the
adhesive material, determined in accordance with ASTM D4065 (2012), must be at
least 40°F higher than the maximum design temperature as defined in
Section 3.12.2.2 of AASHTO LRFD Bridge Design Specifications (2012).
Moreover, after conditioning in the environments noted above, the bond strength,
determined by tests specified by the engineer shall be at least 0.065\/]72 (ksi)
(Naaman and Lopez, 1999). Also, AASHTO recommends to evaluate whether mois-
ture will collect at the bond lines between the concrete and epoxy adhesive before
the epoxy has cured. This may be checked by taping a 4 X 4 ft. (1.2 X 1.2 m) poly-
ethylene sheet to the concrete surface. If moisture collects on the underside of the
sheet before the time required to cure the epoxy, then the concrete should be
allowed to dry sufficiently to prevent the possibility of a moisture barrier forming
between the concrete and epoxy per ACI 530R-05 (2005).

Epoxy physical and adhesive properties testing

During installation, sample cups of mixed resin should be prepared according to a
predetermined sampling plan and retained for testing to determine the level of cur-
ing, in accordance with ASTM D2583 (2007). The relative cure of the resin can
also be evaluated on the project site by physical observation of resin tackiness and
hardness of the work surfaces and retained resin samples.

For bond-critical (i.e., flexural or shear) applications, tension adhesion testing of
cored samples should be conducted using the methods in ACI 530R (2005), ASTM
D7234 (2012), or the method described by ISIS (2008). The sampling frequency
should be specified. Tension adhesion strengths should exceed 200 psi (1.4 MPa)
and exhibit failure of the concrete substrate before failure of the adhesive per ACI
440.2R-08 (2008).
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5.3.3.4 JSCE

JSCE recommendations for evaluation and acceptance include criteria for fire
safety, collision protection, and finishing work.

Fire safety
In JSCE, the required level of fire safety depends on the structure to be upgraded
and the surrounding environment. In general, three levels of safety are available:

» Flame retardant. Here, the combustibility of the FRP is low and it can be confirmed that,
even if damaged in a fire, it can be repaired.

* Noncombustible and quasi-noncombustible. In a fire, the FRP sheets are not ignited and
no harmful fumes are produced. However, they are not required to maintain their load-
carrying capacity during and after the fire.

+ Fire-resistant. The structure will not collapse during the fire, and the FRP sheets are
required to maintain full strength after the fire and either full or partial strength during the
fire, without repair.

For verification of fire safety, a test specimen with the same protective coating
as the actual structure should be manufactured and subjected to combustion tests.
During the combustion test, ignition, the generation of gases, harmful surface defor-
mation, and changes in the quality of the FRP after the fire are to be studied accord-
ing to the level of fire safety required.

One simple method of performing the combustion test that can be used to check
the flame retardant level of protection is to bring a flame near the FRP and observe
whether the sheet is ignited and whether there is any residual flame on the surface
of the test specimen when the burner flame is removed.

In a normal fire, the carbon fibers used in FRP do not combust or produce a
chemical reaction. Even when ignited with an external flame, the fibers are self-
extinguishing once the flame is removed. Therefore they are thought to be flame
retardant even without surface covering. In general, when a FRP strengthening sys-
tem is used, the existing concrete structure supports dead loads and other permanent
loads, while the FRP is used to support live loads. Thus even if continuous fiber
sheets fail during a fire, there is usually no danger of the structure collapsing imme-
diately. In light of this, JSCE notes that if there is little danger of a fire occurring,
no danger of spread if a fire should occur, adequate refugee space is available, and
there is little likelihood of danger to human life, then there is no particular need to
provide a flame resistant covering on the FRP system.

When preventing combustion during a fire is a design objective and nonflamma-
ble or quasi-nonflammable coverings are used with the assumption that the sheets
will be repaired after the fire, coverings may generally consist of mortar, a rock
wall, or similar materials. One method of checking flame resistance in this design
category is to fabricate a test specimen by bonding FRP sheets to the concrete
members, then heating the test specimen in a furnace at the prescribed temperature
for the prescribed duration, then immediately testing the FRP sheets to determine if
the properties of the FRP sheets are altered in undesirable ways.



180 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

When the FRP sheets are expected to maintain strength without repair even after
the fire, the temperature of the continuous fiber sheets during the fire should be
kept below that at which resin decomposes [for epoxy resins, about 500°F
(260°C)]. One way to achieve this is to cover with approximately 2 in. (50 mm) of
mortar.

Collision resistance

Collision resistance is another area addressed by JSCE. When there is a possibility
that the FRP may be subjected to impact, one of several methods may be used to
confirm performance requirements. One possibility is that the magnitude of the
impact design load is estimated using statistical data, and then performance require-
ments are to be verified by conducting an impact load test. The normal impact
resistance of the structure can be evaluated through drop impact tests and pendulum
impact tests. Possible impacts during the service life of the structure can be esti-
mated based on damage surveys of structures thought to have been subjected to the
same impacts that the structure being verified is prone to. When it is difficult to
make statistical calculations of the impacts applied to the structure during its ser-
vice life, more simple methods can be used that are based on the results of a survey
of existing structures. When the structure is expected to be subjected to impacts
only on very rare occasions, verification may be conducted to ensure that, even if
the performance drops temporarily after an impact, the structure can be quickly
repaired.

Finishing work

Finishing work includes providing coatings for durability, appearance and fire pro-
tection. JSCE recommends that upgraded surfaces are finished appropriately to
ensure that the performance requirements, including sunlight and weatherproofing,
fire resistance, shock resistance, roughness, and appearance, are satisfied. JSCE
notes that the excellent durability of FRP has been confirmed through outdoor expo-
sure tests and accelerated exposure tests. However, depending on the type of fiber,
durability may be impaired by conditions of use, and hence the finishing should be
planned after carefully considering the properties of the FRP. Resin may deteriorate
and whiten when exposed to ultraviolet light and ozone, and its appearance is easily
marred. Accordingly, when an aesthetic appearance and illumination are required in
the environments exposed to direct sunlight, the FRP should be finished with protec-
tive paint.

5.3.3.5 TR55

Detailed evaluation and acceptance criteria as presented in ACI and ISIS are missing
in TR55. The code, however, introduces test methods for shear and adhesive bond
using mechanical and nondestructive test methods. The proposed test method for
shear is the double lap shear test. TR55 notes that various nondestructive tests may
be used to inspect a completed and cured bond. The most common is acoustic
sounding (hammer tapping). Thermography may be used to survey large areas.
Pull-off dollies can also be installed at the time of strengthening, and pull-off tests
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can be performed at various times to test adhesive strength as a function of time.
Similarly, additional double lap shear test specimens can be prepared at the time of
strengthening and tested at various times.

TRS5 states that delamination risk is dependent on the type of strengthening and
the location on the structure. For example, an area of delamination in the wrapping
of a column will probably have a limited effect on performance, while delamination
of a plate on the soffit of a beam, particularly at points of high shear, will have a
significant effect. TR55 references ACI 440 to suggest the extent of delamination
that may be acceptable.

For major structures, it may be appropriate to install instrumentation prior to the
strengthening to assess the structural response before and after strengthening.

5.3.3.6 CNR

Evaluation and acceptance before starting the project

CNR recommends before starting the project that FRP materials should be sub-
jected to a series of controls to ensure appropriate mechanical and physical charac-
teristics. For construction materials, specific standards are available for the
determination of minimum values of physical and mechanical properties, test proce-
dures, as well as acceptance criteria. For further information about mechanical char-
acterization tests for fiber reinforcement materials, CNR refers to the following
documents:

* ACI 440.3R 04 “Guide Test Methods for Fiber-reinforced Polymers for Reinforcing or
Strengthening Concrete Structures”;

* JSCE (1995) “Test methods for continuous fiber reinforcing materials”;

* JSCE (2000) “Test methods for continuous fiber sheets”;

* ISO (TC71/SC6N) “Non-conventional strengthening of concrete — Test methods-Part 1:
Fiber strengthened polymer (FRP) bars and grids”;

* ISO (TC71/SC6N) “Non-conventional strengthening of concrete — Test methods-Part 2:
Fiber strengthened polymer (FRP) sheets.”

Responsibilities of the construction manager

CNR defines the process of evaluation and acceptance as the responsibility of the
construction manager. Additional responsibilities of the construction manager are as
follows. The construction manager is to make decisions as to the acceptance of pro-
ducts; check the compliance of the material to the designer’s provisions; check the
origin of the supplied material (pultruded materials are typically marked by the
manufacturer for their identification, while other materials must have labels or tags
with the necessary information for traceability); and to check the mechanical and
physical characteristics of products using the test certificates provided by the manu-
facturer. Additional responsibilities are to determine whether experimental tests are
to be required to evaluate material quality and compliance with the values provided
by the manufacturer. Such tests are to be carried out in laboratories with sufficient
experience and equipment to characterize FRP materials. Acceptance criteria may
be based on the maximum acceptable deviation of results from the values obtained
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during production. In some cases, tests may be required to evaluate both mechanical
and physical properties of unconditioned and conditioned specimens to take into
account temperature and moisture variation.

CNR defines Type-A and Type-B applications. For Type-A, certification is
obtained for each component as well as the final product to be applied. However, it
is the decision of the construction manager to require acceptance tests for the
installed system. For Type-B applications, each component requires certification
but not the FRP system. In this case, the construction manager shall require a num-
ber of tests to ensure proper quality of both the FRP system and installation proce-
dures as suggested in CNR sections 4.8.3 and 5.8.3 for reinforced concrete and
masonry structures, respectively.

Evaluation and acceptance at project completion

CNR specifies that QC tests are needed during FRP installation. Tests include at
least one cycle of semidestructive tests for the mechanical characterization of the
installation itself, and at least one nondestructive mapping to ensure uniformity.

For semidestructive tests, both pull-off and shear tearing tests may be conducted.
Semidestructive tests shall be carried out on witness panels and, where possible, in
noncritical strengthened areas at the rate of one test for every 53.82 ft.2 5 mz) of
application, and in any case, not less than 2 per each type of test. The pull-off test is
used to assess properties of the concrete substrate and is carried out by using 0.8 in.
(20 mm) thick circular steel plates with a diameter of at least three times the charac-
teristic size of the concrete aggregate, but not less than 1.6 in. (40 mm). These plates
are adhered to the surface of the FRP with an epoxy adhesive. After the steel plate
is firmly attached to the FRP, it is isolated from the surrounding FRP with a core
drill rotating at a speed of at least 2500 rpm. Here, particular care shall be taken to
avoid heating of the FRP system while a 0.04—0.08 in. (1—2 mm) incision of the
concrete substrate is achieved. FRP application may be considered acceptable if at
least 80% of the tests (both tests in case of only two tests) return a pull-off stress not
less than 130—174 psi (0.9—1.2 MPa), provided that failure occurs in the concrete
substrate.

The shear tearing test is particularly significant to assess the quality of bond
between the FRP and concrete. It may be carried out only when it is possible to
pull a portion of the FRP system in its plane located close to an edge detached from
the concrete substrate. Results may be considered acceptable if at least 80% of the
tests (both in the case of two tests) return a peak tearing force not less than 5.4 kips
(24 kN).

Nondestructive tests may be used to characterize the uniformity of FRP applica-
tion, starting from an adequate two-dimensional survey of the strengthened surface
with a spatial resolution as a function of the strengthening area (see Table 5.5).

The nondestructive tests described by CNR are:

Stimulated acoustic testing. In a simple version, this test can be conducted by a technician
hammering the composite surface and listening to the sound from the impact. However,
more objective results may be obtained with automated systems.
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Table 5.5 Minimum resolution for defects to be identified with
nondestructive tests

Shear stress | Example Nondestructive| Surface Minimum
transfer at test mapping resolution
interface grid for defects
thickness
Absent Wrapping, with the exception | Optional 10 in. 0.12 in.
of the overlapping area in a (250 mm) (3.0 mm)
single-layer application
Weak Central area of extensive Optional 10 in. 0.12 in.
plane reinforcement (250 mm) (3.0 mm)
Moderate Central area of longitudinal Suggested 4 in. 0.02 in.
flexural strengthening (100 mm) (0.5 mm)
Critical Anchorage area, overlapping Required 2 in. (50 mm) | 0.004 in.
areas between layers, (0.1 mm)
stirrups for shear
strengthening, interface
area with connectors, or an
area with large roughness
or cracks in the substrate

High-frequency ultrasonic testing. This is best conducted with a reflection method using
frequencies no less than 1.5 MHz and probes with diameter no greater than 0.98 in.
(25 mm), using the technique based on the first peak amplitude variation due to localized
defects.

Thermographic test. According to CNR, this is effective only for FRP systems with low
thermal conductivity and should not be applied to carbon or metallic FRP strengthening
systems unless special precautions are taken, as the heat developed during the test must
be smaller than the glass transition temperature of the FRP system.

Acoustic emission test. This test is particularly suited for detecting defects in FRP systems
applied on RC structures, as well as delamination of the concrete substrate.

5.3.3.7 Summary of evaluation and acceptance

ACT and ISIS provide similar coverage of evaluation and acceptance criteria includ-
ing materials evaluation, materials/FRP system qualification tests, and field testing
and sample collections. The two codes present criteria for acceptance of fiber align-
ment, delamination, cure of resin, adhesion strength, and cured thickness.

AASHTO states the contractor’s responsibilities for evaluation and acceptance.
The contractor is to submit a complete QC plan detailing inspection, sampling, test-
ing, and criteria for acceptance. The contractor is required to also provide detailed
information on materials used as part of the FRP system, as well as test results to
verify the materials meet required design properties. AASHTO provides a detailed
list of acceptance criteria for materials and FRP system including a description of
testing required and sample sizing. AASHTO places emphasis on testing materials
under various environmental factors.
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Table 5.6 Minimum acceptable tension strength of adhesive

ACI ISIS CNR

200 psi (1.4 MPa) 220 psi (1.5 MPa) 130—175 psi (0.9—1.2 MPa)

Table 5.7 Maximum allowable area of delamination

ACI ISIS

2 in.% (1300 mm?) 2.33in.? (1500 mm?)

or or

5% of the total laminate area 5% of the total laminate area

JSCE places particular emphasis on three areas; fire resistance, collision safety,
and finishing work. The code offers a reasonable coverage of the three areas but
lacks coverage in areas of evaluation and acceptance covered by other codes. TR55
does not have clear boundaries separating aspects of QC, inspection, and testing
from evaluation and acceptance criteria. So, items discussed in inspection overlaps
evaluation and acceptance.

CNR offers a list of reference codes it recommends as basis for its materials/sys-
tem qualification. The code provides broad guidelines for evaluation and acceptance
but lacks detail. The code offers two testing categories: semidestructive and nonde-
structive. Semidestructive testing includes pull-off and shear tearing tests.
Nondestructive testing includes stimulated acoustic testing, acoustic emission test-
ing, and thermographic testing.

A comparison of the minimum acceptable tension strength of adhesive is pre-
sented in Table 5.6, and a comparison of the maximum allowable area of delamina-
tion is presented in Table 5.7.

5.4 Maintenance and repair

5.4.1 Introduction

This section covers elements of a maintenance program with periodic inspection
and testing to identify any damage, degradation, or deficiencies to the FRP strength-
ening system and to make any necessary repairs. A maintenance assessment is
made from test data as well as observations, and may include recommendations to
help slow down degradation and propose necessary repairs.

54.1.1 Ad

Inspection and assessment
ACT suggests that periodic inspection and assessment are needed to verify the long-
term performance of the FRP system. The causes of any damage or deficiencies
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detected during routine inspections should be identified and addressed before per-
forming any repairs or maintenance.

A general inspection consists of observation for changes in color, debonding,
peeling, blistering, cracking, crazing, deflection, indications of reinforcing-bar cor-
rosion, and other anomalies. Other inspection methods such as ultrasonic, acoustic
sounding (hammer tap), or thermographic tests may be used to identify signs of pro-
gressive delamination.

Test data and observations are used to assess any damage and the structural
integrity of the strengthening system. Testing can include pull-off tension tests or
conventional structural load tests. The assessment can include a recommendation
for repairing any deficiencies and preventing recurrence of degradation.

Repair techniques

Prior to repair, the causes of the damage must first be identified and addressed. The
method of repair should depend on the cause of damage, the type of material, the
form of degradation, and the level of damage. Minor damage should be repaired,
including localized FRP laminate cracking or abrasions that affect the structural
integrity of the laminate. Such damage can be repaired by bonding FRP patches
with the same FRP characteristics over the damaged area. The FRP patches should
possess the same characteristics, as thickness or ply orientation, as the original lam-
inate. Minor delaminations can be repaired by resin injection.

Major damage, including peeling and debonding of large areas, may require
removal of the affected area, reconditioning of the concrete, and replacement of the
FRP. ACI does not mention techniques that may be used to remove the damaged
FRP. However, some recommendations for removal are provided in Section 8.2.6.2
of this book. FRP patches should be installed in accordance with the material manu-
facturer’s recommendation.

If the surface protective coating is to be replaced, the FRP should be inspected
for structural damage or deterioration. The surface coating should be replaced using
a process approved by the system manufacturer.

5.4.1.2 ISIS

ISIS does not address long-term maintenance, assessment, and repair.

5.4.1.3 AASHTO

AASHTO recommends that the following documents be considered for evaluation
and repair of existing concrete structures and postrepair evaluation criteria:

* ACI 201.1R: Guide for Making a Condition Survey of Concrete in Service;

* ACI 224.1R: Causes, Evaluation, and Repair of Cracks in Concrete;

* ACI 364.1R-94: Guide for Evaluation of Concrete Structures Prior to Rehabilitation;

* ACI 440.2R-08: Guide for the Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures;

* ACI 503R: Use of Epoxy Compounds with Concrete;

* ACI 546R: Concrete Repair Guide;
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» International Concrete Repair Institute (ICRI) ICRI 03730: Guide for Surface
Preparation for the Repair of Deteriorated Concrete Resulting from Reinforcing Steel
Corrosion;

» International Concrete Repair Institute (ICRI) ICRI 03733: Guide for Selecting and
Specifying Materials for Repairs of Concrete Surfaces;

* NCHRP Report 609: Recommended Construction Specifications Process Control Manual
for Repair and Retrofit of Concrete Structures Using Bonded FRP Composites.

AASHTO states that relevant specifications and guidelines provided by FRP
manufacturers should also be carefully reviewed.

5.4.1.4 JSCE

JSCE recommends that concrete structures strengthened with FRP should be main-
tained with a systematic combination of deterioration prediction, inspection, evalua-
tion and judgment, countermeasures, and records.

Anticipated deterioration should be accounted for in the design and maintenance
inspections by upgrading and repairing appropriately. At the time of a maintenance
event, more accurate predictions of deterioration should be made.

Inspection and assessment

Inspections consist of initial, daily, periodic, detailed, and extraordinary inspections.
These should be based on the performance requirements and the predictions of per-
formance deterioration. Inspections should be conducted visually or using appropri-
ate inspection equipment, with consideration given to both performance
requirements and the mechanism of deterioration. Deterioration may affect the FRP
material itself or the resin individually, the FRP system as a composite material
(interfacial deterioration), and deterioration of bond to the concrete. The visual fea-
tures of this deterioration may include swelling, peeling, lifting, softening, discolor-
ation, whitening, chalking, cracking, wearing, erosion, pinholes, scratches,
deformation, and embrittlement. However, JSCE notes that FRP sheets will block or
limit the intrusion of various external substances. As such, improved concrete dura-
bility can be anticipated with respect to the salt attack, carbonation, freeze—thaw,
alkali-aggregate reaction, chemical attacks, and fatigue. Deterioration may change
various properties, including weight, volume, mechanical properties (hardness, bond
strength, tensile strength, modulus of elasticity, elongation, etc.), and physical prop-
erties (electrical properties, thermal properties, optical properties, etc.). Inspections
using a combination of observation as well as suitable inspection equipment should
be conducted.

JSCE notes that two stages of evaluations and judgments are used: those based
primarily on visual inspections, and those based on detailed inspections. For visual
inspections, a judgment is made as to whether a detailed inspection is required. In a
detailed inspection, the need for countermeasures is evaluated and judgment is used
to select the type of countermeasure.
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Repair techniques

Countermeasures are implemented to satisfy performance requirements, based on
the results of evaluation and judgment. Countermeasures include stricter inspec-
tions, service restrictions, repair of the FRP system, additional upgrading, improve-
ment of appearance, and dismantling and disposal. For minor deterioration,
countermeasures should consist primarily of stricter inspections and repair of the
FRP system. The method selected should depend on the deterioration mechanism
and the extent of changes observed. However, JSCE suggests the following for con-
sideration. For swelling, peeling, and lifting, resin fill can be used, while for crack-
ing, wearing, and erosion, patching can be used. When serious deterioration or
deterioration over a wide area is observed, additional FRP upgrading should be per-
formed. In such cases, the existing FRP should be removed and the upgrading plan
reexamined.

To implement suitable maintenance, the results of design, construction, inspec-
tion, evaluations and judgments, repairs, additional upgrading, and so on, are to be
recorded and the records maintained. The ease of maintenance is affected by the
upgrading plan and by design and construction. More specifically, the placement of
access paths to the structure that allow inspection and monitoring equipment affects
ease of maintenance. For this reason, it is recommended to give thorough consider-
ation to maintenance considerations in the upgrading plan, as well as in design and
construction.

5.4.1.5 TR55

Inspection and assessment

Similar to ACI, TR55 emphasizes that the FRP strengthening system should be
monitored and inspected regularly. A general inspection is recommended once a
year, while a detailed inspection is recommended once every 6 years.

A general (visual) inspection primarily consists of a surface inspection. The
inspector looks for signs of crazing, cracking, delamination, or evidence of deterio-
ration, in addition to local damage due to impact or surface abrasion. Signs of con-
crete deterioration in the form of cracking or corrosion should also be reported.
Any required identification or warning labels should be checked for, and missing
ones should be replaced.

The condition of the FRP protective layer, if any, should also be inspected.
Damaged protective coatings should be replaced in accordance with the supplier’s
recommendations. It is not appropriate to remove the protective layer to facilitate
inspection.

A detailed inspection considers various items. Debonding of the FRP from the
concrete may be determined by tapping or thermography. However, TRS55 reports
that no nondestructive tests are available to assess the condition of the adhesive
bond. Therefore adhesive bonding is evaluated by pull-off tests on the control speci-
mens at regular intervals. Pull-off tests should be carried out as part of a detailed
inspection, although there may be a requirement to test samples more frequently,
particularly soon after strengthening.
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To facilitate inspection, instrumentation may be installed as part of the assess-
ment process; for example, to measure strains due to live loading on the structure.
Such instrumentation can be used to indicate changes in structural response. If sig-
nificant changes are observed, it is necessary to determine whether they are due to
changes in the strengthening system (such as delamination) or due to overall
changes in the concrete structure (such as additional cracking or corrosion) so that
appropriate action can be taken. The Health and Safety File for the structure should
include details of any instrumentation that was installed as part of the strengthening
exercise, along with any data obtained before and after strengthening.

Information on the materials used in strengthening should be included in the
Health and Safety File for the structure. This File should also include reported
minor areas of delamination and any initial faults detected in the strengthening sys-
tem, identification of critical strengthening regions such as anchorage zones and
high-stress regions, and procedures prepared by the engineer on actions to be taken
for various forms of damage to the FRP strengthening system, which should be tai-
lored to each particular structure.

In order to facilitate the testing and evaluation of the FRP strengthening system,
it is recommended that additional areas of the strengthened structure, away from
the regions that were strengthened, are also bonded with the FRP system for future
testing that does not impact the system performance. TRS55 reports that this
approach has been adopted on a number of structures including the Barnes Bridge
in Manchester and the John Hart Bridge in British Columbia.

Alternatively, FRP can be bonded to concrete samples which can be stored near
the structure. Samples can be inspected and tested as part of the inspection regime.
To aid inspection, some or all of the samples should not be covered with any pro-
tective layer. They should thus indicate a lower bound of performance of the com-
posites bonded to the structure. Details should be included in the structure’s Health
and Safety File along with recommendations for the frequency of testing.

Repair techniques

For localized damage to the FRP, repairs can be made with resin injection or plate
overlapping. For major damage, such as peeling and debonding of large areas, the
defective material should be removed to an extent that material on the periphery of
the repair is fully bonded. The concrete surface should then be prepared, and an
FRP patch installed that allows adequate overlap between the new and old materi-
als. The compatibility of the proposed repair material with the materials already in
place should be checked. The repair material must have similar characteristics to
the material in place such as fiber orientation, volume fraction, strength, stiffness,
and overall thickness.

54.1.6 CNR

CNR recommends that, due to the poor availability of data regarding long-term
behavior of FRP systems used for strengthening, appropriate monitoring of the
installed FRP system should be performed with periodic semi- and nondestructive
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tests. The aim of the monitoring process is to identify potential problems with the
temperature of the installed FRP system, environmental humidity, displacements
and deformations of the strengthened structure, fiber damage, and defects or dela-
minations in the installed FRP system.

5.4.1.7 Summary of maintenance and repair

ACI, TRS55, and JSCE all present a relatively broad and reasonable coverage of
maintenance and repair issues. They each call for development and implementation
of a periodic maintenance program including visual inspection, specified testing, an
assessment of damage to evaluate the structural integrity of the system, and recom-
mendations for repair. Based on the type and severity of damage, the three codes
offer suggestions for appropriate repair methods. CNR’s coverage on maintenance
and repair is brief, and states the need for periodic monitoring and inspection using
semi and nondestructive tests for assessment of the system. No discussion of repair
recommendation is presented. ISIS does not cover this topic, while AASHTO does
not provide detailed coverage, but refers to a list of specialized documents from
ACI, ICRI, and NCHRP for further suggestions.
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Laboratory testing

6.1 Durability testing overview

A common concern with fiber-reinforced polymer (FRP) durability is its potential
degradation of system engineering properties when exposed to extreme hot or cold
temperatures, moisture fluctuation, freeze—thaw cycles, chemical contaminants,
such as road salt, and other potential stressors. Unfortunately, such durability data
for a specific FRP system within a specific environment are not available. Ideally, a
field test could be conducted to assess long-term durability by exposing the system
of interest to the climate for which it is intended, and periodically monitoring and
assessing its performance over time. This is rarely a viable option, however, due to
the expense and time required for such an experimental program, which may take
many years or decades of exposure for significant degradation to occur.
Alternatively, accelerated laboratory testing can be used to assess durability. Here,
FRP specimens are subjected to a surrogate environment that is more severe than
the intended environment. But the accelerated environment should not alter the fail-
ure modes observed in field. The intent of the severe exposure is to artificially
accelerate the degradation rate, such that meaningful deterioration can be observed
within a reasonable time and cost. The drawback of such accelerated tests is that
the interpretation of the resulting data, and in particular the relationship of the
results to expected performance in the intended environment, is not always clear.
Another concern is how to quantify degradation. That is, what engineering proper-
ties should be tested and what test procedures are to be used. Although many FRP
system properties may potentially degrade over time, a primary concern is the
strength of the bond between the FRP and concrete. This bond often governs the
strength of the system and may degrade more quickly than the FRP material itself.
One way to assess this is with a pull-off test, which can be conducted on samples
subjected to accelerated weathering.

6.2 Bond durability

In general the test process involves preparing a series of FRP samples suitable
for bond testing, then placing the specimens into an environmental chamber and
subjecting them to a predetermined environmental acceleration cycle. The samples
are periodically removed and subjected to pull-off bond testing. The deterioration
rates of different types of samples can be compared for relative durability, or results
can be extrapolated to predict long-term performance in the natural environment in
some cases, if additional information is available, as discussed below.
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6.2.1 Sample preparation

Numerous sample configurations are viable. However, it is often helpful to
work from a known standard and modify if needed. A sample size which is large
enough to conduct multiple pull-off tests on but yet compact enough to place in a
small environmental chamber and easily handled is given by ASTM C 293, which
specifies small beam dimensions of 16X 4.3 X4.11in. or 40.6 X 10.9 X 10.4 cm
(length X height X width). Because the pull-off tests are concerned with bond
strength rather than flexural strength, however, the full depth of the beam (i.e., nor-
mal to the surface upon which the FRP will be applied) is not needed. Hence, these
test beams might be reduced to approximately half-depth to form dimensions of
16 X2.0 X 4.1 in. or 40.6 X 5.1 X 10.4 cm.

Simple plywood mold assemblies can be prepared prior to concrete casting
(Fig. 6.1). Since multiple specimen pours were to be made, the forms shown in
Fig. 6.1 were bolted together to allow disassembly and specimen removal
without destroying the formwork. It is recommended that the inner surfaces
of such molds are coated with a release agent such as wax or oil to facilitate
specimen removal.

It is important that the concrete used reflects the mix design, strength, and other
properties representative of the actual structure to which the FRP will ultimately be
applied, as the quality of the concrete substrate is particularly important for bond
strength. Once poured, fresh concrete properties may be checked with on-site with
standard ASTM tests for water/cement ratio (ASTM C 1078 and C 1079), slump
(ASTM C 143), air content (ASTM C 231, C 173, or C 138), and any other proper-
ties relevant to the project. Recommended procedures to handle sample concrete for

Figure 6.1 Reusable plywood mold for seven specimens.
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checking purposes is discussed in ASTM C 172. Moreover, test cylinders should
be prepared and later tested to verify anticipated compressive strength (ASTM
C 31, C 192, or C 873, and C 39).

As with the concrete used, sample curing should resemble as close as possible the
curing conditions of concrete on the structure to which the FRP will be applied. As
FRP is usually retrofitted to aged, existing structures, such information is often unavail-
able. Therefore, unless other conditions are expected, a standard 28-day moist-curing
process is recommended. An easy way to achieve this without surface coating or con-
tinuously rewetting the specimens is to submerge them in water after removal from the
formwork. Of course specimens must be kept continuously moist within the formwork
and prior to placement in the water bath, however. At the conclusion of the moist cur-
ing process, samples should be allowed to dry for 48 h prior to preparing the surface for
FRP application. Surface preparation includes: surface grinding with an angle grinder
to remove any weak concrete areas and impurities; grinding to round edges, if U-wrap
test configurations will be used; wire brushing the surface to clean depressed areas and
surface imperfections; filling large concavities with putty to ensure a level surface, and;
cleaning the specimens with compressed air to remove dust prior to FRP application.

Assuming that similar procedures will be used in the field, FRP manufacturer
guidelines should be closely followed for installation on the specimens, including
the use of appropriate processes, tools, and safety requirements. Here two issues
should be noted which require particular attention. First, it is often difficult to fully
saturate FRP fabric with high viscosity resin. If this combination of strengthening
materials is used, special care is recommended to ensure that the fabric is indeed
fully saturated. Higher viscosity resins are generally recommended for FRP sheet
(laminates) applications rather than fabrics. Second, strict adherence to the epoxy
pot life and its operating temperature range during installation is necessary to avoid
an early set of the epoxy and negatively impacting the quality of the final system.
Careful adherence to the manufacturer’s recommended guidelines and advanced
planning of the installation process is crucial. Examples of final specimens with
FRP installed are shown in Fig. 6.2.

6.2.2 Test plan and procedures

Accelerated weathering can be conducted in an environmental chamber. Such a
chamber is shown in Fig. 6.3, which can be programed to modulate temperature as
desired. Although chambers that can also regulate moisture are desirable as they

Figure 6.2 Final full- and half-depth samples using FRP wrap (fabric).



194 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

Figure 6.3 Tenney environmental chamber.

provide an additional test parameter that can be changed, the moisture extremes, a
dry and 100% saturation condition, can be simulated in just about any chamber. For
the latter condition, samples can be placed into water baths before insertion into the
chamber. The effect of chemical contaminants such as road salt can likewise be
simulated, by mixing such additives within the water bath. Here one must take care
to avoid containers that may break with water expansion if below-zero temperatures
will be utilized.

Various temperature profiles are possible, depending on the anticipated location of
the actual structure, the needs of the project, and the desired rate of accelerated degra-
dation. In cold climates, a moist condition freeze—thaw cycle often does most damage,
and thus below-zero temperatures should be considered. Although cycling between
higher temperature extremes may increase degradation rate and are thus tempting to
use to reduce test times, temperatures that greatly exceed those achievable within the
anticipated field environment should be avoided; in particular, very high temperatures
may artificially soften or even burn some resins. Such elevated temperatures will cause
types of damage to the system that would not occur naturally, potentially producing
greatly misleading results. An example temperature cycle for a cold climate is shown
in Fig. 6.4. Once a temperature test cycle is specified, specimens are subjected to
repeated applications of the cycle to induce damage. For example, specimens might be
exposed to repetitive application of a 60 cycle sequence, where they are removed and
tested after 60, 120, 180, and 240 cycles, and so on. Since there is no clear guidance to
determine an optimal cycle length, cycles between 2 and 5 h corresponding to the
upper and lower limits suggested in ASTM C666 might be used.

For pull-off testing, the same sample can likely be retested throughout the entire
process, as the area of FRP required to conduct a pull-off test is generally quite
small, as will be discussed below. However, for other types of specimens, such as
those used for flexural or compression tests, the entire specimen is generally greatly
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Figure 6.4 Example temperature test cycle.

damaged or destroyed after each test thus cannot be exposed to additional
weathering cycles and retested later. In this case, multiple specimens must be used,
each subjected to different exposure times. Subjecting each specimen to a different
number of exposure cycles introduces additional uncertainty to the test results, how-
ever, as of course some natural variation in strength between specimens will occur.
This uncertainty can be dealt with by testing multiple specimens at each exposure
cycle. Various statistical procedures exist to estimate the number of tests needed
to achieve a desired level of confidence in the results, depending on the variability
found in the tests.

One such procedure is as follows. Given a group of test results (at a given
number of exposure cycles) with standard deviation o, it is often desired to know
how reliable is the mean value calculated from the results. The number of specimen
test results needed to determine that the actual mean value of the population
falls within = w of the calculated mean, at a confidence level C can be estimated
from: n=1/w? (Ukn/z)z. In this formula, k,,=¢® '(1—(1—C)/2). Common
values for C are within the range of 90—99% (i.e., C =0.9—0.99), and & ! refers
to the inverse standard normal cumulative distribution function. This value can be
accessed from tables found in most statistics texts, or in Microsoft Excel with the
function NORM.S.INV. This is not an exact process, as the above expression
assumes that the standard deviation actually applies to the entire population, which
is practically never known, rather than to the small number of test samples taken.
However, it can be used as a reasonable starting point in many cases. For example,
say four pull-off test results are available after 120 weathering cycles with values of
(psi): (453, 620, 536, 482). The resulting mean value is 523, where the standard
deviation of this set is 73.4. Say that the actual population mean value is
desired to be known within = 30 psi, at 95% confidence. k,,, is then computed as:
kop = d5_1(1 —(1-0.95)/2) = & 10.975) = 1.96. The number of specimen tests
needed for this accuracy is then estimated to be:n = (1/307)(73.4(1.96))* = 23.
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6.2.3 Pull-off testing

Pull-off adhesion testing is described by ASTM D4541. However, it requires a pull-
off tester to accomplish (for example, the DeFelsko PosiTest AT-A automatic adhe-
sion tester). The test works by adhering a small metal test dolly to the surface of
the FRP, cutting through the FRP around the dolly with a hole saw, then using the
test machine to pull on the top of the dolly until the bond is broken. The test proce-
dure is as follows:

1. Prepare surfaces. Contaminants are removed from the dolly attachment surface and the
sample surface using abrasive pads. Residue left from the abrading process is then
removed using a dry cloth or paper towel. The area is then degreased with acetone or
alcohol.

2. Apply dolly. Epoxy adhesive (for example, Loctite 907-Hysol) is applied uniformly on
the base of the dolly, then the dolly is attached to the sample surface. The dolly is firmly
pressed in place and excess adhesive is removed. Fig. 6.5 illustrates dollies that have been
adhered to the test surface. In the figure, protective paint was applied to half of the speci-
men (lower part of figure); the effectiveness of paint to resist weathering was of interest
for the specimen shown. Here, 20 mm diameter dollies were used. With the sample size
suggested, this allows for the possibility of placing numerous dollies on a single speci-
men, such that it can be retested in future weathering cycles.

Figure 6.5 Installed dollies.



Laboratory testing 197

3. Cut FRP around dolly. It is important to separate the FRP attached to the dolly from the
surrounding FRP material to obtain a true measure of adhesion that is not affected by the
surrounding fibers. Not doing this may produce significantly higher failure stress values
than represented by the actual bond quality. A coring tool that fits over the outside of the
dolly, but is as close as possible to the dolly diameter can be used. For the 20 mm dollies
shown in Fig. 6.5, a 23 mm outside diameter, diamond-coated hole saw/coring bit was
used. For the cutting procedure, the bit should be used with a drill press so the depth
around the dolly is evenly and accurately controlled. Extreme care must be taken to
ensure that the coring just cuts through the FRP but minimizes scoring the concrete sub-
strate as much as possible, as it was found that the pull-off test results are highly sensitive
to the depth of scoring into the concrete.

4. Pull-off test. The test is performed according to the testing machine instructions. The
portable test machine shown in Fig. 6.6 uses hydraulic pressure to separate the dolly from
the sample surface. The tensile strength value is then displayed on a digital screen and
results may be saved to computer through a USB port.

6.2.4 Test results

Once the tests are conducted, results must be analyzed and interpreted. It is usually
worthwhile to carefully monitor intermediate test results to ensure that the test plan
is progressing as expected. Specimens failing (or not failing) at load levels or

Figure 6.6 Pull-off test underway.
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modes that were not anticipated may indicate that the test plan, equipment, or speci-
mens were not prepared or implemented properly. If this occurs, thought should be
given to halting the tests before additional specimens and time are expended while
the problem is being identified.

6.2.4.1 Pull-off testing

When evaluating pull-off test results, an issue to be aware of is that the failure
mode may not be that which was anticipated. That is, depending on various factors,
including the strength of the concrete, FRP, and resin; how carefully prepared the
surfaces were; how fully saturated with resin is the FRP; as well as the effect of
accelerated weathering process, failure might occur in multiple ways, including:
true bond failure at the concrete/resin interface; failure of the concrete substrate,
where a thin layer of concrete is stripped from the specimen and remains adhered
to the FRP and dolly; failure within the FRP material; failure of the bond between
the dolly and FRP surface; and a mixed-mode failure, where failure might occur by
more than one of these modes.

If bond failure between the dolly and the FRP surface occurs, this test result
should of course be disregarded, as it does not represent the strength of the speci-
men. Better FRP/dolly surface preparation, use of a different adhesive or the pro-
cess used to handle it, and/or the control of other factors such as temperature,
moisture, or contaminants, may be needed in order to prevent future failures of this
nature. This type of failure is shown in Fig. 6.7 (looking at the bottom surface of
the dolly).

Failure within the FRP is shown in Fig. 6.8. This failure is generally due to the
presence of air bubbles within the FRP layers or insufficient resin saturation in gen-
eral. Such a failure indicates poor system installation practice. If the purpose of the
testing is to evaluate an existing structure, the quality of workmanship, or a new
preparation technique, then results may be valuable. However, if the tests were to
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Figure 6.7 Bond failures between dolly and FRP.
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be conducted on specimens prepared following manufacturer’s requirements and
this failure was found in specimens prepared in the laboratory, such results should
generally be discarded due to poor specimen preparation.

Unless the strength of the concrete is unusually high, the resin strength unusually
low, or the weathering process used greatly damages the resin, most failures on
well-prepared specimens will likely be through the concrete substrate, as bond
strength of the resin is frequently greater than that of the concrete. This type of fail-
ure is shown in Fig. 6.9. A mixed failure of bond/concrete is shown in Fig. 6.10.

Once failure modes have been examined, a decision must be made as to what
failure modes to include and which ones to discard. Here, one must determine what
are the failure mode(s) of interest that will be used to characterize system perfor-
mance. A common desire is to consider FRP resin bond failure only. However, as

Figure 6.8 Failures within FRP.

Figure 6.9 Failures of concrete substrate.
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Figure 6.10 Mixed failures through FRP resin (bond failure) and concrete substrate.

noted previously, this failure may be difficult to capture as the concrete substrate
often fails first. In a broader sense, if the concern is debonding of the FRP system,
then it is suggested that all failures mentioned above (except dolly bond failure)
are included for system evaluation, as any would cause failure of the system, even
if a mode such as concrete substrate failure may not directly evaluate the FRP/resin
system used.

Note that, as the number of different failure modes that are included in the
results increases, the variation in results may increase as well, potentially resulting
in large data scatter. This may complicate evaluation of the results.

Another issue that requires resolution is how the results are to be used. In
general, as discussed above, if no actual long-term field data are available,
then results from accelerated weathering tests can only be used to judge the relative
performance of one FRP system over another, but no reliable predictions can be
made as to the actual rate of degradation for the same systems placed on a field
structure exposed to natural weathering.

If some field data are available for the system, however, even if only
for a relatively short period of time such that degradation can be measured
(this may require at least a year or more), it may be possible to link the accelerated
tests to the field data and make predictions for degradation over much longer
periods of time. This can be done by using an acceleration factor, which is
discussed below.

6.2.4.2 Evaluation of acceleration factor

An acceleration factor, or parameter, can link the rate of degradation found
in accelerated weathering tests conducted in the laboratory to actual rates of
degradation measured in the field. This can be very useful, since once the link is
established, it can be used to extrapolate to an expected degradation in the field
over much longer periods of time.
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Although similar FRP systems may be expected to degrade similarly, to best
estimate the acceleration factor, it is desirable to use the same FRP system and
installation process in the laboratory testing that was used in the field. It is also
desirable to gather field data for as long of a time period as possible. There are
two ways that the field data can be collected. Ideally, the data are collected from a
system directly installed on an existing structure. However, this may not be viable,
as some damage will be done to the FRP system during the testing process. Some
additional discussion on testing samples on an existing structure is given in
Chapter 7, Field testing. Alternatively, test specimens can be constructed and
placed outdoors in the same climate for which the system is to installed. In this
approach, for each specimen constructed that will be subjected to accelerated
testing in the laboratory, an identical specimen should be kept and placed outdoors
for natural weathering.

The same pull-off testing technique that is used on the laboratory specimens
should be used on the outdoor specimens, although the time interval for testing out-
door specimens should generally be much longer to obtain useful data. For a cold
climate, one way to estimate a reasonable starting time interval for outdoor sample
testing is to consider the expected number of freeze—thaw cycles. That is, say if
indoor specimens are to be tested after each interval of 60 accelerated freeze—thaw
cycles in the environmental chamber, one might consider waiting until about 60
natural freeze—thaw cycles have passed in the field to test the natural weathering
samples (assuming that 60 cycles of accelerated freeze—thaw tests produced some
measurable degradation in the laboratory specimens). The idea here is to avoid
testing the natural weathering specimens before any measurable degradation takes
place and unnecessarily using up the test specimens. Of course, if measurable
degradation is found after 60 cycles of accelerated tests, it does not necessarily
mean that degradation will be found after 60 cycles of natural weathering, as the
accelerated testing environment is typically much different from the natural
environment. Based on the results of the initial testing, some judgment must be
used to appropriately schedule future tests.

To evaluate acceleration factor, the time and number of cycles required for the
same loss of strength found from the accelerated tests and the natural weathering
tests are related. For example, assume a set of outdoor (i.e., natural weathering)
specimens were tested, with results shown in Fig. 6.11. In this figure, very long-
term data were available (up to 180 months), but such long-term data, although
very desirable, are not necessary, as degradation is also apparent only after
about 9—12 months of exposure, as shown in the figure. Fig. 6.12 provides
similar data that were collected from identical specimens subjected to accelerated
weathering tests.

To determine an acceleration factor, the first task is to fit a line through the data
in each figure.

Considering the data in Figs. 6.11 and 6.12, notice that the largest losses
occur within the first 60 cycles (accelerated) and 9 months (outdoors), then the
rate of loss significantly decreases. Although more complex nonlinear fits can be
conducted if desired by fitting a curve through the entire time range of data that
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Figure 6.11 Bond strength versus time for outdoor weathering.
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Figure 6.12 Bond strength versus number of cycles for accelerated tests.

were collected if desired, it is assumed that the rate of long-term degradation is
of interested rather than prediction of the initial losses that may occur within a
few years. In this case, the first data set on the graphs (i.e., time zero) can be
eliminated, and a simple linear regression analysis can be conducted to fit lines
through the tail of the data for long-term use. These regression fits are given in
Figs. 6.13 and 6.14.

As shown in Fig. 6.14, for the accelerated data, the resulting regression line is:
b =818 — 0.36¢, where b is the bond strength and c is the number of cycles. For
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Figure 6.13 Linear regression fit to outdoor weathering data.
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Figure 6.14 Linear regression fit to accelerated weathering data.

the outdoor samples, the line is: b = 742 — (.38, where ¢ is the time in months. An
acceleration factor can now be estimated as follows. Referring to the regression line
for the accelerated tests, a loss of say 100 psi of strength (i.e., b =718 psi) is
predicted to occur at 278 cycles. Similarly, using the regression line found for the
outdoor specimens, it requires 263 months, or 22 years of exposure, for the same
loss of strength (b =642). The acceleration factor is therefore estimated to be
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278 cycles/22 years = 12.7 cycles per year. That is, about 13 cycles of accelerated
testing should produce approximately the same loss of bond strength as 1 year of
natural weathering.

Although the short-term data are generally not as useful, a similar short-term
acceleration factor can be found by using the same process that was used to develop
the long-term factor, but now only the initial loss of strength (i.e., at time zero and
at the first 60 cycles) is considered. For example, considering this data shown in
Figs. 6.11 and 6.12, for the outdoor specimens, the best-fit regression line between
the 0 month and the 9—12 months data was found to be: b = 1003 — 19¢. For the
accelerated specimens, the relationship describing the loss of strength from time
0 to 60 cycles is: b = 1056 — 4.62c¢. This results in an estimated short-term accelera-
tion factor of approximately 207 cycles/48 months = 4.3 cycles/month = 52 cycles/
year (valid for about the first year of exposure).

Although they should be used with caution, these relationships can now be
used to predict losses of strength of similar FRP systems placed in the same
environment by conducting accelerated laboratory testing only, without the need for
additional field tests.

Alternatively, if the use of other FRP systems is not a concern, and the single
system for which field data are available is the only interest, the regression line or
curve fit to the available natural weathering data can be used to directly predict
future losses of strength without a need for accelerated laboratory testing. Thus
using the acceleration factors or the regression fit to the outdoor weathering data
directly, long-term capacity loss can be approximated. In particular, for the outdoor
specimens, assuming an initial strength of 1003 psi, bond strength at the end of the
first-year loss is expected to be b= 1003 — 19(12) = 775 psi, which represents a
proportional reduction to 775/1000 = 0.78. In 50 years, for example, the expected
bond strength (assuming an initial starting value of 742 psi, per the regression equa-
tion) = 742 — 0.38(49 X 12) = 519 psi, or an expected additional proportional reduc-
tion to 519/742 =0.70, which represents a total expected 50-year reduction to
0.775 X 0.70 = 0.54 or 54%.

6.3 FRP durability

For some structures, complete FRP components might be added for retrofit. In
this case, not only is bond or connection durability of interest, but the durability
of the FRP composite material within the component itself. As discussed
above, a suitable laboratory accelerated environment should be selected to
represent as closely as possible the real climate of interest. Choices for the test
environment might involve a wide range from subzero to elevated temperatures.
For cold weather environments, ASTM C666 can be modified to condition FRP
samples, which is to be further discussed. Unlike externally bonded FRP, for which
strength is typically the primary concern, many FRP infrastructural component
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designs are stiffness-critical. As such, the environmentally induced failure modes
of major interest are those having the greatest effect on the component’s stiffness.
A common FRP component designed to resist flexure is composed of sandwich
construction where the flexural stiffness of the sandwich depends primarily on the
stiffness of the composite face skins, the location of the face skins with respect to
the neutral axis of the sandwich, and the shear transfer capability of the adhesive
bond between the face skins and the core. Failure modes of the composite face
skins which are most likely to be affected by environmental conditions are the fail-
ure modes associated with the polymer matrix material. The composite face skins
typically have a laminated construction with plies at different orientations, but the
longitudinal plies (0 degree orientation with respect to longitudinal direction of the
composite plate) have the greatest influence on stiffness. The stiffness of longitudi-
nal plies under tension is fiber dominated, and environmentally induced degradation
of the polymer matrix would have a small affect on tensile stiffness for reasonable
fiber volume fractions. However, the microbuckling failure of longitudinal plies
under longitudinal compression is strongly influenced by the stiffness of the poly-
mer matrix, and would therefore be most affected by environmental conditions.
Based on these considerations, specimen orientation and test procedures can be
designed accordingly.

6.3.1 Test environment

FRP components will usually not only be subjected to variable mechanical
loading, but also may have to withstand high and low temperatures, moisture,
salt water, etc. In particular, a great concern is the combined effects of low tem-
perature, moisture, and stress on the long-term durability of FRP materials.
Therefore it is necessary to perform freeze and thaw tests under loading condi-
tions. To this end, a fixture can be developed that allows application of continu-
ous bending strains to specimens that are simultaneously subjected to freezing
and thawing.

ASTM C666 (ASTM 1997) specifies a durability freeze—thaw test for con-
crete material, alternating the temperature of the specimens from 4.4 to —17.8°C
in not less than 2 nor more than 5 h. It is considered to be the most relevant test
procedure to characterize the durability of FRP material of interest here, and
therefore it is recommended. For a freezing medium, ASTM C666 requires that
the specimens are immersed in distilled water. During the winter, especially
in the northern states in the United States, de-icing salt is commonly used for
roads and bridges. To simulate this condition, a salt solution with 10% sodium
chloride by mass can be also used as a medium. Additionally, in-air testing with
0% humidity, representing a completely dry environment, can be conducted. For
comparison, a batch of the same specimens may be kept frozen at —17.8°C and
tested at the same number of hours of exposure as those subjected to freeze—thaw
cycling.
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6.3.2 Test methods

The stiffness and strength of the FRP material over the time are important design
factors. Thus their potential reductions can be of major concern. The anisotropic
nature of the composite dictates that mechanical tests should be carried out in refer-
ence to the fiber or off-axis direction. The composite tensile strength and stiffness
in the transverse direction and the compressive strength in the longitudinal direction
are matrix-dominated, while longitudinal tensile strength and stiffness are fiber-
dominated. In addition, the loss factor, a measure of internal damping depending on
the degree of microdamage, may also be considered as a performance index for
the material. Accordingly, multiple test methods can be used to characterize these
performance measures as functions of environmental and stress condition exposure.
These methods are discussed next.

6.3.2.1 Destructive flexural strength testing

Flexural testing can be carried out on coupons specimens of the FRP per ASTM D790,
Standard Test Methods for Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials. Although various specimen sizes are possi-
ble, small specimens require less material, less time to construct, smaller test machine
capacity, and are easier to handle. A relatively small span of 63.5 mm (2.5 in.) was
used successfully in three-point bending tests of FRP components, 0.14 in. thick
(Wu et al., 2006b). This span length provided a span-to-depth ratio of 17.8, larger
than the minimum ratio of 16 required by ASTM D790. The resulting flexural strength
was taken to be the maximum stress in the outermost fiber location at the moment of
specimen fracture.

6.3.2.2 Nondestructive modal testing for storage modulus
and loss factor

Modal vibration response measurements using impulsive excitation can be used to
determine two additional performance indices of interest, the storage modulus and
loss factor. It has been shown that modal vibration testing in either single mode or
multimode vibration can be used to determine the storage modulus and damping
loss factor of composite materials and their constituents (Gibson, 2000). Modal fre-
quencies and loss factors are sensitive indicators of material integrity. In addition
the nondestructive nature of the test is particularly valuable here because the same
specimen exposed to possibly deteriorating environments can be consistently and
repeatedly tested to monitor possible changes in these performance indices. Modal
testing in single mode vibration using the impulse-frequency response method
(Suarez et al., 1984; Gibson, 1994, 2000) can be used to measure the flexural modal
frequencies and modal loss factors of specimens. In this method, impulsive excita-
tion is applied using an electromagnetic hammer and the transverse displacements
of the beam are measured with respect to time by means of a noncontacting eddy
current probe positioned near the tip of the beam. Further, a fast Fourier transform
is performed to obtain the frequency response function (FRF). The peak locations
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in the frequency response spectrum are identified as the natural frequencies of the
specimen. The effective storage modulus, representing flexural stiffness, can then
be estimated as (Suarez and Gibson, 1987).

4m%f2 pAL*
E 3 il 6.1)
where E = effective storage modulus of beam material; f;, = frequency of nth mode
(Hz); I = moment of inertia of beam about its neutral axis; p = mass density of the
material; A = cross-sectional area of beam; ), = eigenvalue for nth mode, which
depends on boundary conditions (e.g., )\% = 22.4 for first mode of free-free beam);
L = free length of the beam.
The loss factor for the nth frequency, which is a measure of internal damping,
can be calculated by applying the half-power bandwidth method to the peak located
at the nth frequency as (Suarez and Gibson, 1987):
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where 7, = loss factor for the nth frequency; Af= half-power bandwidth of peak at
modal frequency f, in FRF; f,, = frequency of nth mode (Hz).
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6.3.3 Test materials and specimens

Example specimens are described and tested for illustration. The considered speci-
mens are composite plate made of glass fiber and vinyl ester resin, each having
dimensions of 38.1 cm (15in.) by 81.3 cm (321in.) and a nominal thickness of
3.175 mm (1/8 in.). Each thin plate is made of two layers of glass fiber fabric. Each
layer of fabric is made of four plies of unidirectional E-glass fiber bonded and
stitched to a randomly oriented E-glass scrim (Table 6.1). The resin used is
Derakane 411-PC vinyl-ester (Dow Chemical). The fiber volume fraction for the
skin composite is around 50%, so each layer of fabric adds about 1.778 mm
(0.07 in.) to the thickness.

Coupon specimens (25.4 mm or 1 in. wide and 254 mm or 10 in. long) can be
cut from these plates using a diamond saw blade. The two layer specimens used for
testing have an average thickness of 3.556 mm (0.14 in.). All specimens are

Table 6.1 Fabric sublayer properties

Sublayer Orientation Fiber-ply weight
1 0° 26.2 oz/yd*

2 90° 16 oz/yd?

3 +45° 12 oz/yd®

4 —45° 12 oz/yd®

5 Random 6.75 ozlyd®
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subjected to postcuring at 60°C for at least 4 h before either being dried in air at
23°C or soaked in distilled water or salt water to simulate environmental exposure.
The cut edges of the specimens are coated with a very thin layer of epoxy to mini-
mize moisture absorption through these edges of the specimens. Soaking time is at
least 2 weeks prior to the start of freeze—thaw cycling.

6.3.3.1 Test sequence

As discussed above, the environment factors considered may include the number of
thermal cycles, cycle length, exposure time, and media type including distilled
water, salt water, and dry air. The combined effect of the environmental factors and
specimen prestraining (i.e., to simulate the specimen under service load) should be
also investigated. To simulate load imposed on the specimen, a prestraining fixture
can be designed as shown in Fig. 6.15 (Wu et al., 2006a). This fixture can bend the
specimens about vertical dowels placed in three uniformly offset sets. All dowels
are retained at top and bottom so they are in double shear and the displacements of
the specimens would be relatively uniform. The middle line of the dowels is set
into holes in a channel-guided slide that is displaced by a threaded block and sealed
bolt. Prestraining at the level of 25% of the ultimate strain of the specimens might
be used, or other degrees of prestraining may be considered as needed. It should be
noted that the prestraining is applied in a deflection-controlled manner. The actual
level of associated prestress is probably reduced over time due to stress relaxation.

Both destructive flexural and nondestructive vibration modal tests can be used to
evaluate possible deterioration of the specimens after subjected to weathering from
a predetermined number of freeze/thaw cycles.

6.3.4 Testresults

The following results are presented for the purposes of illustration (Wu et al.,
2006b).

Fig. 6.16 A shows flexural strength of the specimens after 250 freeze/thaw
cycles with and without sustained loads, subjected to 2-h and 5-h cycle tests (desig-
nated as 2H and SH for the specimens without prestraining loads, and 2H-PS and
SH-PS for the specimens with prestraining loads). The storage modulus and loss
factor after 250 cycles are shown in Fig. 6.16 B and C, respectively. The storage
modulus and loss factor were determined from the nondestructive modal vibration
tests using the same specimens throughout each environmental exposure condition.
For ease of comparison, relative values are adopted to present the percent changes
over the baseline data after 250-cycle exposure to the specified environmental con-
dition. All baseline data are listed in Table 6.2. These data suggest that the SH-
cycle testing with prestraining results in a slightly more severe damage compared
to the 2H-testing with prestraining in both distilled water and 10% salt water when
judged based on flexural strength and storage modulus, although the differences are
not statistically significant. The loss factor does not change noticeably except in
salt water. Composite materials would absorb moisture during the thawing regime,
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Figure 6.15 Prestraining fixture (A) in 3-D drawing, (B) loaded with specimens.
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Table 6.2 Baseline data for storage modulus and loss factor prior
to environmental exposure

Specimen ID Air Distilled water Salt water
Modulus Loss Modulus Loss Modulus Loss
(GPa) factor (GPa) factor (GPa) factor
2H 23,358 0.00487 | 21,394 0.00587 | 21,963 0.00488
SH 21,892 0.00511 | 22,746 0.00553 | 22,460 0.00492
2H-PS 21,631 0.00487 | 22,838 0.00554 | 23,170 0.00544
SH-PS 20,909 0.00516 | 22,174 0.00618 | 22,549 0.00486

and hence a longer cycle length might permit a higher moisture uptake leading to
more deterioration than a shorter cycle length.

A higher loss factor represents a higher level of damping or energy dissipation
resulting from more damage or degradation in the test material. It has been previ-
ously reported that the loss factor is more sensitive to damage in composites than
the storage modulus at elevated temperatures (Gibson, 2000). However, there are
no such data available for composite materials at low temperature. In addition, as
mentioned above, the coefficient of variation of the loss factor is found to be 12%,
which is much higher than that of the flexural strength (7%) and the storage modu-
lus (0.3%). Therefore unless noticeable damage has occurred in the specimens, stor-
age modulus is a better indicator of possible deterioration of the specimens
subjected to various exposure conditions. In typical stiffness-critical applications
such as a bridge component, it seems reasonable to give more weight to observed
changes in modulus than to changes in strength or damping.

Freeze/thaw exposure in dry air resulted in no noticeable changes in flexural
strength, storage modulus, and loss factor regardless of cycle length, as shown
in Fig. 6.16. This may be attributable to the relatively small temperature differ-
ence between 4.4°C and —17.8°C, which might not produce a large enough ther-
mal mismatch between the fibers and the matrix and/or between the plies with
different orientations. Thus the thermal cycling in dry air shows no appreciable
damage.

Also shown in Fig. 6.16 is that the storage modulus of the prestrained specimens
from the 2H cycle testing shows a smaller degree of deterioration compared to that
of the SH-cycle testing after 250 cycles. Note that it takes SH cycle testing 1250 h
to complete 250 cycles, but only 500 h for 2H cycle testing. By the time the 2H
specimens undergo 1250-h exposure, they have already accumulated 625 cycles and
show a further reduction in storage modulus. These results suggest that the effects
of total exposure time and number of thermal cycles on FRP materials are com-
pounded. With these limited data, however, it appears that number of cycles domi-
nates over total exposure time.
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Field testing 7

7.1 Introduction

In Chapter 6, Laboratory testing, it was suggested that, in order to best estimate future
levels of fiber-reinforced polymer (FRP) system degradation, some field testing
should be done. A drawback with such testing is that the FRP system, if attached to
the structure, will experience some damage. In addition to pull-off testing, however,
other types of field tests may be useful to assess the bridge performance. Two well-
known types of bridge performance testing are strain and/or displacement monitoring
under service loads, and proof load testing. These tests can be used to determine
strains and/or displacements at critical locations on the structure; to determine load
distribution throughout the structure, and in particular, to its girders; and to verify that
the structure can indeed carry the loads intended. This information can be used to
refine analysis models used to assess the need for FRP installation, to determine with
greater accuracy the forces that should be used to design the FRP system, to assess
the strains that the system is experiencing, and to validate the load carrying capability
of the system. These tests are not meant to be damaging to the structure.

7.2 Field pull-off testing

For the most part, the procedures discussed in Chapter 6, Laboratory testing, can be
applied to an as-built structure or witness panel if desired. Here a few additional
recommendations are given. First, it may not be reasonable to expect that the quality
control used in the field will match that in the laboratory; this is especially true of
the installation took place in harsher environmental conditions. Therefore a wider
range of test results than found in the laboratory is to be expected. Correspondingly,
more tests may be required in the field to establish mean bond failure strength with
the level of confidence desired. Second, as FRP systems are usually installed on
vertical or upside-down horizontal surfaces, depending on the type of adhesive used,
test dollies may not remain firmly adhered to the FRP surface, unlike under the ideal
table-top conditions available in the laboratory. One way to ensure that dollies
remain in contact with the FRP surface until the adhesive cures is to use a temporary
holding mechanism. A cheap and easy solution is to cut pieces from a thin rubber
membrane, which can be pulled taught over the in-place dolly and taped to the
surrounding surface until the epoxy hardens (Fig. 7.1).

Another issue to consider is that, unless the adhesive used to secure the dollies
cures unusually quickly, the pull-off testing must be conducted on a later date than
the installation date. For example, the epoxy used to secure the dolly shown in
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Figure 7.1 Test dolly secured with rubber membrane.

Fig. 7.1 required 3 days to cure and reach full strength, according to the manufac-
turer. Therefore two different trips to the site were made, with associated concerns
for travel, access, and traffic control during installation and testing. During installa-
tion, care should be taken to see that, if possible, the environmental conditions
(temperature, moisture, contaminants) meet the adhesive manufacturer’s recommen-
dations as well, to ensure that the dollies are properly secured and additional trips
for reinstallation of failed dolly/FRP system bond are avoided.

The installation process is essentially the same as that for the laboratory speci-
mens: cleaning the surface where test dollies were to be installed; roughening the
base surfaces of the dollies to enhance their adhesion; applying epoxy to the base
of the dollies; then securing the dollies in place to allow the epoxy to cure. Prior to
pull-off testing, after the adhesive is fully cured and the rubber membranes are
removed, a portable drill press can be used to cut the FRP around the base of the
dollies (Fig. 7.2). As with the laboratory test specimens, care must be taken not to
cut into the concrete surface, which can influence test results. A portable adhesion
tester can conduct the pull-off test at any surface orientation (Fig. 7.3).

7.3 Load distribution testing

7.3.1 Introduction

It is well known that bridge structures frequently display significantly different
behavior than simplified models used for design suggest. One of the most common
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Figure 7.3 Adhesive bond testing on as-built structure.
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analyses of concern for girder bridges is the distribution of vehicular live load to the
individual girders. There are various reasons why simplified formula for girder load
distribution, such as those found in the AASHTO Bridge Design Specifications, as
well as even detailed finite element modeling, may produce results significantly dif-
ferent from those found in actual structures. Some of these reasons include: the pres-
ence of elements such as barriers, diaphragms, and sidewalks, which alter the lateral
and longitudinal stiffness of the bridge; unintended partial fixity of supports and
joints, which are often assumed to be pins or rollers for analysis; differing material
properties than assumed; changes in deck thickness, often due to the overlay of a
subsequent concrete wearing surface, which may enhance stiffness; and localized
damage and deterioration.

Accurate analysis of load distribution becomes important for determining what
loads FRP-retrofitted girders must carry. A large body of research, in terms of both
field studies and analysis, was generated while studying this issue. Early examples
include work based on field tests of bridges conducted by Shepherd and Sidwell
(1973), Bakht and Csagoly (1980), Darlow and Bettigole (1989), Bakht and Jaeger
(1990), Stallings and Yoo (1993), and among others. Based on this work, it was
established that the simple formulas used to distribute load to girders in the
AASHTO Standard Specifications (last published as the 17th edition in 2002), as a
function of only girder spacing, were inaccurate in many instances. However, even
after revised girder distribution factor (DF) expressions were presented, based on
finite element studies (Zokaie and Imbsen, 1992) and codified in the first load and
resistance factor design version of the AASHTO Bridge Design Specifications in
1994, much additional experimental and computational work on this topic contin-
ued. A selection of the many bridge testing and analysis studies to better establish
DF include those by Eom and Nowak (2001), who conducted field tests on various
steel girder bridges to study DF and dynamic loads, and Eamon and Nowak (2002),
who investigated the effects of barriers, sidewalks, and diaphragms. Barr et al.
(2001) evaluated DF for skewed prestressed concrete (PC) bridges by field testing
and finite element analysis (FEA), while Cai and Shahawy (2004) evaluated the
performance of six PC bridges through field testing and FEA, and later (Cai, 2005)
proposed adjustments to the AASHTO DF expressions. Similarly, Hughs (2006)
evaluated DFs for PC spread box-girder bridges through field testing and FEA, and
Cross et al. (2009) who conducted an investigation of 12 bridges to better determine
shear DFs. Yousif and Hindi (2007), Dicleli and Erhan (2009), Harris (2010),
Fanous et al. (2011), Puckett et al. (2012), and among others, concentrated on
computational modeling to improve DF estimation. Other work includes that by Zia
et al. (1995), Ebeido and Kennedy (1996), Miller et al. (2004), Oesterle et al.
(2004), and Okeil and Elsafty (2005), who studied load distribution on continuous
bridges. Although bridge finite element modeling is beyond the scope of this book
(successful approaches can be found in many of the references mentioned above), a
more reliable method to determine actual load distribution is field testing, the topic
of this section.

First, it should be noted that load distribution testing is structure-specific. Due to
the various factors discussed in the introductory paragraph to this section, the effect
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of which may vary greatly from one bridge to the next, the DFs found on one struc-
ture may vary significantly from those associated with another very similar struc-
ture. Such testing requires significant advanced planning, and for most bridges, will
of course require the permission and cooperation with the bridge owner, generally a
local agency or the state Department of Transportation (DOT).

This type of field testing will usually require a minimum of 2 days; 1 day for
equipment installation and another day for testing and equipment dismantling. If
the installation team has not instrumented a bridge previously, a plan for a mini-
mum of 2 days for installation is recommended. Coordination with the owner is
required to develop a traffic control plan for both the test day for on-bridge traffic,
as well as for the installation day, if the structure spans a roadway. State and local
agencies will have appropriate plans in place for lane closures, as needed. Note that
for most types of instrumentation, access to the underside of the bridge girders is
necessary for installation. Depending on the accessibility of the structure, some
bridges may not be possible to instrument. However, it is reasonable to assume that
if the structure is chosen for FRP installation, it should be accessible for instrumen-
tation installation as well.

Several types of instrumentation can be used. Traditional types include the use of
reusable strain gauges to measure girder strains and linear variable differential trans-
formers (LVDTSs) to measure girder displacements. More modern systems include
optical systems to map displacements and strains, and may not require any instru-
mentation attached to the bridge. The use of this type of system is currently limited,
however, and is not discussed further. Although LVDT systems can directly measure
girder deflections, in the authors’ experience, they are more difficult and time con-
suming to set up than a strain gauge system, and also require access to a firm surface
below the bridge to secure the LVDTs. As such, the use of these gauges usually
precludes instrumenting bridges with a waterway or roadway below, limiting their
versatility. Thus the following discussion will focus on the use of strain gauges.
However, much of the information presented will apply to the use of an LVDT
system as well.

7.3.2 Installation plan

After the bridge is selected and verified for accessibility, an instrumentation plan
must be developed, where what to be measured and where it will be measured is
determined. As noted earlier, actual girder live load distribution is a significant
unknown and is a common concern, as this directly affects the magnitude of load to
be carried by girders strengthened with FRP systems. Typically, strain gauges are
placed at or near midspan of the girders, where strains are greatest under live load.
If the structure is continuous, if additional gauges are available, it might also be
worthwhile to instrument the negative moment region near interior supports as well.
Strain gauges are usually installed on the lower flanges only. Additional strain infor-
mation on the deck surface would be useful to locate the neutral axis of the girders,
but this placement is rarely done as traffic and load vehicles on the bridge may dam-
age such instrumentation. An example of a instrumentation plan for a 2-span
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continuous bridge with seven girders is shown in Fig. 7.4, with planned gauge loca-
tions given, where ‘m’ refers to a gauge placed at midspan on the lower girder
flange and ‘s’ refers to a gauge placed near the continuous center support on the
lower girder flange. In this particular project, there was an insufficient instrumenta-
tion available to monitor all girders at both the midspan and support locations, and
thus the missing gauges on some girders on the rightmost span.

Depending on the type of sensors available, different attachment methods might
be used. If multiple bridges are to be tested, it may be worthwhile to consider pur-
chasing durable, reusable strain gauges meant for field testing, if funds are avail-
able. These gauges can be mounted to concrete by epoxying small metal tabs to the
surface of the girder flange. Projecting from these tabs is a metal bolt, upon which
the gauge can be mounted and secured with a nut, as shown in Fig. 7.5. Such

Center support
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Nut securing
gauge to tab

Figure 7.5 Strain gauge mounted to lower flange of PC bridge girder.
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gauges are pricy, however. Alternatively, a cheaper but less durable sensor can be
fabricated by mounting a small, discardable gauge to a metal coupon, which in turn
can be secured to the concrete. Note that the use of very small gauges might capture
localized strains not representative of the larger field, particularly if cracks are
present in the concrete surface.

Even though reusable gauges are expected to come calibrated from the manufac-
turer, it is highly recommended to verify gauge accuracy before use. This can be
done in the laboratory by mounting each gauge to a steel coupon placed in a tension
machine and comparing gauge strains to those found from an alternative source that
is known to be accurate.

Before installing instrumentation in the field, it is highly recommended that the
sensor and data acquisition system, if new or if not recently used, is given a trial run
to verify that it is working properly. This can be done in the laboratory or outdoors,
under similar conditions that will be expected in the field. Issues to be especially
concerned with are: the adequacy of the gauge mounting procedure; the level of accu-
racy expected with the system and that needed, considering the inherent noise level
present; and the power supply and operation of the system. High quality gauges can
be expected to have a practical accuracy within 1—2%, and a good data acquisition
system a base noise level within 1—2 microstrain. The level of strain that the girders
will experience, as compared to the strain level that they can accurately detect,
requires careful thought. In the authors’ experience, due to the many factors discussed
earlier in this section, bridge girders often experience significantly less strain than
simple analyses will indicate. Another consideration is the safety of the system itself;
if left overnight, damage due to poor weather or vandalism is possible. Traffic delays
and rental of test vehicles are highly undesirable and costly, and thus even small
details should not be left to be worked out on test day.

7.3.3 Test plan

A test plan specifies the loads that will be used and where and in what sequence they
will be placed on the bridge. For measurement accuracy, it is desirable to produce a
high signal/noise ratio. Thus for purposes of monitoring load distribution, it is best to
select large loads that will generate strains as high as feasibly possible. The limits to
these loads will generally be governed by the state vehicle code where vehicle config-
urations and maximum allowable legal axle forces are specified. The rental of con-
struction vehicle(s), such as a filled haulers from a gravel yard, for example, may be
most cost-efficient. If special circumstances dictate that these loads must be exceeded,
the use of a permit load or even the application of very heavy static objects on the
bridge might be used, though costs and logistics difficulties increase. The use of static
loads on the structure is generally least practical, as the expense and time to conduct
such a test may be overwhelming, especially since multiple load positions are highly
desirable.

After the load vehicle(s) are determined, the sequence of positioning the vehicles
on the bridge must be determined. In general, significant variation in girder strain
will occur depending on the longitudinal and lateral position of the vehicles. Thus to
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confirm findings as well as to determine the maximum possible proportion of live
load that a girder can be expected to take, it is recommended that multiple load
cases are investigated. It is also recommended that vehicles are not placed at a par-
ticular longitudinal position on the structure, stopped, and then strains are measured.
It is very difficult to determine where vehicles should be placed longitudinally on an
actual structure to develop the maximum possible girder strains. A much more reli-
able way is to simply have the vehicles slowly drive (at walking speed) completely
across the span. Of course, while trucks are moved across the bridge, it is important
that other traffic is stopped such that no other vehicles are present on the span.
If data are continuously sampled at a reasonably fast rate (30 Hz is more than suffi-
cient), the maximum load effect possible based on longitudinal position will be
achieved. Dynamic tests require additional consideration and are beyond the scope
of this chapter. An example test plan is shown in Fig. 7.6. The figure shows dia-
grams for 15 load runs using two heavy vehicles.

To allow for further analysis, truck axle weights and configuration (axle spacing
and transverse axle widths) should be recorded at a weigh station prior to each test.
Many gravel yards have weigh stations that can be used if the vehicles are rented
there. Moreover, during the tests, the precise longitudinal positions of the vehicles
should be recorded. This can be done by video or other reliable means.

7.3.4 Interpreting results

An example of girder strains is shown in Fig. 7.7, which presents a record of mid-
span strain (from gauges ml to m7, as shown in Fig. 7.4) as test vehicles move
over a two-span continuous structure following run #1, as shown in Fig. 7.6.

As it is unknown what actual loads will travel over the bridge during its lifetime,
in the load distribution test, the actual level of strain caused by the test vehicles is
not important; rather, it is the maximum proportion of strain that a single girder
experiences. This proportional relationship can then be used to better estimate a
girder distribution factor (GDF) for design or evaluation for any level of live load
that the bridge might experience. GDF can be simply defined as the maximum pro-
portion of total truck live load effect applied on the bridge that is distributed to a
single girder. Thus assuming flexural load effects are of interest, GDF, in terms of
moment, can be computed as

max(M;)

> M;
i=1

GDF = (7.1)

where M; is the live load moment carried by girder i and n is the total number of gir-
ders. Expressing moment in terms of Young’s modulus (E) and bottom section modu-
lus (S) of girder i (M; = Ec;S;), assuming E and S are similar for all girders, GDF can
be determined in terms of a proportion of measured girder strains at the bottom sur-
face of the girder section (¢):
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Figure 7.6 Example test plan runs using two vehicles.
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Thus at any particular point in time in Fig. 7.7, measured girder strains can be
inserted into Eq. (7.2) and a GDF determined. Fig. 7.8 shows girder strains that
could be used for GDF calculation at time ¢ =25 s, taken from Fig. 7.7. This pro-
cess can be repeated for the different load cases considered to determine the worst
case, as well as for different girders, if more than one girder is under consideration
for GDF calculation. Note that in a general design situation, the maximum GDF for
any girder is needed. However, for FRP retrofit analysis, the GDF for only the
affected girder(s) may be needed.

As discussed above, Egs. (7.1) and (7.2) assume that that the effective section
modulus and Young’s modulus of the girders are identical. Of course this is not
necessarily true, due to local variations in material properties, cracking, as well as
the presence of nonstructural elements on the deck such as barriers, which stiffen
exterior girders to a greater extent than those interior to the span. Regardless, the
actual variation in the effective girder stiffness is unknown and can only be approx-
imated. These effects were studied previously (Stallings and Yoo, 1993; Nowak
and Eom, 2001) and were suggested to have minor differences in GDF. Although
one may attempt to adjust GDFs, particularly by including barriers in the estimation
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Figure 7.8 Example girder strains at t =25 s.

of exterior girder stiffness, it is common to ignore these unknowns and weigh all
girders equally.

7.4 Proof load testing

In some cases, a bridge owner may wish to verify that a particular bridge, after
FRP strengthening, can safely carry certain loads that may be imposed on it. Such a
verification test is referred to as a proof load test. Assuming that the structure is not
to be damaged, it is not possible to determine the ultimate capacity of the bridge.
However, a proof load test can be used to confirm that the structure can carry the
maximum legal or a given permit load limit, for example.

Although bridge strains or displacements are usually not directly of interest for a
proof load test, some type of bridge performance monitoring must be conducted dur-
ing the test to ensure that the structure is not becoming overloaded and subjected to
damage. This can be done by instrumenting the bridge as if it was to be subjected to
a load distribution test as discussed in Section 7.3. During the proof load test, girder
strains must be monitored to ensure that a precalculated limit strain is not exceeded,
as well as to ensure that the structure continues to behave in the linear elastic range.
Limit strains of interest might be: allowable strains to prevent FRP debonding; allow-
able strains to prevent concrete cracking; and reinforcing or prestress steel yielding.
For concrete members, steel strains can only be estimated, based on a calculated neu-
tral axis position and the available girder flange strains. This is one instance where
instrumenting at the top of the deck as well as the girder lower flange is very useful.

Often, bridges that are chosen for FRP strengthening have a low load rating. For
these structures, the desire is typically to repair the structure such that a minimum
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operating rating of 1.0 can be achieved so the normal flow of traffic is not restricted.
However, determining the appropriate proof load requires careful consideration.
Generally, the proof load should be above the maximum legal (or permit) load of
interest, to account for uncertainties in the actual traffic loads (i.e., a live load factor
should be imposed). Different approaches for calculation of the appropriate proof
load level have been proposed and are provided in detail elsewhere (see, for example,
Nowak and Saraf, 1996; Lichtenstein, 1998). Some reliability-based guidelines
for target proof load calculation have been proposed (Fu and Tang, 1995; Faber
et al., 2000).

Factors to consider when selecting an appropriate live load factor include: the traf-
fic level and governing load effect; whether the bridge has fracture-critical details
and nonredundant load paths; how often inspections are performed; and the existing
condition of the structure. In any case, once the desired proof load level has been cal-
culated, another task which is often troublesome is to determine how the structure
will be loaded in order to generate the needed proof load. Due to the imposed live
load factor, proof loads often require loads significantly beyond the maximum legal
load. As noted in Section 7.3 the use of static loads such as concrete blocks is gener-
ally not recommended due to the inconvenience of moving and placing these objects,
as well as the relatively long time required for bridge closure. Moving load possibili-
ties include obtaining the use of very heavy special permit vehicles, or the use of hea-
vy construction vehicles which potentially can be brought to the site on legal or
routine permit tractor—trailer, then removed and placed on the bridge to generate a
concentrated load effect. Although availability may be uncertain, some proof load
tests conducted for a state DOT have involved the use of tanks (brought to the site
on tractor—trailers) obtained from a nearby national guard station.



Recommendations

8.1 Analysis and design recommendations

8.1.1 Criteria for recommendations

In Chapter 4, Design provisions, and Chapter 5, Provisions for installation, quality
control, and maintenance, a set of standards for FRP installation were reviewed
and most were found to have reasonable coverage of the major design and analysis
areas (flexure, shear, confinement). Depending on the policy or legal requirements
in-place at a particular location, the choice of provisions to use may not be an
option. However, if this decision is yet to be made, or is left to the designer,
some of the following criteria might be considered to guide selection of appropriate
provisions.

1. Accuracy. It is essential that a recommended provision accounts for the phenomenon
that it attempts to address with sufficient accuracy. In general, this can be established with
adequate documentation in the code commentary, to demonstrate theoretical soundness and/
or convincing experimental evidence for empirically based provisions. Documentation may
include references to appropriate technical papers, reports, or other published sources, some
of which are included in this book. As shown in earlier chapters, the reviewed codes contain
varying levels of documentation for their recommendations.

2. Format compatibility. From a practical point of view, it is important that provisions
are compatible with existing bridge design and analysis procedures in place. This is
particularly important when considering strength reduction factors that modify expressions
for capacity. Such factors may have been developed for building loads, for example,
which have different levels of uncertainty than traffic loads. Similarly, manufacturing and
environmental factors may reflect conditions that are not representative of those in the
climate for which the system will be installed.

3. Clarity and ease of use. Often, provisions produce similar outcomes, but achieve the
outcome with different procedures, equations, and processes. Clearly, a balance must be
drawn between accuracy and ease of use. A large increase in complexity that provides a
minimal gain in accuracy may not be appropriate. Clarity and ease of use can be evaluated
in terms of the procedures and models used, and even the symbols and nomenclature
used in the relevant expressions. Clarity also concerns similarity to the existing methods
that designers are familiar with.

8.1.2 General recommendation and discussion

Based on the criteria considered above, for use in the United States, it is recom-
mended that the AASHTO guidelines (AASHTO Guide Specification for the Design
of Bonded FRP Systems for Repair and Strengthening of Concrete Bridge Elements)
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are used as the base analysis and design document, with some recommended
modifications, as discussed below. The AASHTO Guide covers most areas of
concern with good documentation of accuracy, and results calculated from
the AASHTO provisions generally fall with the range of outcomes of the other
codes considered. Moreover, the document is specifically written for bridge
structures and is directly compatible with the AASHTO load and resistance factor
design (LRFD) design provisions, which are practically universally used in
the United States. The format, notation, and procedures within are also familiar to
bridge engineers. A brief summary of the reasoning for recommending the
AASHTO provisions is discussed below.

Strengthening limits for fire endurance. ACI 440.2R provides strengthening
limitations to allow a structure to maintain a minimum specified strength if the
external FRP strengthening system is weakened in a fire. The use of this expression,
however, requires evaluation of existing structural capacity at high temperatures,
which introduces complexity that may not be desirable. Although AASHTO does
not directly address this issue, AASHTO does provide a general strengthening limit
expression when FRP is considered. As discussed in Chapter 4, Design provisions,
this existing provision provides a strengthening limit outcome similar to that
presented by ACI. Therefore the existing AASHTO expression is recommended
without modification.

FRP strain limits. To prevent debonding, AASHTO specifies that the FRP strain
may not exceed 0.005 less initial strain (for flexure). AASHTO adds a second
strain condition to ensure ductile behavior poststeel yielding. AASHTO stipulates
that the ultimate FRP strain equals 2.5 times FRP strain at the point of steel yield-
ing. These strain limit requirements are slightly more conservative than some other
codes, as discussed in Chapter 4, Design provisions, but are deemed reasonable
for reinforced concrete structures. However, as discussed below, these may not be
suitable for prestressed concrete girders.

Strength reduction factors for FRP. The majority of codes use a FRP strength
reduction factor close to 0.85, as discussed in Chapter 4, Design provisions.
Some codes such as TR55 adopt a more detailed procedure to account for different
FRP materials, manufacturing processes, and exposure conditions to produce a
combined factor for specific cases. This approach offers flexibility, but unfortu-
nately, most of the values recommended are undocumented or rely on manufacturer
test data that may not follow common standards or regulations. The common global
value adopted by AASHTO of 0.85 is based on the work by Okeil et al. (2007)
that is based on reliability analysis and accounting for the brittle nature of carbon
FRP (CFRP). Due to the lack of information to justify a more detailed system,
and as the AASHTO-specified value is similar to that adopted by other codes, it is
recommended for use.

Serviceability, service load limits, creep rupture, and fatigue limits. The AASHTO
serviceability limits are 0.80f, for steel, 0.36f". for concrete, and 0.80f; for CFRP.
These values are similar to those adopted by ACI, except for the FRP limit since
AASHTO has no considerations for an environmental reduction factor which is
built in the ACI factor of 0.55f;. Both ACI and AASHTO reference the work of
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Yamaguchi et al. (1997) and Malvar (1998) as a basis for fatigue limits. No other
codes offer a complete set of serviceability limits. AASHTO fatigue limits are com-
prehensive as well, with strain limits given for concrete, steel, and FRP, and are
recommended.

FRP end peeling. End peeling limits vary from a constant value specified
by TRS5S5, an expression by ACI relating the shear force to concrete shear resistance
(as a function of section geometry and concrete compressive strength), and expres-
sions by AASHTO that account for FRP thickness, adhesive properties and concrete
compressive strength. As shown in Chapter 4, Design provisions, the AASHTO
peeling limits compare closely to those of CNR. The work of Naaman and Lopez
(1999) is the basis for the limits adopted by AASHTO. Note, however, that this
work specifically considered environmental conditions meant for a seasonally cold
climate with accompanying freeze—thaw cycles; such conditions may be rather
conservative for other climates.

Development length. The expression for development length presented by
AASHTO is somewhat different from that of the other codes; it is substantially more
sensitive both to f/. as well as the amount of FRP provided, as shown in Chapter 4,
Design provisions. However, the AASHTO expression was developed by Naaman
and Lopez (1999) and specifically considered seasonally cold environmental
conditions, as discussed above. It is therefore thought to be appropriate or conserva-
tive for most North American climates.

Shear and confinement strengthening. Variations in shear and confinement
strengthening provisions are minimal among the different codes. Based on this
similarity, there is no theoretically compelling reason to deviate from the AASHTO
provisions. However, due to the AASHTO requirement that a minimum confine-
ment pressure of 0.6 ksi is met (see Chapter 4: Design provisions), AASHTO may
often require a larger amount of FRP than theoretically necessary to increase capac-
ity. Therefore two alternatives are recommended for consideration of confinement
strengthening: the AASHTO provisions as well as the ACI provisions. The latter is
recommended as it may be more economically feasible than the AASHTO approach
for some columns. In particular, as ACI does not specify a minimum required
confinement pressure, it may achieve the same strengthening result as AASHTO
but with less FRP material.

8.1.3 Recommended modifications to AASHTO provisions

Although the AASHTO provisions are generally recommended, some areas for
consideration of modification have been identified. The following are suggested.

8.1.3.1 Environmental reduction factors

AASHTO provides no specific environmental reduction factors. Rather, a minimum
assumed interface shear strength is provided (7i, = 0.065 \/f_c’), which is also used to
evaluate peeling (Eq. (4.39)) as well as development length (Eq. (4.52)). Therefore the
reduction factor below should be applied to the interface shear strength of the system,
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Tit> the value of which is obtained from the manufacturer or from appropriate
experimental testing as noted in Section 8.2.4.2.

If bond strength degradation data are available, obtained by a test method such
as that suggested in Chapter 6, Laboratory testing, and Chapter 7, Field testing,
it is recommended that location-specific reduction factors for CFRP interface
bond strength are used. These reduction factors are to be multiplied by the Tjy
determined for the specific FRP system (not the value of 0.065 \/Jf provided by
AASHTO, which is likely much lower than the actual 7i,). It should be empha-
sized that the reduction factor is applied to 7, only and not directly to the section
capacity in the form of an overall strength reduction factor. Even if experimen-
tally determined long-term reduction factors are found to be large (for example,
close to 0.5 at 75 years), if common epoxy strengths and appropriate surface
preparation and installation techniques are used, as in accordance with the
recommendations of this chapter, it is likely that no environmental reductions in
capacity will occur in most cases. This is because the interface shear strength
assumed by AASTHO is very low (7j, = 0.065 \/ff), and most FRP installations
are expected to have initial 7, values greater than twice this amount. Thus even
applying a large, long-term reduction factor for 50—75 years may result in a
design shear strength greater than the minimum specified by AASHTO, resulting
in a potential increase in peeling strength (Eq. (4.39)) and decrease in allowable
development length (Eq. (4.52)).

8.1.3.2 Flexural design when considering compression failures

Although tension failures are clearly desired, in many cases it is not possible
to meaningfully strengthen with FRP and maintain a tension-controlled section.
This is particularly so for prestressed concrete sections, but this is not directly
addressed in AASHTO. In the case of a compression controlled section, it is
recommended that in the capacity analysis, the AASHTO-specified FRP strain
limit (at ultimate capacity) should correspond to a maximum concrete compressive
strain in the girder of 0.003. If the resulting FRP strain is less than 0.005, the FRP
reinforcement strength per unit width, N;,, should be calculated based on the
FRP strain calculated at concrete compressive failure, not 0.005.

8.1.3.3 Initial strain for prestressed sections

For the strengthening analysis of prestressed concrete sections, the initial strain e,
at the bottom of the beam (FRP/concrete interface) must be calculated. Although
not addressed in AASHTO, this expression can be theoretically derived and is given
in ACI, which is recommended for use (ACI Eq. 10-18):

_ " PDe ( eyh) Mbprys
= 1+ 22) + 8.1
o EA, 2 E, @1
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where ¢,; = initial strain level in prestressed steel reinforcement, in./in. (mm/mm);
p. = effective force in prestressing reinforcement (after allowance for all prestress
losses), 1b (N); A, = cross-sectional area of beam, in.2 (mmz); E. = modulus of
elasticity of concrete, psi (MPa); e = eccentricity of prestressing steel with respect
to centroidal axis of member in. (mm); r = radius of gyration of section, in. (mm).
y, = distance from extreme bottom fiber to section centroid, in. (mm);
Mp; = dead load moment, 1b-in (N-mm); I, = moment of inertia, in.t (mm4).

8.1.3.4 Strength reduction factors and ductility provisions
considering prestressed sections

To ensure ductility, AASHTO limits specify that the strain developed in the FRP
reinforcement at section ultimate capacity must be equal to or greater than 2.5 times
the strain in the FRP reinforcement at the point where the centroid of steel tension
reinforcement yields. With a maximum useable strain of 0.005 at the FRP
reinforcement/concrete interface, the maximum effective strain developed in the FRP
reinforcement is € = 0.005 — ¢, where ¢, is the initial tensile strain at the bottom
concrete surface as a result of the moment due to dead load (the existing tensile strain
prior to FRP installation). When the FRP is applied, the steel will have some initial
strain due to dead load moment (g,). Since the FRP is bonded to the outside of the
beam, it is placed further away from the neutral axis in the section than the steel.
Therefore the FRP will have a minimum strain value of €, — £, when the steel yields,
where ¢, is steel yield strain. Following the AASHTO provisions, at ultimate flexural
capacity, strain in the FRP must be greater than the minimum possible value of 2.5
(ey—¢q). For prestressed beams, the steel effective prestrain (¢,) must also be consid-
ered, such that the strain in the FRP at ultimate flexural capacity must be greater than
2.5(ey, — €4 — €,). However, for the high-grade steel used for prestressing, ¢, is large,
and the value of 2.5(¢, —e,—¢,) may exceed the allowable FRP strain limit of
0.005 — €,. This limitation will not allow any flexural FRP strengthening to be
applied to prestressed beams in many cases. Reasonable changes in the concrete
constitutive model does not alter this result. ACI provisions solve this problem by
allowing such sections to be strengthened, but to account for the possible loss in
ductility, the section strength is penalized with a lower resistance factor. However, for
the practical cases of prestressed concrete girders investigated, it was found that
the ACI approach often leads to high requirements of FRP reinforcement as well as a
resistance factor of 0.65. The former occurs because the ACI debonding limit, which
limits the usable strain in the FRP (Eq. (4.8)), is a function of the amount of FRP
applied; as the amount of FRP is increased to meet flexural demand, this strain limit
decreases. It was found that the resulting value is often lower than the value of 0.005
specified with the AASHTO provisions. Moreover, as FRP area is increased, strain in
the prestressing steel at failure generally decreases, thus lowering resistance factor,
often to 0.65. Therefore direct use of the ACI strengthening provisions with
prestressed griders was also found to be impractical in many cases. Therefore an alter-
native approach is recommended for consideration, based on a modification of the
existing AASHTO procedure.
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This approach utilizes the AASHTO FRP strain limit addressed in Section 8.1.2.
For consistency, the same methodology is recommended for both nonprestressed
as well as prestressed sections, with appropriate adjustments in strain limits.
This approach combines AASHTO and ACI limits and reduction factor concepts to
produce a more practical strengthening procedure for some cases. For nonpres-
tressed sections the resistance factor for flexural capacity for concrete beams with
FRP strengthening is recommended to be taken as

$»=0.90 for (eprpu=2.5¢rrpy and g; =0.005)
0.25
0.65 + <15> (errpu — 1) for eprpy < €prpy < 2.5€FRPy
¢ = min (8.2)
0.25(g; — &4y)
0.65 + W_&;for Esy < &t < 0.005
¢ = 0.65 for eprp, = EFRPy OR ¢, = Esy

where ¢, = strain in the lowest layer (i.e., furthest away from the compression side
of the beam) of steel at ultimate capacity, where ultimate capacity is limited by either
(whichever occurs first) concrete crushing, FRP rupture, or FRP debonding (at an
assumed maximum interface strain of 0.005 given by AASHTO); cgrp, = strain in
the FRP at ultimate capacity; epgrpy = strain in the FRP when steel yields.

The above factor is to be applied to the entire flexural capacity expression,
including steel and FRP-based capacity components. In addition the FRP portion of
capacity is further reduced by the additional resistance factor given as

drrp = 0.85/0.90 =0.94 when ¢ =0.9
dprp = 0.38 ¢+ 0.6 when 0.65 < ¢ <0.9 (8.3)
¢prp = 0.85 when ¢ = 0.65

Note that practically, due to the usable FRP strain limit specified by AASHTO
of 0.005, ¢ =0.90 cannot be achieved due to the requirement of ¢,=0.005.
However, in most cases, if maximum FRP strain is set to 0.005, ¢, will only be
slightly less than this value, resulting in ¢ between 0.85 and 0.90.

For prestressed concrete members (using 250—270 ksi prestress steel), the following
is recommended:

¢ =0.90 for (errpy = 2.5¢rrpy and €,, =0.013)

0.25

0.65 + <F>(6FRPM - 1) for EFRPy < €prpy < 2.551:pr

¢ = min (8.4)

0.25(gps — 0.010)
65+ =P T for 0.010 < £, < 0.01
0.65 0.013 = 0,010 or 0.010 < g, <0.013

»=0.65 for eprpy = rrpy OF €55 =0.010
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where ¢,, =the prestressing steel strain (at steel centroid) at ultimate capacity.
The same FRP reduction factor as above is applied to the FRP portion of resistance.

2
B pe e
EPX = Epe + E (1 + ﬁ) + Epnel =0.035 (8.5)
Je
Epe = ELp (8.6)
d,—c
Spnet = h&;ﬁp (87)

Note that practically, due to the usable FRP strain limit specified by AASHTO
of 0.005, €,,=0.010 and thus ¢ = 0.65. However, the above equations retain valid-
ity if the AASHTO FRP strain limit of 0.005 is adjusted to a new value. Increasing
this value will allow an increase in the strength reduction factor for prestressed
members beyond 0.65.

In most cases, this approach will provide a resistance factor that is very close
(slightly conservative) to that specified by AASHTO if AASHTO ductility criteria
are met. If AASHTO criteria are not met, beam strengthening is allowed but with a
reduced resistance factor similar to the ACI approach as a function of beam
ductility.

Here the reader is strongly cautioned. Note that, to determine the most appropriate
resistance factors and associated strain limits, a structural reliability analysis
of FRP-strengthened prestressed concrete girders is needed. However, this
analysis is beyond the scope of this book. Therefore with the recognition that the
existing AASHTO provisions were not specifically developed for strengthening
prestressed concrete bridge girders, the procedure presented above may be a
reasonable alternative to consider until desired reliability or revised guidelines
results become available. Some design examples using the recommendations are
given in Chapter 9, Design examples.

8.2 Installation, quality control, and maintenance
recommendations

For all sources examined, there is a nearly universal suggestion or requirement to
follow the FRP system manufacturer’s recommendations. Therefore it is recommended
that:

1. The installer obtains documentation of manufacturer recommendations for installation,
quality control (QC), and maintenance, as available, and that these recommendations are
followed. Deviation from these recommendations are to be made only for compelling
reasons and should have approval of the design engineer only after careful review.
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The proposed deviation should be accompanied with sufficient documentation and/or
justification, preferably with quantitative analysis and/or experimental test data.

2. If the manufacturer does not provide recommendations in a particular instance, the guide-
lines presented below are recommended. In all cases, it is suggested the manufacturer is
consulted for comment on the provisions before use.

A checklist of inspection items following the recommendations below is given
in Appendix 2.

8.2.1 Shipping, storage, and handling
8.2.1.1 Shipping

As AASHTO has no specific shipping recommendations, in general, the ACI
shipping guidelines are recommended. In particular, packaging, labeling, and ship-
ping for thermosetting-resin materials are to be controlled by the Code of Federal
Regulations 49 (CFR 49), in which some FRP system materials may be classified
as corrosive, flammable, or poisonous in subchapter C (CFR 49). As such, FRP
system constituent materials are to be packaged and shipped in a manner that
conforms to all applicable federal and state packaging and shipping codes and
regulations. The following additional provisions are suggested:

It is the duty of the contractor and supplier to ensure that the packaging
and shipping methods used do not negatively impact material properties and
performance.

All FRP components must be shipped with their respective safety data sheets
(SDSs).

All components of the FRP system are to be inspected upon delivery to the
construction site, and the use of opened or damaged containers should only proceed
with written authorization by the project engineer.

8.2.1.2 Storage

Although AASHTO provides no storage guidelines, ACI Article 5.2 offers the most
complete coverage of storage and disposal of expired materials, and these
provisions are recommended in general, with the following additional comments.

All FRP system components must be stored in the original factory-sealed,
unopened packaging with labels identifying the manufacturer, brand name, system
identification number, and date.

Proper storage of FRP components is in a clean, dry area, sheltered from direct
sunlight, which is well ventilated and temperature controlled within 50—75°F
(10—24°C). Catalysts and initiators (e.g., peroxides) should be stored separately.

As possible, components stored on the jobsite should be periodically inspected
in accordance with the inspection checklist presented in Appendix C; compo-
nents that have been stored in a condition different from that stated above are to
be rejected.
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Of particular concern are reactive curing agents, hardeners, initiators, catalysts,
and cleaning solvents which have special safety-related requirements and are to be
stored in securely sealed containers in a manner recommended by OSHA. As resins
are also flammable, fire precautions should be observed and storage quantities kept
within limits prescribed by fire regulations.

The manufacturer is to provide a recommended shelf life within which the
properties of the resin-based materials should continue to meet or exceed the stated
performance, and the contractor must follow these time limits.

Any component material that has exceeded its shelf life has deteriorated or has
been damaged or otherwise contaminated should not be used. Care must be taken to
avoid laminate and other preformed material damage due to bending or improper
stacking. FRP materials deemed unusable should be disposed of in a manner
acceptable to state and federal environmental control regulations.

8.2.1.3 Handling

ACI Article 5.3 provides the most complete coverage of safe handling of FRP
materials as compared to other codes. ACI is therefore generally recommended for
use, with the following additional comments.

Information regarding proper storage, handling, and mixing resin components
and potential hazards should be made available at the construction site.

Product hazard labels and associated SDSs are to be read and understood by those
working with these products. CFR 16, Part 1500 (2009), regulates the labeling of
hazardous substances and includes thermosetting-resin materials. Such labeling
guidelines should be followed.

Disposable suits and gloves resistant to resins and solvents should be used for
handling fiber and resin materials, where gloves should be discarded after each use.
Safety glasses or goggles should be used when handling resin components and
solvents, and surfaces should be covered as needed to protect against contamination
and resin spills.

Respiratory protection, such as dust masks or respirators, should be used when
fiber fly, dust, or organic vapors are present, or during mixing and placing of resins.
The workplace in which composite materials are prepared and installed should be
well ventilated; in poorly ventilated areas, the use of respiratory protection with a
fresh air supply is recommended.

Uncontrolled reactions, including fuming, fire, or violent boiling, may occur
in containers holding a mixed mass of resin; therefore such containers should be
monitored.

As cleanup can involve flammable solvents, appropriate safety precautions are
suggested. All waste materials are to be disposed of as prescribed by the prevailing
environmental authority.

It is the contractor’s responsibility to ensure that all components of the FRP system
at all stages of work conform to governing environmental and safety regulations.

All FRP components, but especially fiber sheets, must be handled with care to
protect them from damage and to avoid misalignment or breakage of the fibers;
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excessive bending, crushing and other sources of mechanical damage to the fibers
must be avoided. Higher modulus fibers are particularly susceptible to such
damage. After cutting, sheets should be either stacked dry with separators, or rolled
gently at a radius no tighter than 12 in. (305 mm). Special care should be taken to
avoid material contact with water, dust, or other contaminants.

8.2.2 Manufacturer and contractor qualification

For manufacturer and contractor qualification, AASHTO refers to NCHRP 609,
which gives relatively comprehensive qualification requirements as compared to
other sources. NCHRP 6009 is thus recommended as a qualification guide, with the
following summary of these recommendations, as well as additional comments.

FRP application must be performed by a contractor specifically trained in accor-
dance with the installation procedures specified by the manufacturer. These procedures
may differ from one system to another, and thus general knowledge of FRP installation
is of itself not sufficient.

The proposed manufacturer may be prequalified for each FRP system to be
installed, after providing the following information to a qualified engineer for
review and consideration:

» System data sheets and SDS for all components of the FRP system;

* Documentation of a minimum of 5 years experience with the FRP system, or 25 documented
similar field applications with acceptable reference letters from respective owners;

* Documentation of test data sets from an independent agency verifying the mechanical
properties, aging, and environmental durability of the proposed FRP system, and;

* Documentation of the availability of a comprehensive hands-on training program for each
FRP system that can be taken by the staff of the contractor/applicator.

The design engineer may further opt to require the manufacturer to provide
samples of the components, as well as of the complete FRP system for in-house or
independent testing prior to qualification.

The training program conducted by the manufacturer should provide hands-on
experience with surface preparation and installation of the specific FRP system
which is to be installed.

Additionally, it is recommended that:

The engineer may further opt to require that the contractor demonstrate competency
by an actual demonstration of surface preparation and installation.

The contractor must provide a detailed statement of the method which will be
used to install the composites as well as an assessment of the risks (failing to
meet system performance requirements as well as health and construction hazards)
involved. This should include discussion of the procedure which will be used to
minimize these risks. The contractor should further provide description of a plan that
will be used to maintain an environment on-site that is suitable for the successful use
of structural adhesives. Note that many of these items are typical requirements for
the contractor-submitted QC plan.
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8.2.3 Installation

Most codes reviewed provided similar recommendations. Provisions provided by
ACI are generally most complete and are recommended, with some additional
provisions from AASHTO and other codes, as detailed below.

8.2.3.1 Temperature, humidity, and moisture considerations

Primers, saturating resins, and adhesives should generally not be applied to cold or
frozen surfaces, which can affect bond as well as rate of curing, and the presence
of frost or ice crystals may be detrimental to the bond between the FRP and the
concrete. In particular, ambient air and concrete surface temperature should be
50°F (10°C) or more; the concrete surface temperature should be at least 5°F (3°C)
higher than the actual dew point; and atmospheric relative humidity should be less
than 85%. A noncontaminating heat source can be used to raise the ambient and
surface temperatures during installation if needed.

During application of epoxy, work should be scheduled to avoid air and surface
temperatures exceeding 90°F (32°C). If necessary, then the work should be supervised
by a person experienced in applying epoxy under such conditions. Epoxy systems
formulated for elevated temperatures are available and should be considered as well
(see ACI 530R-93). It is also recommended not to install FRP when the concrete
surface is heavily exposed to sunlight.

Adhesives should not be applied to damp or wet surfaces with surface humidity
greater than 10%, unless they have been formulated for such applications. Substrate
humidity can be evaluated with a mortar hygrometer or other quantitative means.
Moreover, FRP systems should not be applied to concrete surfaces that are subject
to condensation, moisture vapor transmission, or water ingression, unless such issues
are clearly addressed by the system design and the resin systems are specifically
formulated for use in such conditions. ACI Standard 503.4 (2003) provides
additional moisture content requirements. Note that the transmission of moisture
vapor from a concrete surface through the uncured resin materials typically appears
as surface bubbles and can compromise the bond between the FRP system and the
substrate. Condensation or other moisture on the resin surface before initial harden-
ing, indicated by whitening, the area should be wiped with solvent or the effected
portion of primer or smoothing agent removed with sandpaper.

8.2.3.2 Equipment

All equipment should be clean, in good operating condition, and accessible for
inspection by the project engineer. Note that some FRP systems recommend
or require specific equipment for application, such as resin impregnators, sprayers,
lifting/positioning devices, and winding machines. The contractor is to have
qualified personnel sufficiently trained to install and operate such system-specific
equipment, such as by training and/or certification from the FRP system manufac-
turer, if available. All materials, and supplies, and personal protective equipment
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should be available in sufficient quantities to allow safe construction continuity and
quality assurance (QA).

8.2.3.3 Substrate repair

The surface on which the FRP system is to be applied should be free of loose and
unsound materials; unfit existing conditions may require repair. The quality of the
substrate can be checked with testing. Compressive strength should not be less
than 2.2 ksi (15 N/mm?), and the concrete surface must have a minimum tensile
strength of 220 psi (1.5 MPa), as measured by a pull-off tension test in accordance
with ASTM D4541 (2002). For concrete surfaces that require repair, general
methods are provided in ACI 546R (2004) and ICRI 03730 (2008). However, the
concrete surfaces must be repaired or reshaped in accordance with the original
section.

Before any epoxy or putty-based products are applied for repair, and all
contaminants that could interfere with the bond should be removed. The concrete
surface preparation should be inspected and approved by the project engineer
before such repairs. If cementitious materials are used for repair, they should
be allowed to sufficiently cure (i.e., when it is expected to have reached its mini-
mum specified compressive strength) before further surface preparation.
If corrosion-related concrete deterioration is detected, the cause of the corrosion
should be addressed, and the associated deterioration repaired before application
of the FRP system.

To repair cracks, those wider than 0.010 in. (0.3 mm) should be pressure injected
with epoxy before FRP installation, in accordance with ACI 224.1R (2007).
Cracks of smaller width may require resin injection or sealing to prevent corrosion
of existing reinforcement. ACI 224.1R (2007) provides additional crack-width
limitations based on different exposure conditions.

If there is uncertainty in the best approach, a trial run of the surface preparation
process should be conducted to determine an effective technique for the FRP
system to be used, and approved by the project engineer.

8.2.3.4 Surface smoothness

For contact-critical applications such as confinement (i.e., those in which loss of
bond between the concrete and FRP is not critical, but contact between the surfaces
must be maintained), the surface preparation should guarantee a continuous contact
between the concrete and the FRP confinement system. After repair (if needed) the
concrete surface should be prepared to a minimum concrete surface profile (CSP)
3, as defined by ICRI surface profile chips, and localized out-of-plane variations,
including form lines, should not exceed 1/32 in. (1 mm). Localized variations can
be removed by grinding or can be smoothed over using resin-based epoxy if varia-
tions are small. It is best that epoxy materials are applied in thin layers to build up
to the desired flatness. Bug holes and voids should be filled with resin-based putty.
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Table 8.1 Maximum depth of depressions on the concrete surface

Type of FRP Max. depth for length of 12 in. Max. depth for length of
(0.3 m) (in.) 80 in. (2.0 m) (in.)
Plates = 0.04 in. 0.16 in. (4.0 mm) 0.40 in. (10.0 mm)
(1.0 mm)
Plates < 0.04 in. 0.08 in. (2.0 mm) 0.24 in. (6.0 mm)
(1.0 mm)
Sheets 0.08 in. (2.0 mm) 0.16 in. (4.0 mm)

However, before application of any fillers, the surface must be appropriately
cleaned to ensure bond of the repair materials. The maximum size allowed for small
depressions is shown in Table 8.1.

Rectangular cross-sections should have corners rounded to a minimum radius
of at least 0.5—1.4 in. (13—35 mm). This applies for corners both horizontally and
vertically oriented. Chamfered corners are not recommended as a substitute for
rounded corners. Larger radii should be used if forming and bonding the FRP to the
member corner becomes difficult, which may occur as the thickness and stiffness
of the FRP material used increases. Rough corners should be smoothed with epoxy
or putty. Inside corners and concave surfaces may be difficult for FRP application,
may require special attention to ensure that bond is achieved between the FRP
and the concrete.

8.2.3.5 Surface cleanliness

Before application of the FRP the concrete surface should be cleaned to remove
any dust, laitance, oils, dirt, or any other bond-inhibiting material. Even new
concrete should be cleaned to remove mold release agents and curing membranes.

Various cleaning techniques can be effective, including wet, dry, and vacuum-
abrasive blasting; high-pressure washing, with or without emulsifying detergents,
and using biocides (where necessary); steam cleaning alone or in conjunction with
detergents; and, for smaller areas, mechanical wire brushing or surface grinding.
However, the use of some impact methods such as needle gunning and bush
hammering may be too aggressive and are to be carefully monitored, as they may
cause microcracks and/or an irregular concrete texture.

Washing techniques may be ineffective in some cases and can simply spread
contaminants further; surface cleanliness should be carefully checked. If solvent-
based and sodium hydroxide-based products are used, they must be completely
removed from the surface. Vacuum dry-blasting is recommended over “open” blast-
ing, the former of which is safer for workers and the environment. After cleaning
the surface should be protected from contamination prior to FRP installation if
necessary. The concrete surface preparation should be inspected and approved by
the project engineer before application of the FRP.
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8.2.3.6 Resin mixing

Resin components should be mixed at the proper temperature, proportions and the
appropriate time until there is a uniform and complete mixing of components that is
free from trapped air. For accurate mix proportioning, prebatched quantities of
resins and hardeners are recommended. As resin components are often contrasting
colors, full mixing is usually achieved when color is uniform and streaks
are eliminated; the mixed result should be visually inspected for this condition.
Resin mixing should be in quantities sufficiently small to ensure that all mixed resin
can be used within its pot life; adhesive remaining at the end of the specified pot
life must be discarded. Strict adherence to the epoxy pot life and operating tempera-
ture range during installation is necessary to avoid negatively impacting the quality
of installation. Correspondingly, advanced planning is crucial.

8.2.3.7 Application of FRP systems

All materials, including primer, putty, saturating resin, and fibers, should be part of
the same system. If the use of primer is required of the FRP system, it should be
uniformly applied to all surfaces of the concrete where the FRP system is to
be placed. Primer should have sufficiently low viscosity to penetrate the surface of
the concrete substrate. In particular, it is recommended that higher viscosity resins
are limited to plates, and special care is taken to ensure full saturation of FRP
fabrics. Once applied, the primer should be protected from dust, moisture, and other
contaminants, and allowed to cure before applying the FRP. It should be checked
visually and by touch to make sure it is cured and that there is no dust or moisture
on the surface.

For FRP installation, a working diagram matching the actual structure should be
prepared based on the design. The diagram should clearly identify the reference
point for attachment, the overlap splice positions, and the number of plies to be
attached.

For wet layup systems, which are typically installed by hand using dry fiber
sheets and a saturating resin, the resin should be applied uniformly to all prepared
concrete surfaces where the system is to be placed, then the reinforcing fibers
gently pressed into the resin. Note that dry fabrics can be directly applied to the
resin-saturated concrete surface without adhesive being applied to the fabric,
but for wet fabric systems, the resin must be applied to the fabric before it is
installed. Resin with sufficient quantity and sufficiently low viscosity should be
applied to achieve full saturation of the fibers. A handheld foam roller or brush can
be used to apply the bonding adhesive to the concrete surface or resin, as required;
an impregnation machine can also be used to apply resin to the fabric for wet fabric
systems. Entrapped air between layers should then be released or rolled out before
the resin sets. In doing so, it is recommended to work the FRP materials parallel to
the fibers, proceeding in one direction from the center or from one extremity and
to avoid any backward and forward movements. After attaching the continuous
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fiber sheets, an inspection should be done visually or through sounding to verify the
absence of lift, swelling, peeling, slackness, wrinkles, and voids in the epoxy resin
impregnation.

When using precured systems such as surface bonded plates, the precured-
laminate surfaces to be bonded should be properly prepared. This may involve
application of light abrasion and cleaning. No additional treatment is required for
materials with an additional peel ply which, upon removal, exposes a clean surface
with the appropriate roughness. The mixed adhesive is then to be applied to
the concrete bonding area by hand, using plastering techniques. The thickness
of the adhesive should be maintained from 0.04 to 0.08 in. (1—2 mm). The adhesive
layer should be applied to the plates to form a slightly convex profile across the
plate. Extra thickness along the center-line helps to reduce the risk of void forma-
tion. Stacking multiple layers of FRP plate is usually not permitted, except for
the overlapping portion of prefabricated L-shaped stirrups. At intersections of FRP
plates, care should be exercised to minimize curvature; grooving the concrete for
the layer underneath is sometimes used to allow full contact between the plate and
the concrete surface.

A protective finish compatible with the proposed system that provides ultraviolet
light protection should be applied when the surface of the FRP material has
sufficiently cured and has been cleaned. Alternatively, protection can be achieved
by applying a plaster or mortar layer (preferably concrete based) to the installed
system. The protective coating may include a wearing layer for protection against
abrasive conditions as well, but such a layer is not to be considered as structural
reinforcement.

If required for fire protection, intumescent panels or the application of protective
plasters may be used. In both cases, the degree of fire protection provided is to be
specified, as a function of the panel/plaster thickness. The panels, generally based
on calcium silicates, are to be applied directly on the FRP system, provided that
fibers will not be cut during their installation. The protection system proposed must
be approved by the engineer.

The contractor is to provide a certificate of compatibility of the protective
system and the FRP system, prepared by the manufacturer, and the contractor is to
provide a guarantee for the performance of the proposed protection system for the
expected exposure conditions. Once applied, a minimum of 24 h should be allowed
for the protective coating to dry.

When FRP material is used to wrap the base of a reinforced concrete column
that is in contact with the ground, the wrapping should extend a minimum of 20 in.
(500 mm) below the ground surface to prevent water and air infiltration.

When using continuous fiber strands, the use of a machine to wind the strands,
to control the winding interval, tension, and speed, is recommended. In this case,
it must be verified that the strand winding interval is appropriate, the strand
winding tension is constant, the strand winding speed is appropriate, the strands are
thoroughly impregnated with resin, the resin has been suitably mixed and applied,
and that the impregnation resin is cured thoroughly.
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If the carbon fiber is used and there is a potential for direct contact between the
carbon and existing steel reinforcement, insulating material should be installed
to prevent galvanic corrosion.

8.2.3.8 Alignment

The ply orientation and stacking sequence must be specified in the design prior to
installation. Materials should be handled such that correct fiber straightness
and orientation are preserved. Moreover, kinks, folds, waviness, or other forms of
substantial material malformation must be reported for evaluation, as well as angle
deviations greater than 5 degrees.

8.2.3.9 Multiple plies and lap splices

When multiple plies are used, it must be verified the resin shear strength is
sufficient to transfer the shearing load between plies, and the bond strength between
the concrete and FRP system is sufficient. The former can be verified with repre-
sentative specimen test results (i.e., shear or flexure) provided by the manufacturer/
installer. However, the project engineer may limit the maximum number of conse-
cutive layers allowed, and/or restrict the installation period between successive
layers. When several superposed layers are used, care must be taken not to move or
otherwise disturb the preceding layers where the resin has not set. If an interruption
of the FRP system layup process occurs, interlayer surface preparation such
as cleaning or light sanding may be required. All plies must be fully impregnated
with resin.

Lap splices may be used, provided that they are staggered, unless otherwise
approved by the project engineer. Lap splice details, including required lap length,
should be based on testing. Specific guidelines on lap splices are given in ACI
Chapter 13. In the absence of manufacturer requirements, a minimum lap splice
length of 8 in. (200 mm) is recommended. If only one layer of FRP sheet is used
within a lap or splice, it is recommended to elongate the overlap splice length and
to attach one more layer of FRP over the splice section. When more than one layer
is used, the overlap splices should not be placed at the same section, since
this reduces the overlap splice strength. Overlap splices should not be placed at
locations subjected to large bending moments.

8.2.3.10 Curing

Ambient-cure resins may take several days to reach full cure, and temperature
fluctuations can retard or accelerate curing time. The cure status of installed plies
should be verified to be sufficient before placing subsequent plies, and the installation
of successive layers should be halted if there is a curing anomaly. Successive layers
of saturating resin and fibers should be placed before the complete cure of the
previous layer; if previous layers have cured to an advanced degree, interlayer surface
preparation, such as light sanding or solvent application, may be required.
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A minimum curing time of 24 h should be allowed before further work is
performed, unless the curing process is accelerated by heating. For the entire curing
duration the temperature must be maintained above the minimum required curing
temperature; condensation on the surface must be prevented; and chemical contami-
nation from gases, dust or liquid sprays must be prevented. Mechanical stresses on
the FRP should be minimized during curing. Before the initial setting of the
impregnation resin the surface should be protected with vinyl sheets from rain,
dust, excessive sunlight, high humidity, and sudden climatic changes, as necessary.
If temporary shoring is used, the FRP system should be fully cured before the
shoring is removed.

8.2.4 Inspection

The completeness and quality of inspection procedures for different stages of
work vary among the standards reviewed. ISIS inspection procedures are in
general recommended to help assess the exiting concrete surface condition and
determine the repair method needed, if any. The ISIS inspection procedure to
verify the quality of the concrete surface repair prior to FRP application is also
recommended. AASHTO and ACI have similar inspection procedures to monitor
the quality of the FRP installation. These procedures are reasonably detailed
and discuss documentation, sample collection, the use of witness panels, and
applicable testing. The AASHTO procedures are ultimately recommended for
this purpose. Finally the inspection procedure to be used at the completion of
the installation as presented by ISIS is recommended, due to its comparative
completeness. A summary of these recommended provisions, with additional
suggestions, is provided below.

Inspection should be conducted by or under the supervision of the project
engineer or a qualified inspector knowledgeable of FRP systems and installation
procedures. In general the inspector should look for compliance with the design
drawings and project specifications, with details discussed below.

Note that two types of specifications are feasible: descriptive or performance.
In a descriptive-focused specification, the engineer specifies the length, width,
orientation, installation sequence, and other requirements of a particular, selected
FRP material, and perhaps acceptable equivalents. In a performance-focused
specification the engineer specifies requirements in terms of strength, stiffness,
or other necessary properties and characteristics, and the contractor is responsible
for selecting an appropriate FRP system and submitting it for approval. Either type
of specification is acceptable, provided that sufficient quantitative analysis and/or
test data is provided to demonstrate that the required performance requirements will
be met with the proposed strengthening plan.

The time and effort spent on the inspection is expected to reasonably correlate
with the importance level of the structure, as well as the size and complexity of the
strengthening scheme. Also of consideration is how critical is the consequence
of nonsatisfactory system performance. Moreover, the extent of the inspection may
be influenced in part by what is initially uncovered. For example, the identification
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of one or several flaws in the beginning of the inspection phase, or of a systematic
error in application, should lead to a more detailed and extensive scrutiny of
the system.

However, this is not to suggest that some structures are to be inspected more
casually than others. Rather, some strengthening schemes, by nature of their construc-
tion, will inherently require more inspection effort. For example, Section 8.2.4.4
(see below) recommends that the number of witness panels constructed varies with
the size of the strengthened area. In any case the extent of the planned inspection
effort should be influenced by the factors noted in the paragraphs above.

8.2.4.1 Quality assurance and control program

FRP material suppliers, installation contractors, and other relevant parties associated
with the FRP strengthening project are to maintain and submit for review a compre-
hensive quality assurance (QA) and QC program. QA is achieved through a set of
inspections, measurements, and applicable tests to document the acceptability
of the surface preparation and the installation of FRP, and the QC should cover all
aspects of the strengthening project and will depend on the size and complexity of
the project.

All materials used should be manufactured under an approved quality scheme
(for example, such as ISO 9000), and conform to a relevant specification or interna-
tional standard. In addition, the traceability of all materials should be ensured.
All external or independent testing to determine material properties should be
carried out in approved laboratories in accordance with relevant standards or by the
manufacturer under an approved quality scheme. The types and frequency of testing
should be stated in the quality plan. A minimum of one sample should be taken at
the start and finish of each production run.

8.2.4.2 Material inspection

The FRP manufacturer is to provide documentation demonstrating that the proposed
system meets all design requirements such as (but not limited to) tensile strength,
type of fibers and resin, durability, resistance to creep, bonding to substrate,
and glass transition temperature. Independent test results, performed according
to the QC test plan for the FRP constituent materials and laminates, are required.
Test results may include parameters such as tensile strength, glass transition
temperature, gel time, pot life, as well as the adhesive shear strength. Note this
last value is needed to apply the environmental reduction factors recommended in
Section 8.1.3.1.

When material is first received, the FRP, primer, smoothing agent, impregnation
resin, and other materials should be inspected for quality and damage. Inspection of
materials should be done in accordance with the quality assurance sheet, test results,
or other relevant documents issued by the manufacturer. If the materials have
suffered damage during shipment, storage at the site, or during construction, they
should be rejected or tested to confirm quality.
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When received from the supplier, all materials should be accompanied by a
certificate of identification and conformity to appropriate standards. Accurate
records should be maintained of all materials used (e.g., delivery notes, batch
numbers) and, when required, the ambient conditions (e.g., temperature, relative
humidity). Visual checks should be carried out to ensure that the material is as
specified.

The storage condition of the materials is to be inspected as well, as discussed
earlier in these recommendations.

8.2.4.3 Inspection of concrete substrate

The concrete surface should be inspected and tested before application of the
FRP material. The inspection should include an examination for completeness
of restoration work, processing of corner angles, primer coating, surface
smoothness, protuberances, holes, cracks, corners, and other imperfections and
characteristics. Pull-off tests should be performed to determine the tensile
strength of the concrete for bond-critical applications, as discussed earlier in
these recommendations. The degree of surface dryness, including the potential
for condensation, should be verified in accordance with the criteria established
by the FRP manufacturer.

8.2.4.4 Inspections during installation

During construction, special care should be taken to keep all records on the quantity
of mixed resin during a 1-day period, the date and time of mixing, the mixture
proportions, and identification of all components, ambient temperature, humidity,
and other factors that may affect resin properties. These records should also identify
the FRP sheets used each day, their location on the structure, the ply count and
direction of application, and all other relevant information. This information is use-
ful even if witness panels are tested for acceptance. This is because it is possible
that witness panel tests may be found satisfactory even though the manufacturer’s
requirements for installation are not met. Such a finding may suggest the possibility
of long-term durability problems with the installation, even though the initial
quality appears satisfactory.

As specified by the project engineer, witness panels are to be manufactured
on-site and applied on equivalent concrete surfaces using the same preparation and
installation procedures as used on the structure. Ideally the witness areas are in the
form of additional strengthening areas applied on the actual structure of size of at
least 2—5 ft., but not less than 0.5% of the overall area to be strengthened. Witness
areas are to be strengthened at the same time of the main FRP installation and
are as uniformly distributed on the structure as possible. The panels are to be kept
under the same conditions as the strengthened structure for future testing and
evaluation, and fabricated and tested according to a predetermined sampling plan.
It is generally recommended that at least some witness panels are constructed for
all strengthening installations.
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During the installation of the FRP system, daily inspection should be conducted
and should note, as applicable:

« Date and time of installation;

» Ambient temperature, relative humidity, and general weather observations;

» Surface temperature of concrete;

» Surface dryness per ACI 503.4 (2003);

» Surface preparation methods and resulting profile using the ICRI-surface-profile-chips;

» Qualitative description of surface cleanliness;

» Type of auxiliary heat source, if applicable;

»  Widths of cracks not injected with epoxy;

» Fiber or precured laminate batch number(s) and approximate location in structure;

+ Batch numbers, mixture ratios, mixing times, and qualitative descriptions of the appearance
of all mixed resins, including primers, putties, saturants, adhesives, and coatings mixed for
the day;

» Observations of progress of resin cure;

+ Conformance with installation procedures;

» Pull-off test results: bond strength, failure mode, and location;

» FRP properties from tests of field sample panels or witness panels, if required;

* Location and size of any delaminations or air voids;

* General progress of work;

» Level of resin curing, in accordance with ASTM D2582 (2009); and

* Adhesion strength.

The FRP system should be further inspected with particular attention to
attachment position, orientation and alignment, laminate thickness, waviness,
lifting, peeling, slackness, wrinkles, overlap splice length, number of plies, and
quantity of the resin coating. If wound on site, FRP strands are to be inspected for
winding position, winding interval, winding tension and winding speed, and that
fibers are thoroughly impregnated with resin.

8.2.4.5 Project completion

At project completion, a record of all inspections and test results related to the
project should be retained. It should include a summary assessment of any problems
identified and repairs, on-site bond tests, anomalies, as well as all test results from
designated testing facilities.

8.2.5 Evaluation and acceptance

Evaluation is covered thoroughly in ACI Article 7.2 (see Chapter 4 of this book),
while Chapter 14 of ACI discusses specification requirements and submittals required
by the contractor. FRP sample specification requirements are also provided in
NCHRP 609, which expand on the requirements stated in Chapter 14 of ACIL
AASHTO covers acceptance criteria scope and detail well. Thus the evaluation
procedures presented by ACI and acceptance criteria presented by AASHTO, supple-
mented with NCHRP 609, together offer a thorough, compatible, and complementary
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treatments of this topic and are recommended. These procedures, together with
additional suggestions from other standards, are summarized below.

FRP systems should be evaluated and accepted or rejected based on conformance
to the design drawings and specifications. In general, items that were inspected
require evaluation. A summary of most critical issues is given below.

8.2.5.1 Materials

As noted earlier in the recommendations, for evaluation and acceptance, the
contractor is required to submit evidence of acceptable QC FRP system manufactur-
ing procedures. This should at least include the specifications for raw material
procurement, quality standards for the final product, in-process inspection and con-
trol procedures, test methods, sampling plans, criteria for acceptance or rejection,
and record keeping standards. Some acceptable test results are given later in this
section. For those not specified, including material and bond properties, unless the
project engineer has reason to specify otherwise, no additional specific limitations
are recommended, provided that the required design values are met.

The contractor also must provide information describing the fiber, matrix, and
adhesive systems to be used that is sufficient to define their engineering properties.
Descriptions of the fiber system should include the fiber type, percent of fiber
orientation in each direction, and fiber surface treatments. The matrix and the adhe-
sive should be identified by their commercial names and the commercial names
of each of their components, along with their weight fractions with respect to the
resin system.

Further, the contractor is to submit test results that demonstrate that constituent
materials and the composite system are in conformance with the physical and
mechanical property values stipulated by the engineer. These tests are to be con-
ducted by a testing laboratory approved by the engineer. For each property value, the
batches from which test specimens were drawn are to be identified and the number of
tested specimens from each batch, and the mean, minimum, and maximum value,
as well as the coefficient of variation, must be reported. The minimum number of
tested samples is 10. In accordance with the QC test plan, test results may include
tensile strength, elastic modulus, an infrared spectrum analysis, glass transition
temperature, gel time, pot life, and adhesive shear strength, among other parameters
relevant to the project. Tensile testing should follow a standard procedure, such as
that described by ASTM D3039 (2008).

For FRP systems such as precured and machine-wound systems, that do not lend
themselves to the fabrication of small, flat witness panels, the engineer can require
test panels or samples provided by the manufacturer.

For bond-critical applications, tension adhesion testing of cored samples (on the
structure, after installation) should be conducted using a standard method such as
that described in ACI 530R (2005), ASTM D4541 (2002), ASTM D7234 (2012), or
the method described by ACI 440.3R (2004), Test Method L.1. Successful tension
adhesion strengths should exceed 200 psi (1.4 MPa) and exhibit failure of the
concrete substrate. Lower strengths or failure between the FRP system and concrete
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or between plies should be reported to the engineer. Care should be taken to avoid
coring in high stress or splice areas. The tested areas must be repaired unless they
are located in areas where the FRP is unstressed. As noted above, sampling
frequency may be influenced by the size, complexity, and importance of the project,
among other factors.

In-place load testing can also be used to confirm the installed behavior of the
FRP-strengthened member. For major structures, it may be appropriate to install
instrumentation prior to the strengthening to assess the structural response before
and after strengthening.

Once the above information is gathered, the composite material system as well
as the adhesive system are to be evaluated for conformance to the requirements that
follow. It is assumed that the test specimens were cured under conditions equivalent
to those during installation. Ideally, these tests are performed on witness panel
samples created for all strengthening projects. However, if the project engineer
approves, previous test results of an identical FRP system may be considered
for evaluation.

1. The characteristic value of the glass transition temperature of the composite system,
determined in accordance with ASTM D4065 (2012), should be at least 40°F higher than
the maximum design temperature, defined in Section 3.12.2.2 of the AASHTO LRFD
Bridge Design Specifications (2012). The characteristic value of the tensile failure strain
in the direction corresponding to the highest percentage of fibers must not be less than
1% if the tension test is conducted according to ASTM 3039 (2008).

2. The mean and coefficient of variation of the moisture equilibrium content, as determined
in accordance with ASTM D 5229/D 5229M (2010), must not be greater than 2 and 10%,
respectively. A minimum sample size of 10 should be used to calculate these values.

3. After conditioning in the various environments listed below, the characteristic value
of the glass transition temperature, determined in accordance with ASTM D4065 (2012),
and that of tensile strain, determined in accordance with ASTM D3039 (2008), of the
composite in the direction of interest, is to retain 85% of the required values given in item
(1), above. The conditioning environments are as follows:

a. Water: Samples shall be immersed in distilled water having a temperature of
100 = 3°F (38 £ 2°C) and tested after 1000 h of exposure.

b. Alternating ultraviolet light and condensation humidity: Samples shall be conditioned in
an apparatus under Cycle 1-UV exposure condition according to ASTM G154 (2012)
Standard Practice. Samples shall be tested within 2 h after removal from the apparatus.

c. Alkali: The sample shall be immersed in a saturated solution of calcium hydroxide
(pH ~11) at ambient temperature of 73 = 3°F (23 = 2°C) for 1000 h prior to testing.
The pH level shall be monitored and the solution shall be maintained as needed.

d. Freeze—thaw: Composite samples shall be exposed to 100 repeated cycles of freezing
and thawing in an apparatus meeting the requirements of ASTM C666 (2008).

4. If impact tolerance is stipulated by the engineer, impact tolerance should be determined
according to ASTM D7136 (2007).

5. When adhesive material is used to bond the FRP reinforcement to the concrete surface,
the following requirements are to be met:

a. After conditioning in the environments noted in item (3), the characteristic value of
the glass transition temperature of the adhesive material, determined in accordance
with ASTM D 4065 (2012), must be at least 40°F higher than the maximum
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design temperature as defined in Section 3.12.2.2 of AASHTO LRFD Bridge Design
Specifications (2012).

b. Before conditioning, the concrete—FRP interface (resin) shear strength is to be at
least (0.065\/]‘—:,)/RF, where RF is the reduction factor given in Section 8.1.3.1 of
this chapter, for the anticipated number of design years (f,, in ksi). After conditioning,
the bond strength as well as the concrete—FRP interface (resin) shear strength are to
be at least 0.065/f7. (ksi).

If specified in the project, for verification of fire safety, a test specimen with
the same protective coating as the actual structure should be manufactured and
subjected to combustion tests. During the combustion test, ignition, the generation
of gases, harmful surface deformation, and changes in the quality and strength of
the FRP and laminates after the fire are to be studied according to the level of fire
safety required.

8.2.5.2 Cure

The relative cure of FRP systems can be evaluated by laboratory testing of witness
panels or resin-cup samples using ASTM D3418 (2003) and ASTM D2583 (2007).
The relative cure of the resin can also be evaluated on the project site by physical
observation of resin tackiness and hardness of work surfaces or retained resin
samples. The FRP system manufacturer should be consulted to determine the
specific resin-cure verification requirements.

It should be evaluated whether moisture will collect at the bond lines between
the concrete and epoxy adhesive before the epoxy has time to cure. This may be
checked by taping a 4 X 4 ft. (1 X 1 m) polyethylene sheet to the concrete surface.
If moisture collects on the underside of the sheet before the time required to cure
the epoxy, then before application of the adhesive, the concrete should be allowed
to dry sufficiently to prevent the possibility of a moisture barrier forming between
the concrete and epoxy per ACI 530R-05 (2005).

8.2.5.3 Orientation, placement, and thickness

Installation within specified placement tolerances including width and spacing,
corner radii, and lap splice lengths should be evaluated, as well as fiber and
precured-laminate orientation and waviness. Misalignment of more than 5 degrees
(approximately 1 in/ft. [80 mm/m]) from that specified is generally not acceptable
without further evaluation, and should be reported to the project engineer.

Cured thickness and/or number of plies used should be verified. Small core
samples, typically 0.5 in. (13 mm) in diameter, may be taken to visually ascertain
the cured laminate thickness or number of plies; however, taking samples from
high stress or splice areas should be avoided. These cores may be those used for
adhesion testing. The cored hole can generally be filled and smoothed with a repair
mortar or the FRP system putty. However, if required, a 4—8 in. (100—200 mm)
overlapping FRP sheet patch of equivalent plies may be applied over the filled and
smoothed core hole immediately after taking the core sample.
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8.2.5.4 Delamination

The cured FRP system should be evaluated for delaminations or air voids between
multiple plies or between the FRP system and the concrete. Inspection methods
should be capable of detecting delaminations as small as 2 in.? (1300 mm?) and may
include acoustic sounding (hammer sounding), ultrasonics, and thermography.
Delamination size, location, and quantity relative to the overall application area
should be considered in the evaluation. For wet layup systems, the need for delamina-
tion repair depends on the size and number of delaminations. Small delaminations
less than 2 in.? (1300 mm?) are permissible as long as the delaminated area is less
than 5% of the total laminate area and there are no more than 10 such delaminations
per 10 ft.? (1 m?). Delaminations exceeding these limits are to be repaired by either
resin injection or ply replacement, depending on delamination size. Large delamina-
tions, greater than 25 in.? (16,000 mm?), should be repaired by selectively cutting
away the affected sheet and applying an overlapping sheet patch of equivalent plies
with appropriate overlap length. Delaminations less than 25 in.? (16,000 mm?®) may
be repaired by either resin injection or ply replacement. For precured FRP systems,
each delamination should be evaluated and repaired in accordance with the instruc-
tions of the engineer. Upon completion of repairs, the laminate should be reinspected
to verify that the repair was properly accomplished.

8.2.6 Maintenance and repair

A maintenance program involves periodic inspection and testing to identify any
damage, degradation, or deficiencies to the FRP strengthening system and to make
any necessary repairs. A maintenance assessment is made from test data as well as
observations and may include recommendations to help slow down degradation and
propose repairs.

AASHTO provides a comprehensive reference list of ACI, NCHRP, and
International Concrete Repair Institute (ICRI) documents dealing with the necessary
evaluation criteria for repair as well as postrepair evaluation. ACI is one of the
listed references which offers a brief, but concise account of inspection and assess-
ment, repair of the strengthening system, and repair of surface coatings (ACI
Chapter 8). JSCE Article 9.3 offers some coverage of repair techniques as well (see
Chapter 5.2.3). As ACI Chapter 8 is also implicitly included in AASHTO, this, in
addition to some of the provisions given by JSCE Article 9.3 for repair techniques
(Chapter 5.2.3 of this book) are generally recommended, with a summary of these
provisions and additional suggestions given below.

8.2.6.1 Maintenance inspections

To verify the long-term performance of the FRP system, a general inspection is
recommended at least once a year, while a detailed inspection is recommended
at least once every 6 years.
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A general (visual) inspection primarily consists of a surface inspection.
The inspector looks for changes in color, signs of crazing, cracking, delamination/
debonding, peeling, blistering, deflection, or evidence of other deterioration, in
addition to local damage due to impact or surface abrasion and other damage and
anomalies. Signs of concrete deterioration in the form of cracking or steel rein-
forcement corrosion should also be reported. The condition of the FRP protective
layer, if any, should also be inspected.

Other inspection methods such as ultrasonic, acoustic sounding (hammer tap), or
thermographic tests should be used to identify signs of progressive delamination.
Although acoustic sounding is recommended for a general inspection, more accurate,
and time-consuming techniques may be reserved for a detailed inspection.

A detailed inspection should attempt to more accurately quantify the perfor-
mance and condition of the FRP system. Most signs of FRP degradation, including
debonding, can be determined with the test methods noted above. However, adhe-
sive bond strength must be evaluated by pull-off tests on the control specimens
and should be carried out as part of a detailed inspection. As noted earlier in
these recommendations, to quantify the performance of the FRP strengthening
system during inspection, and in particular, bond strength, it is recommended
that additional areas of the strengthened structure, away from the regions that
were strengthened, are also bonded with the FRP system for future testing at
the time of installation. Alternatively, FRP can be bonded to long-term witness
panels that are stored near the structure, to be inspected and tested as part of the
inspection regime.

8.2.6.2 Repair

The causes of any damage or deficiencies detected during inspections should be
identified and addressed before performing any repairs or maintenance.

The method of repair should depend on the cause of damage, the type of
material, the form of degradation, and the level of damage. Even minor damage
should be repaired, including localized FRP laminate cracking or abrasions that
may affect the structural integrity of the laminate.

For cracking, wearing, and abrasion, patching should be used. Here, FRP patches
are bonded over the damaged area. The FRP patches should possess the same
characteristics as the material in place, such as fiber orientation, volume fraction,
strength, stiffness, and overall thickness. Minor delaminations over small areas that
include swelling, peeling, and lifting can be repaired by resin injection.

For major damage, such as peeling and debonding of large areas, the defective
material should be removed to an extent that material on the periphery of the repair
is fully bonded. There is little information available about effective methods of
FRP removal. However, a technique that has been successfully used involves first
cutting the FRP fabric into pieces of manageable size with an appropriate tool
such as an angle grinder, then peeling the sheets from the concrete surface with a
crowbar or similar prying tools. Since the adhesion strength of the resin is often
greater than that of the concrete surface itself, the concrete surface may peel off
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with the FRP sheet. This will then require repair of the substrate and resmoothing
the surface, as described in Sections 8.2.3.3 and 8.2.3.4. An FRP patch can then
be installed that allows for adequate overlap between the new and old materials.
The use of chemicals to facilitate FRP sheet removal which may penetrate and
damage the concrete surface is not recommended, as the extent of such damage
may be difficult to detect and this may cause future bond problems. Due to the lack
of standard procedures guiding FRP removal, it is recommended that the contractor
submit his plan for FRP removal to the project engineer for approval.

When serious deterioration or deterioration over a wide area is observed,
additional FRP upgrading should be performed. In such cases the existing FRP
should be removed and the upgrading plan reexamined.

If the surface protective coating is to be replaced, the FRP should be further
inspected for structural damage or deterioration once the coating is removed.

Specific repair techniques for concrete are well-documented. The following
additional guides are recommended for identifying and repairing such damage:

* NCHRP Report 609: Recommended Construction Specifications Process Control Manual
for Repair and Retrofit of Concrete Structures Using Bonded FRP Composites;

* ACI 201.1R: Guide for Making a Condition Survey of Concrete in Service;

* ACI 224.1R: Causes, Evaluation, and Repair of Cracks in Concrete;

* ACI 364.1R-94: Guide for Evaluation of Concrete Structures Prior to Rehabilitation;

* ACI 503R: Use of Epoxy Compounds with Concrete;

* ACI 546R: Concrete Repair Guide;

» International Concrete Repair Institute (ICRI) ICRI 03730: Guide for Surface
Preparation for the Repair of Deteriorated Concrete Resulting from Reinforcing Steel
Corrosion,

» International Concrete Repair Institute (ICRI) ICRI 03733: Guide for Selecting and
Specifying Materials for Repairs of Concrete Surfaces.



Design examples

9.1 Introduction

In this chapter, six examples are provided to illustrate the design procedures recom-
mended in Chapter 8, Recommendations (see Section 8.1.3): four consider beams
and two consider columns. Two additional examples of the American Concrete
Institute (ACI) procedure for strengthening columns are provided for comparison.
The examples below assume that the strengthened structure is within the State of
Michigan. This becomes important only because the maximum design temperature
(based on the location of the structure) must be known in order to determine the
adequacy of the glass transition temperature of the epoxy used in the fiber-
reinforced polymer (FRP) system. Within the examples, reference is made to vari-
ous documents using the following abbreviations:

AASHTO: AASHTO Guide Specifications for Design of Bonded FRP Systems for Repair
and Strengthening of Concrete Bridge Elements, 1st Ed. (2014).

LRFD: AASHTO LRFD Bridge Design Specifications (2012).

NCHRP: NCHRP Report No. 655 (2010).

ACI: 440.2R, Guide for the Design and Construction of Externally Bonded FRP Systems
(2008).

List of examples

Example 1: Flexural strengthening of a reinforced concrete girder (modified
AASHTO).

Example 2: Flexural strengthening of prestressed concrete girder (modified
AASHTO).

Example 3: Shear strengthening with two-sided wrap (AASHTO).

Example 4: Shear strengthening with U-wrap (AASHTO).

Example 5: Axial strengthening of a confined circular column (AASHTO).

Example 6: Axial strengthening of a confined square column (AASHTO).

Example 7: Axial strengthening of a confined circular column (ACI).

Example 8: Axial strengthening of a confined square column (ACI).

9.1.1 Flexural strengthening of a simply supported cast in-place
reinforced concrete girder

This example illustrates the flexural strengthening of a reinforced concrete T-beam
with an externally bonded carbon FRP (CFRP) system to accommodate higher
loading.

Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP).
DOI: http://dx.doi.org/10.1016/B978-0-08-100636-8.00009-0
© 2017 Elsevier Ltd. All rights reserved.
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Structure information:

Bridge span = 55 ft.

Concrete compression strength, f/ = 4 ksi

Reinforcing steel yield strength, f, = 60 ksi

Steel reinforcement = 10 #10 (A, = 12.70 in.?)

Effective flange width, b.s = 72 in. (Fig. 9.1)

Ultimate tensile strain in the FRP reinforcement, s}fp =0.0167

Strength in the FRP reinforcement at 1.67% strain, Py, = 3.57 Kips/in.

Shear modulus of the adhesive, G, = 160 ksi

Glass transition temperature = 165°F

New nominal loads for strength I limit state: Mpc = 540 kip-ft, Mpy = 50 kip-ft,
My 1= 1075 kip-ft

New nominal loads for fatigue limit state: M; ;= 550 kip-ft

Factored shear force at the reinforcement end-termination, V,, = 150 kips.

Step I:

Determine if the FRP reinforcement material is in compliance with AASHTO
Section 2.2.4.1, which specifies that the glass transition temperature must be higher
than the maximum design temperature by 40°F. The maximum design temperature,
Tmax Design> 18 determined from Article 3.12.2.2 of load and resistance factor design
(LRFD) for the location of the bridge (Michigan):

Tvax Design — 105°F
TMax Design +40°F = 105°F + 40°F = 145°F < T, = 165°F

Step 2:

Establish the linear stress—strain relationship of the FRP reinforcement based on
the design assumptions specified in Article 3.2 of AASHTO and compute the ten-
sile strength according to a strain value of 0.005.

0.005

Ny, = 3.57) = 1.07 kip/in.
b= to167 7 ip/in
72"
. - —
#4 at12" ©
spacing a e
“ 10#10 —}
Ho . s 0.
CFRP_~\. L I I ) -
|

N —
20"

Figure 9.1 RC beam section.
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Step 3:
Neglecting the possible contribution of steel in the compression zone to flexure
strength, the depth of the concrete compressive stress block is

Lo A 127X60
0.85f.be  0.85X4X72

=3.11in.

Since a <hy=101n., the stress block is within the flange and calculation is
correct.

The depth of neutral axis ¢ = (a/81) = (3.11/0.85) = 3.66 in.

Strain in the tension steel is

& _d—c
0003 ¢
43.6 — 3.66
L= 207900 6,003 = 0.033
© 3.66

Since &, =0.033 > (f,/E,) =
steel yielded is correct.

M, =Asfy(d—;)

A1
M, =12.70 X 60 (43.6 - 37) = 32,038 kip-in.

29,000 =0.0021, the assumption that the tension

Since €, =0.005, ¢ = 0.9.
¢ M, = 0.9 X 32,038 kips-in. = 28, 834 kip-in. = 2403 kip-ft.

Step 4:
Determine if the existing beam requires strengthening.
The factored moment for the Strength I limit state is

M, =125Mpc + 1.5 Mpw + 1.75 My =125 X540 + 1.5 X 50 + 1.75
X 1075 = 2631 kip-ft.

Since ¢M,, < M,,, the beam requires strengthening.

Step 5:

For a preliminary estimate of the amount of FRP reinforcement necessary, the
following approximation is used:

M, —¢M, (2631 —2403)X 12
h 48

Tension force required of FRP, Tj, ~ =57Kkips
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Tpy 57

= =2.96
Npby, 1.07X18

Number of layers of FRP required, n =

Try three layers, for which T, =n X N X bg,, =3 X 1.07 X 18 = 57.7 kips

Step 6:

Compute the factored flexural resistance of the strengthened T-beam.

By trial and error, the depth of the neutral axis can be determined from strain
compatibility and force equilibrium.

Guess ¢ =7.36 in.

Strain in concrete

c 7.36 4
= = X 0. = X
Ce= e hy = g gg X 0005 =910

where 0.005 is the assumed FRP limiting strain.
Modulus of concrete

E.=57/f, =57+/4000 = 3605 ksi
Since ¢, <0.003, use the parabolic concrete stress block model:

CLT7IXfL 171x4

=0.001 NCHRP 3.2
<0 E. 3605 0019 (NCHRP 32
e 9x107*
=22 - =048
g 0.0019

Ln[l + (e./e0)’]  Ln[l+(0.48)
5= n[l+(ec/eo)’] _ Ln[l+ 048 . (NCHRP 3.3)

(ec/€0) 0.48

In general, when e, < 0.003, the force in the concrete compression block is most
accurately determined by integrating the nonlinear concrete stress curve as given by
AASHTO 3.2-1 over the compressive area of the section (see example 2).
However, a simpler approximation might be used for rectangular stress blocks as
suggested in Chapter 3, Composite mechanics, of NCHRP 655 (Zureick et al.,
2010) as C =0.9 f. 3, ¢ b.. The latter is shown here for brevity.

Compression force in the concrete:

C=09f. B, cb,=0.9X4X043 X 7.36 X 72 = 820 kips
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Strain in the steel:

L d—c  436-1736
ST T T T 736

X9X 107 =4.92% 10*3>gy=Q:&=0.00207

Tension force in steel:
T, =A, f, = 12.7 X 60 =762 kips
Tension force in the FRP reinforcement:
Tpyp =n X Np X bsp, =3 X 1.07 X 18 = 57.7 kips
Total tension force:
T =T, + T, =57.72 + 762 = 820 kips
Since equilibrium is satisfied (7= 819 ~ C = 820), the neutral axis position is
correct.
If T+ C, a new guess for the neutral axis is required.

Step 7:
Determine the initial strain resulting from the service dead load

Assuming that the neutral axis lies within the flange of the T-section, the depth
of the neutral axis can be computed from:

A 2dbe _8.04X12.70 2X43.6X72
ynzﬂ<_1+ 1+ e): <_1+ 1—|——>:9.79in.

nAs 72 8.04X%12.70

Since y, <ty the assumption is correct.
Cracked moment of inertia

bh? 72 X 9.793
Icr = 3 +nAs(d -y, = —3

+8.04 X 12.70 X (43.6 — 9.79)?
=139,241 in.*

Initial tensile stress at the bottom concrete surface

_ Md(h—y,) 590X 12(48 —9.79)
Icr 139,241

Tho = 1.94 ksi
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At the time of installation of the externally bonded FRP, the dead load initial
strain at the bottom surface of the beam is

Step 8:
Calculate resistance factor and the design moment capacity:

M, = §([As fi(ds — kac)] + &gy, (h — kac))

€ €
2 {(—C> — arctan (—6)}
With ky = 1 — €0 2 c/) _ | _ 2[(0.48) arctan(()2.48)] 035
€ 0.431 X (0.48)
B\ —
€o

(NCHRP 3.5)

Per recommendations in Section 8.1.3.4:

(¢ =0.9 for (eh, =2.5 &, and E; =0.005) ]
0.25
u y u Y
0.65 + (15> (ef, — 1) for &, <ep <25¢,

¢ = min

0.25 (E, — )
| ¢ =10.65 for (ehy =ep, Or &, =€) ]

Where strain in the FRP at steel yield is

h—c 48— 736
v BTy g = 20T 60021) — 5.39 X 1074 = 0,001
S = g=c &) T = 35— 736" )= 3.39 0018

The ratio of FRP ultimate strain to strain at steel yield is

et,  0.005
= 0 =281
&, 00018

This exceeds the minimum required value of 2.5 as specified by AASHTO.
If this ratio <2.5, the design is not valid.
Strain in the bottom layer of steel at ultimate capacity is

_di—c, ., _455-736
= 5 (&) = g 3¢ 0:005 = 0.0047

& 48 —7.36



Design examples 257

25(c, — & 25 (0.0047 — 0.0021
¢>=O.65+<—0 S Ef)>:o.65+<0 > (0.0047 — 0.00 )>=0.87

0.005 — &} 0.005 — 0.0021

Per recommendations in Section 8.1.3.4 the additional reduction factor to the
FRP contribution to moment capacity is

Gpp = 0.94 when ¢ = 0.9
bpp = 0.38¢ +0.6  when 0.65 < ¢ <0.9
bpp = 0.85 when ¢ = 0.65

bpp =0.38 ¢ + 0.6 =0.38 X0.87 + 0.6 = 0.932
The final moment capacity of the strengthened section is

M, =0.87[12.7 X 60(43.6 — 0.35 X 7.36) +0.932 X 57.72 X (48 — 0.35 X 7.36)]
— 29463 kip-in. = 2445 kip-ft.
M, = 2455 kip-ft. <M, = 2631 kip-ft.

Since M, <M, the strength is insufficient. Solutions are to increase the strength
of FRP, the number of layers, or width of FRP (as feasible).

Increasing the number of layers to n =7, following the above procedure, the
location of neutral axis and M, can be found as

c=7.711in. and M, =2683 kip-ft. > M, = 2631 kip-ft., which is sufficient
capacity.

Step 9:

Compute required development length.

Development length required:

Tppy 13468

= =57.56 in. = 4.8 ft.
Tint bfrp 0.065 X \/Z X 18

Ld=

Step 10:

Check fatigue limit state.

For the fatigue load combination: 0.75M; 4 ;=0.75X550=412.5 kip-ft. =4950 kip-in.
Cracking moment

where

f,=0.24\/f. =0.24/4 = 0.48 ksi
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I, =310,417 in.*
y; = 30.68 in.

310,417
30.68

M. =048 = 4857 kip-in.

M., = 4857 kip-in. = 4950 kip-in. O.K.

Strain in the concrete, steel reinforcement, and FRP reinforcement, respectively,
due to the fatigue load combination:

Mz (550)(12)(10.14) o S 4 B
.= = = 1.22X 1074 <0.362¢ =036 —— =4 X 10
“TIE, 16,616X33,000 E. 3605

~ My(d—2z) (550)(12)(43.6—10.14)
Y IrEp, 16,616 % 33,000

=0.8%0.0021 =1.66x1073

=4x104<0.8¢,

Myt i, —2) (550)(12)(48+7X0.0065 ~ 10.14)
o It Epy 16,616 X 33,000

=456X10"*<p £y = 0.8(0.0167) =0.013

Step 11:
Check reinforcement end-termination peeling

M, = 810 kip-ft.
V. = 150 kips
Shear modulus of FRP

E, 440

G, = = ~ 163 ksi
21+v)  2(1+035) St

Moment of inertia of beam section including FRP (use transformed section),
Ir = 16,616 in.*

, 3E,\ 1]
Peeling stress, foeel = Tay [( a) ﬂ}
Efrp I
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where
Average shear stress at FRP/concrete interface

1
G, >2M tfrp(h —2)

Tay = |V, +
“ ! (Efrp tip La It

163
w = | 150+ X 810 X 12
K >0 33,000 X 7 X 0.0065 X 0.020 810

7 X 0.0065 X (48 — 10.14)

16.616 =12.36 ksi

fpeel =1.83

1/4
} = 1.29 ksi > 0.065+/4 = 0.13

3 X440\ 7 X 0.0065
33,000 0.02

Since fpeel > limit, mechanical anchors at the FRP reinforcement are required.

9.1.2 Flexural strengthening of a simply supported prestressed
concrete girder

This example illustrates the flexural strengthening of a PC I-beam with an exter-
nally bonded CFRP system to accommodate higher loading.

Structure information:

Concrete compressive strength of the deck, f7 , =4 ksi

81 =0.85 (for f. = 4.0 ksi)

Modulus of elasticity, E. = 57\/]‘7’C = 57/4000 = 3605 ksi

New nominal loads for Strength I Limit State: Mpc= 1700 kip-ft.,
Mpw = 200 kip-ft. and My ;= 1525 kip-ft.

Precast beam: AASHTO-Type IV, with concrete compressive strength f. = 5 ksi

Total height including deck slab, h7 = 64 in.

Flange thickness, h,=9 in.

Effective width of the Flange, b.;= 96.38 in.

Internal shear reinforcement = #3 at 12 in. spacing.

The distance from the extreme compression fiber to the center of gravity of the
strands at the midspan, d, = 57.62 in.

Beam pretensioning strands:

Area of one tendon, A, =0.153 in.2

Diameter = 0.5 in.

Total area of the 26 strands, A,; = 3.98 in2

Ultimate stress, f,, = 270 ksi

Yield strength, f,,, = 0.9 f,, = 243 ksi

Modulus of elasticity, E, = 28, 500 ksi

Initial pretensioning at service limit state, f,, = 0.8 f,, = 194 ksi



260 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

Factor related to the type of strands,

Joy

pu

k= 2(1.04 - ) = (0.28 for low relaxation strands (LRFD 5.7.3.1.1-2)

FRP reinforcement:

Shop-fabricated carbon fiber/epoxy composite plates
Plate thickness, 7,=0.039 in.

Tensile strain in the FRP reinforcement at failure, e, = 0.013
Tensile strength in the FRP reinforcement at 1% strain, Py, = 9.3 Kips/in.

Glass transition temperature, T, = 165°F (Fig. 9.2).

Step I:

Determine if the FRP reinforcement material is in compliance with AASHTO
Section 2.2.4.1, which specifies that the glass transition temperature must be higher
than the maximum design temperature by 40°F. The maximum design temperature,
TMax Design» 18 determined from Article 3.12.2.2 of the AASHTO LRFD Bridge
Design Specifications for the location of the bridge (Michigan):

TMax Design — 105°F
Tvax Design T 40°F = 105°F + 40°F = 145°F < T, = 165°F

Step 2:
For simplicity, neglecting the possible contribution of steel in the compression
zone to flexural strength, the depth of the neutral axis is

o= Apsfou T Asty

B (LRFD 5.7.3.1.1-4)
0857610+ ks ()

b,,=96.38"

b
\

Haunch Th, 1"

h,=64"
54
43.06"

}I"HZ

Figure 9.2 PC beam section.
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(3.98)(270) + 0

- (0.85)(4)(0.85)(96.38) + (0.28)(3.98) (2

=3.79in.

The depth of concrete compressive block: a = 3¢ = (0.85)(3.79) = 3.22 in.
Since a <hy, the stress block is within the flange and the calculation of a is
correct.

M, = Ay fos (dp - g) (LRFD 5.7.3.2.2-1)

The above equation is simplified from LRFD 5.7.3.2.2-1 because no compres-
sion reinforcement or mild tension reinforcement is considered and the section
behaves as a rectangular section.

os =fou (1 ~ kd£> (LRED 5.7.3.1.1-1)
P
3.79 .

322
M, =3.98 X265 X <57.62 - T) = 59074 kip-in. = 4923 kip-ft.

#M, = 1 X 59,074 Kip-in. = 59, 074 Kip-in. = 4923 kip-ft.

Step 3:
Determine if the beam requires strengthening.
The factored moment for the Strength I limit state is

M, =1.25Mpc +1.5Mpy + 1.75 My ;= 1.25X 1700 + 1.5 X200 + 1.75 X 1525
= 5094 kip-ft.
=61, 128 kip-in.

Since oM, < M,,, the beam requires strengthening.

Step 4:

Determine the initial strain resulting from the service dead load per recommen-
dations in Section 5.2.2.3:

- M
€ = Pe <1+ eyb) + DL Yb

EAc 2 E,
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where radius of gyration, r =22.04 in.; effective prestressing strain, p, = Apfpe =
3.98 X 194 =773 ksi; eccentricity of prestressing force, e = 36.68 in.; gross moment
of inertia, I, = 768,283 in.4; cross-sectional area, A, = 1674 in.z; distance from
extreme bottom fiber to the section centroid, y, = 43.06 in.

=773 ( 36.68 X 43.06> 1700 X 12 X 43.06
Ebo 1+ =

= =-23x107*
3605 X 1674.28 22.042 3605 X 768,283

Step 5:

Establish the linear stress—strain relationship of the FRP reinforcement based on
the design assumptions specified in Article 3.2 of AASHTO and compute the ten-
sile strength according to a strain value of 0.005.

0.005 .
N, = W(9.3) =4.65 kip/in.

Step 6:

Compute the factored flexural resistance of the strengthened I-beam. By trial and
error, the depth of the neutral axis can be determined from strain compatibility and
force equilibrium.

Guess ¢ =11.3in.

Maximum strain in concrete

¢ o M3 60052000107
T = T ea—113 '

where 0.005 is the assumed FRP limiting strain.

Since the neutral axis is below the deck, the stress block contains concrete areas
of two different strengths. This may preclude the use of a simple expression such as
C =0.9f.82 cb, + kAps(fpu/dy) to calculate the compressive force in the concrete
accurately. Here the parabolic concrete stress block model will integrated over the
separate areas to better approximate forces.

For the deck:

(L71Xf)  171x4
60: =

=0.001 HRP 3.2
i sqos = 00019 (NCHRP 3.2)
The stress—strain relationship is
2(0.91,) <5>
fi=— \%/ (NCHRP 9.8 AASHTO 3.2-1)

e 2
1+ (—C)
€o
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Relating concrete strain ¢ to distance y from the neutral axis:

s 0.00107
e = y(g ) =y = 0.000095y
c 113

Inserting this relationship into the stress—strain curve above (and using
fL.=4ksi for the deck):

0.000095y
200.9(4)) [ =22
P 0.5 ))< 0.0019 ) _ 0359y
‘ |, (0:000095y 2 1+ (0.0498y)>
0.0019

Integrating (numerically) through the depth of the 9 in deck:

11.3
J 0359\~ 190

23 1+ (0.0498y)>

Multiplying by the deck width to obtain total force: Cgecx = 19.0 X96.38 =
1831 kips.
Repeating this process for the beam:

(71X 171X5

=0.0024
E, 3605

€0

Note that this peak stress will not be experienced, as this would correspond to a
location in the deck if the deck were made of 5 ksi concrete; however, this will
establish the shape of the lower portion of the stress curve found in the beam.

0.000095y

£ = 2(0'9(5))< 0.0024 ) _ 0356y

‘ | (0-000095y 2 1 + (0.040y)>
0.0024

Integrating (numerically) through the depth of compression zone in the beam:

2.3
J 0356y /094

o 1+ (0.040y)

Multiplying by the beam width to obtain total force: Cpeam =0.94 X 17.9 =
17 kips.

Total compressive force in the concrete = 1831 + 17 = 1848 kips.

Tension force in the FRP reinforcement.
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Guided by step 5 in Example 1 and through trial and error, it is found that seven
plies are required to accommodate the ultimate moment.

Thp =n X Np X bpy, =7 X 4.65 X 24 =781 kips
Tension force in the prestressed steel:
Tys = Aps fou = 3.98 X 270 = 1074 kips
Total tension force:
T =T, + Ty =781 + 1074 = 1855 kips
Since equilibrium is satisfied (7= 1855 ~ C = 1848), the neutral axis position is
correct. If T+# C, a new guess for the neutral axis is required.
Step 7:

Calculate resistance factor and the design moment capacity per recommendations
in Section 8.1.3.4:

[¢=09 for (ef,=2.5¢,, and Eps =0.013) ]
025, , )
0.65 + (F)Qﬂp -1  for g, <ef, <25¢;,
¢ = min
0.25 (E,; — 0.010
065+ ——1~ _—~ for 0.010<eg,; <0.013
< 0.013 — 0.010 ) o .
| ¢ =10.65 for (eh, =&}, OF £ps =0.010)

where

Pe e’
Ep_y = Epe + 1+ r_2 + 5pnet =0.035
c

AE
Epe = szp = % =0.0068

Epe = ‘Z’__Cca;,p =2 76'52__1 1“33 X 0.005 = 0.0044

£ps = 0.0068 + 16747>7<33605 ( ; g:gii) +0.0044 = 0.0117

The strain in the FRP at the point where the prestressing steel yields is

h—c
Yy — y
Epy = ——E, . — Ep
frp X 0
d,—c
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64—11.3
=— " %0.0085—(—23X%X107%) =0.0099
o 5762—11.3 ( )

e, =0.005 =g}, =0.0099. Thus ¢ = 0.65 and g, = 0.85.

The final moment capacity is generally given as
M, = Q([Aps fps(dp — ka©)] + ¢, Tip(h — koc)) (AASHTO 3.4.1.1-1)

However, since the neutral axis crossed into the beam, the stress block is no lon-
ger rectangular; also, two different concrete strengths are present. Therefore the
simple expression used to calculate the stress block centroid position
(ky =1— (2[(e./e0) — arctan(e./0)]/B(e/€0)*)) cannot be used. Rather, the cen-
troid of the T-shaped stress block must be calculated.

The centroid can be calculated in general by

v2

by fGdy

Y= T
[ F()dy

The flange stress block centroid is then:
113 03592

_ 2.3 1+ (0.0498y)
y= fm 0359
2.3 1+ (0.0498y)

=7.58 in. (from bottom of flange)

The beam stress block centroid is

Iz.3 0.356y>
__J0 1+ (0.040y)°
Y= 723 0356y

0 1+ (0.040y)

The centroid of the combined T-shaped block is (from neutral axis):
((7.58 +2.3) X 1831 + (1.44) X 17)/(1831 + 17) = 9.80 in. Measured from the top
of the section, 11.3 —9.80 = 1.5 in. = kyc.

c 11.3 .
Jps =Ffou (l _kf_) = 270(1 - 028%) = 266 ksi

pu

=1.44 in (from neutral axis)

M, = Q([Apsfps(dp — k20)] + ¢y, Tpip(h — kac))

M, = 0.65([3.98 X 266 X (57.62 — 1.5)] + 0.85 X 781 X (64 — 1.5))
= 65587 kip-in. = 5465 kip-ft.

M, = 5465 kip-ft. > M, = 5094 kip-ft. O.K.
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9.1.3 Shear strengthening of a prestressed concrete beam
using two-sided wrap

This example illustrates the shear strengthening of a PC I-beam with a two-sided
CFRP system. Note that the process and results are identical if a three-sided
(U-wrap) system that otherwise has the same configuration is applied.

Structure information:

Bridge span = 42 ft.

Concrete compressive strength of the deck, /7, = 4 ksi

Modulus of elasticity, E. = 57\/E = 5744000 = 3605 ksi

B1=0.85 (for f. = 4.0 ksi)

Factored shear force, V,, = 150 kips

Precast beam: AASHTO-Type IV, with concrete compressive strength f7. = 5 ksi.

Total height including deck slab, iy = 64 in.

Flange thickness, h=9 in.

Width of the web, b, = 8 in.

Effective width of the flange, b = 96.38 in.

Distance from the center of gravity of strands to the bottom fiber of the beam,
Y,s =6.38 in.

The distance from the extreme compression fiber to the center of gravity of the
strands at midspan, d, = 57.62 in.

Beam pretensioning strands:

Area of one tendon, A,; = 0.153 in.2
Diameter = 0.5 in.

Total area of the 26 strands, A,; = 3.98 in?
Ultimate stress, f,, = 270 ksi

Modulus of elasticity, E, = 28,500 ksi
Factor related to the type of strands

k=2 (1.04 —@) = 0.28 for low relaxation strands (LRFD 5.7.3.1.1-2)

Jpu

Internal steel shear reinforcement:

#3 stirrups at 12 in. spacing

A,=0.22in?
s, =12 1in.
a =90 degree

Yield strength, f, = 60 ksi
Modulus of elasticity, E; = 29,000 ksi

FRP reinforcement:

Thickness, ty= 0.0065 in.

Failure strength, f;, = 550 ksi.

Modulus of elasticity, E,= 33,000 ksi.
Failure strain, €4, = 0.0167 in./in. (Fig. 9.3).
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C.G of composite section

64"
54"
Y,=42.1"

Figure 9.3 PC beam section.

Step I:

Determine the nominal shear resistance. The effective shear depth, d,, is taken
as the distance measured perpendicular to the neutral axis between the resultants of
the tensile and compressive forces due to flexure; it need not be taken to be less
than the greater of 0.9d, or 0.72 h (LRFD Article 5.8.2.9).

For simplicity, neglecting the possible contribution of steel in the compression
zone to flexural strength, the depth of the neutral axis is

At A,
0.857,8,b -+ kap ()

(3.98)(270) + 0

© T 085)@(085)(96.38) + (028)3.98)(ZL) 0™

The depth of concrete compressive block: a = 3¢ = (0.85)(3.79) = 3.22 in.

Since a < hy, the stress block is within the flange and the calculation is correct.

d, = effective depth from the extreme compression fiber to the centroid of the
tensile force in the tension reinforcement = i, — Y, = 64 — 6.38 = 57.62 in.

Check governing case of d,:

322

dy=d,— = =57.62— <T) =56.01 in.

N

dy» = 0.9d, = (0.9)(57.62) = 51.85 in.
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dy3 =0.72 h = (0.72)(64) = 46.08 in.
d, = max (56.01, 51.85, 46.08)=56.01 in.

The nominal shear resistance provided by the concrete, V., is calculated in accor-
dance with LRFD Eq. (5.8.3.3-3) as

V. =0.0316 3+/f. b, d,

For this example, the simplified method is followed (8 =45 degrees and 3 = 2).
However, the iterative AASHTO LRFD Sectional Method could also be used if
desired.

V. =0.0316 (2)(J§) (8)(56.01) = 63 kips

The nominal shear resistance provided by the internal steel reinforcement is

A, fyd,(cot § + cot a)sin o _ (0.22)(60)(56.01)(1)(1)

Vi =
S 12

= 62 kips
(LRFD 5.8.3.3-4)

The nominal shear resistance provided by the vertical component of prestressing
strands is V, =0 (this example assumes straight strands; harped or draped strands
will have a V,, component).

The nominal shear resistance of the member is

Vo=V +Vi+V,=63+62+0=125kips

Step 2:
Check whether strengthening is required.
Strength reduction factor for shear: ¢ =0.9

¢V, =0.9(125) = 112.5 kips

oV, = 112.5 kips < Vit = 150 kips. Therefore the beam requires strengthening.

Step 3:

Selection of FRP strengthening scheme (Fig. 9.4).

A two-sided (noncontinuous) configuration is used without an anchorage system.
The FRP sheets will be applied at 90 degrees with respect to the longitudinal axis
of the girder. Note that the following calculation to determine FRP shear resistance
for the two-sided scheme is identical for a U-wrap scheme.

Assume one layer of FRP is sufficient, n,= 1

Width of FRP sheets, W= 8 in.
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0O e

=127 W,=8"
Figure 9.4 FRP reinforcement scheme.

Center-to-center spacing of FRP sheets, Sy= 12 in.

Orientation of FRP sheets, o= 90 degrees

Effective depth of FRP sheets, d;= d, — hy. dy=57.62 — 9 = 48.62 in.

Check if the selected spacing (12 in.) is acceptable. Shear stress in concrete is

Vimerit — ¢ Vp _ 150
obvdy 0.9 X 8 X56.01

V, = = 0.38 ksi (LRFD 9.11)

Maximum spacing of FRP strips:

P min (0.8 4,, 24) if vV, <0.125f, (LRFD5.8.2.7—1)
max min (0.4 4,,12) if V,=0.125f (LRFD 5.8.2.7—2)

0.125 f/. = 0.125 X 5 = 0.63 ksi

Since V,, = 0.38 ksi <0.63 ksi, Spax = min (0.84d,, 24) =min (0.8 X 56.01, 24)=
24 in. Since 12 in. <24 in., the selected spacing is acceptable.

Step 4:

Determine FRP shear resistance, Vy,,

The FRP reinforcement ratio is

_ 2 ngtywy
by sy

2% 1X0.0065X 8
g X 12

(AASHTO 4.3.2-2)

=1.083 %1073

The FRP strain reduction factor for side bonding or U-wrap without anchorage is

0.066 =R =3 (p; X Er) "7 =1.0

-3 —0.67 (AASHTO 4.3.2-5)
=3 X (1.083 X 107”7 X 33,000) " =0.27

The effective strain €7, = Ry g5, = 0.004

£ =027 X 0.0167 = 0.0046
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The effective strain is thus taken as 0.004.

Vi = pr Er €ge by dy(sin(ay) + cos (o))
Vi, = 1.083 X 1072 X 33,000 X 0.004 X 8 X 48.62 (sin (90) + cos (90)) = 56 kips
(AASHTO4.3.2-1)

Step 5:
Determine the design shear resistance of the member.

¢V,,-total =p(Ve +V, + Vo) + ¢frp Vip
=0.9(63 + 0 + 62) + (0.85 X 56) = 160 kips
Oy, -tora1 = 160 Kips > Vi = 150 kips. Thus one layer of FRP is sufficient.
(AASHTO 4.3.1-1)

Step 6:
Check maximum FRP shear reinforcement limitations.

V,=0.25f.b,d, +V,
Vo=V +V,+Vj,=63+62+56=181kips=0.25 X 5 X 8 X 56.01 + 0 =560 kips

(AASHTO5.8.3.3-2)

Thus the web crushing failure limit is O.K.

9.1.4 Shear strengthening of a T-beam using U-wrap

This example illustrates the shear strengthening of a T-beam with a U-wrap system.
Structure information:
Concrete compressive strength, f7. = 3 ksi
Modulus of elasticity E,. = 57\/]‘_’C =57 4/3000 = 3122 ksi
B1=0.85 (for f, = 4.0 ksi)
Factored shear force, V,, = 200 kips
Beam height, iy =48 in.
Width of the web, b, = 18 in.
Effective flange width, b = 54 in.
Tensile reinforcement = 10#11, A, = 15.60 in.>
Internal steel shear reinforcement:

#4 stirrups at 12 in. spacing

A,=040in?
s, =12 in.
a =90 degree

Yield strength, f, = 60 ksi
Modulus of elasticity, E; = 29, 000 ksi
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#4 at 12"
spacing

43.6"

‘,/— CFRP

38"

10#11

Figure 9.5 RC beam section.

FRP reinforcement:

Thickness, z,=0.0065 in.

Failure strength, f5, = 550 ksi

Modulus of elasticity, Ey= 33,000 ksi
Failure strain, e, = 0.0167 in./in. (Fig. 9.5).

Step I:

Determine the nominal shear resistance.

The effective shear depth, d,, is taken as the distance, measured perpendicular to
the neutral axis, between the resultants of the tensile and compressive forces due to
flexure; it need not be taken to be less than the greater of 0.9d, or 0.72 h (LRFD
Article 5.8.2.9).

For simplicity, neglecting the possible contribution of steel in the compression
zone to flexural strength, the depth of the neutral axis is

o= Asfy)  _ (15.60 X 60) —2.00in
(0.858f., (0.85Xx0.85X3X54) ' '
a=0c

a=0.85x8.00 =6.80 in.
Check governing case of d,:

6.80

dyy =d— - =43.60 — - =40.20 in.

N

dy =0.9d =0.9 X43.60 =39.24 in.
dyz =0.72 hy = 0.72 X 48 = 34.56 in.

d, =max(d,, d,», d,3) = max(40.20, 39.24, 34.56) = 40.20 in.
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The nominal shear resistance provided by the concrete, V., is calculated in accor-
dance with LRFD Eq. (5.8.3.3-3) as

V. =0.0316 8+/f.b, d, (LRFD 5.8.3.3-3)

For this example, the simplified method is followed: (8 = 45 degrees and 3 = 2).
However, the iterative AASHTO LRFD Sectional Method could also be used if
desired.

V. =0.0316(2) (ﬁ) (18)(40.20) = 79 kips

The nominal shear resistance provided by the internal steel reinforcement is

_ A, f; d, (cot 6 + cot o) sin v _ (0.40)(60)(40.20)(1)(1)
S 12

Vs = 80 kips

(LRED 5.8.3.3-4)

The nominal shear resistance provided by the vertical component of prestressing
strands is V), =0 (this example assumes straight strands; harped or draped strands
will have a V,, component).

The nominal shear resistance of the member is

V,=V.+V,+V, =79 +80+0 =159 kips

Step 2:
Check whether strengthening is required.
Strength reduction factor for shear ¢ = 0.9

¢ V, = 0.9(159) = 143 kips

oV, = 143 kips < Vit = 200 kips. Therefore the beam requires strengthening.

Step 3:

Selection of FRP strengthening scheme.

A U-wrap (continuous) configuration is used without an anchorage system at the
ends of the sheets. The FRP sheets will be applied at 90 degrees with respect
to the longitudinal axis of the girder. Note that the following calculation to
determine the FRP shear resistance for the U-wrap without anchorage is identical
for a side bonding scheme without anchorage.

Assume one layer of FRP is sufficient, ny= 1

Orientation of FRP sheets, oy = 90 degrees

Effective depth of FRP sheets, d;=d — hy=33.60 in.

Step 4:

Determine FRP shear resistance, Vi,

The FRP reinforcement ratio is

_ 2wy

s (AASHTO 4.3.2-2)
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2% 1x0.0065

=722%x107*
18

FRP strain reduction factor for U-wrap without anchorage or side bonding is
0.088 =R =3(p; X Ef) * = 1.0 (AASHTO 4.3.2-5)

3% (7.22 X 107 X 33,000) — 0.67 = 0.36
The effective strain €4, = Rep,

£ = 0.36 X 0.0167 = 0.006

Viip = py Ef €fe by dp(sin(ay) + cos(ay))
Vip =7.22X 107 X 33,000 X 0.006 X 18 X 33.60 (sin (90) + cos (90)) = 86 kips
(AASHTO 4.3.2-1)

Step 5:
Determine the design shear resistance of the member:

('an-lo!al = ¢(VC + Vp + VY) + ¢)f7p Vfr[’

(AASHTO 4.3.1-1)
=0.9(79 + 0 + 80) + (0.85 X 86) = 216 kips

dv, ... = 216 kips >V, i = 200 kips. Thus one layer of FRP is sufficient.

Step 6:
Check maximum FRP shear reinforcement limitations.

V,=0.25f.b,d, +V,
V=Vt Vy+ Vi =79 + 80 +86 =245 kips =0.25 X 3 X 18 X 40.20 + 0 = 542kips

(AASHTO5.8.3.3-2)

Thus the web crushing failure limit is O.K.

9.1.5 Axial strengthening of a confined circular column

This example illustrates the confinement strengthening of a circular column.
Structure information:
Column height = 24 ft.
Column diameter = 28 in.
Compressive strength of concrete, f/. = 4 ksi
Spiral spacing = 12 in.
Vertical reinforcement, A, = 12#8 bars
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12#8

#3 spiral at
12" spacing
28"

Figure 9.6 Circular column section.

P, = 1800 kips
FRP reinforcement:

Thickness, = 0.013 in.

Failure strength, fg,, = 550 ksi

Modulus of elasticity, E,= 33,000 ksi

Failure strain, e, = 0.0167 in./in.

Tensile strength of a single layer FRP reinforcement at 1.67% strain, Py, = 7.14 kips/in./
ply (Fig. 9.6).

Step I:
Determine the axial strength of the column and check if it requires strengthening.

P, =0.85[0.85 1. (Ag — Ay — Aps) + At — Aps(fre — Epecu)]
P, = 0.85[0.85 X 4(615 — 9.48 — 0) + 60 X 9.48 — 0] = 2233 kips
(LRED 5.7.4.4-2)

P.=¢ P,=0.75X2233 = 1675 kips (LRFD 5.7.4.4-1)

P,.=1675 kips < P, = 1800 kips. Therefore the column requires strengthening.

Step 2:

Compute the FRP reinforcement strength at a strain of 0.004. Note that the limit
for confinement in AASHTO is different from that for flexure.

0.004 X 7.14

ool 1.71 kip/in.

Npyp =

Step 3:
Determine the required confined concrete strength.

P, =085 ¢[0.85f. (A, — Ay) +f,Ay] = P, (AASHTO 5.3.1-1)
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From which:
P 1800
— fyAst T 60x9.48
, {(0.85 ¢> Y S} _ Ko.ss><o.75 ? 38k
= "70.85 (Ag — Ast)] [0.85 (615 — 9.48)] ‘

1 :f;<1 + 2}@) = 438 ksi
‘ (AASHTO 5.3.2.2-1)

= 4<1 + 2]2) =4.38, therefore f; =0.19 ksi

As per Article 5.3.2.2 of AASHTO, the confinement pressure shall be greater or
equal to 600 psi but less than that specified in equation 5.3.3.3-2 as follows:

N AYE 4 1 .
—0.6ksi= (L 1) =(2)(~ors —1)=114ksi OK.
Ji o (2) (ke P > (2) (0.85 X075 ) o

Npp = = = —— 22 = 12,92 ksi/in. (AASHTO 5.3.2.2-2)

Try eight layers. The column axial strength is computed as follows:

Wip _ o 6528017
D 28

! 1
fi=0.64= (%) (k 5 - 1) =1.137ksi O.K.

fhe =f;.<1 + 2}@) = 4(1 + 2?) =528 ksi

c

fi= b = 0.64 ksi

P, =0.85[0.85(.(A, — Ay) + f,Aq] = P,
= 0.85[0.85 X 5.28(615 — 9.48) + 60 X 9.48] = 2793 ksi

P, = ¢P, = 0.75 X 2793 = 2095 kips > P, = 1800 kips.

Thus the selected number of layers are sufficient.
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9.1.6 Axial strengthening of a square column

Structure information:
Column height = 24 ft.
Section dimensions = 28 in.?
Compressive strength of concrete, f/. = 4 ksi
Transverse reinforcement = #3 bars at 12 in.
Vertical reinforcement = 12#8 bars
P, =2100 kips
FRP reinforcement:

Thickness, ;= 0.013 in.

Failure strength, f;, = 550 ksi

Modulus of elasticity, E= 33,000 ksi

Failure strain, £5, = 0.0167 in./in. Tensile strength of a single layer FRP reinforcement at
1.67% strain, Pfrp = 7.14 kips/in./ply (Fig. 9.7).

Step I:

Determine the axial strength of the column.
P, =0.80[0.85f/(A; — Ay — Aps) + f1As — Aps(fre — Epecu)] (LRFD 5.7.4.4-3)
P, =0.80[0.85 X4 X (784 —9.48 — 0) + 60 X 9.48 — 0] = 2562 kips

P, =¢ P, =0.75X2562 = 1922 kips (LRFD 5.7.4.4-1)

P,=1922 kips < P,, = 2100 kips. Therefore the column requires strengthening.

Step 2:
Compute the FRP reinforcement strength at a strain of 0.004. Note that the limit
for confinement in AASHTO is different from that for flexure.

0.004 X 7.14

N'r =
frp 0.0167

= 1.71 kip/in.

#3 ties at (
12" spacing ~N

12#8 —— 28"

2}1

L 28” |

Figure 9.7 Square column section.
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Step 3:
Determine the required confined concrete strength.

P, =0.80 4[0.85(. (A, — Ay) + f,Ay] = P, (AASHTO 5.3.1-2)

From which:

Du ) 2100
—fyAsz] [(7 —60X9.48
. .8 X 0.
P 0.80 ¢ ~ [\0.8x0.75 445 ksi

“ 7 [0.85 (A —Ay)] [0.85 (784 — 9.48)]
L= <1 + 2}1) = 4.45 ksi

y ’ (AASHTO 5.3.2.2-1)
=4 (1 + 211) > 4.45, therefore f; = 0.23 ksi

As per Article 5.3.2.2 of AASHTO, the confinement pressure shall be greater or
equal to 600 psi but less than that specified in equation 5.3.3.3-2 as follows:

, N AYE! 4 1 ,
—0.60 ksi = (e —1)=(2) (- —1)=133ksi OK.
S =060 ksi (2 ke & 2)\08%0.75 kst O

Nppo 171

Try eight layers. The column axial strength is computed as follows:

Wiy _ o 65 28)(1T1)
D 28

fh. :f’c<l + 2%) =4<1 + 2?) =5.27 ksi

¢

fi =g, = 0.64 ksi

P, =0.8[0.85f (Ay — Ay) + A= P,
= 0.8[0.85 X 5.27(784 — 9.48) + 60 X 9.48] = 3231 ksi

P, = P, = 0.75 X 3231 = 2423 kips > P, = 2100 kips

Thus the selected number of layers are sufficient.



278 Strengthening of Concrete Structures Using Fiber Reinforced Polymers (FRP)

9.1.7 Axial strengthening of a confined circular column
(ACI procedure)

This example considers the same column as in Section 9.1.5.
Structure information:
Column height = 24 ft.
Column diameter = 28 in.
Compressive strength of concrete, f7. = 4 ksi
Spiral spacing = 12 in.
Vertical reinforcement, A, = 12#8 bars
P, = 1800 kips
FRP reinforcement:

Thickness, ;= 0.013 in.

Failure strength, f;, = 550 ksi

Modulus of elasticity, Er= 33,000 ksi

Failure strain, €4, = 0.0167 in./in.

Tensile strength of a single layer FRP reinforcement at 1.67% strain, Py, = 7.14 kips/in./
ply (Fig. 9.8).

Step I:
Determine the axial strength of the column.

P, =0.85[0.85 (A, — Ay) + f1A4]
P, =0.85[0.85 X 4(615 — 9.48) + 60 X 9.48] = 2233 kips
P.=¢ P,=0.75X2562 = 1675 kips
P,.=1675 kips < P, = 1800 kips. Therefore the column requires strengthening.

Step 2:
Compute the design FRP material properties.

T = Cefy,

12#8

#3 spiral at
12" spacing
28"

2"

Figure 9.8 Circular column section.
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Cg for CFRP equals 0.85 for exterior exposure (bridges and piers).

Jiu = 0.85 X550 = 468 ksi
Efu = CEa}ku =0.85 X 0.0167 =0.0142

Step 3:
Determine the required maximum compressive strength of confined concrete, f7, ..

/ 1 o P, req
= A
Jeo 0.85(4, — Ay) ( 0.85¢ 5 ")
1 1800
' = — 60X 9.48 | = 4.38 ksi
fee = 585615 — 9.48) <0.85 X 0.75 ) o
Step 4:

Determine the maximum confining pressure due to FRP jacket, f;.

e —fe

f1= 095 x33 ¥,

Kk, and k;, for circular cross section can be taken as 1.0.

438 —4

=TT _012ksi
095%33 %1 St

i

Step 5:
Determine the required number of plies.

n= D
2Estyese

£ = kecp = 0.55 X 0.0142 = 0.0078

B 0.12 X 28
"7 2%33,000 X 0.013 X 0.0078

=0.50

Try one layer.

_ 2nEpyee _ 2X1X33,000 X0.013 X0.0078 _

f D 28
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Checking the minimum confinement ratio:

0.24

— =0.06
4

SN

which is not equals or greater than 0.08.
Thus try two layers:

2 nEptrer, 2% 2% 33,000 X 0.013 X 0.0078
J D 28
0.48
Step 6:

Verify that the ultimate axial strain of the confined concrete, €., = 0.01

/ e 0.45
Ecen =€, | 1.5+ 12k, -
fe \e

where

171f. 1.71X4
/= ¢ = =0.0019
T TE. 3605

0.0078\"4
e =0.0019( 1.5+ 12X 1X0.12( 0 =0.008<0.01 OK.
© < (0.0019)

Step 7:

Determine the column axial strength.

Flo=FL4(0.95 X 3.3 X ki X f)) =4 + (0.95 X 3.3 X 1 X 0.48) = 5.50 ksi
P, =0.8[0.85(/(Ay — Ay) + fyA]

= 0.85[0.85 X 5.50(615 — 9.48) + 60 X 9.48] = 2890 kips
P.= ¢ P, =0.75 X 3289 = 2167 kips = 1800 kips

Thus the selected number of layers are sufficient.
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#3 ties at
12" spacing N

12#8 —— 28"

2!!

I 28" |

Figure 9.9 Square column section.

9.1.8 Axial strengthening of a confined square column
(ACI procedure)

This example considers the same column as in Section 9.1.6.
Structure information:
Column height = 24 ft.
Column dimension = 28 in.>
Compressive strength of concrete, f/. = 4 ksi
Transverse reinforcement = #3 bars at 12 in.
Vertical reinforcement = 12#8 bars
P, =2100 kips
FRP reinforcement:

Thickness, #,=0.013 in

Failure strength, f, = 550 ksi

Modulus of elasticity, Er= 33,000 ksi

Failure strain, €4, = 0.0167 in./in.

Tensile strength of a single layer FRP reinforcement at 1.67% strain, Py, = 7.14 Kips/in./ply
(Fig. 9.9).

Step I:
Determine the axial strength of the column.

P, =0.80[0.85 f.(A, — Ay) + f,Aq]
P, = 0.80[0.85 X 4(784 — 9.48) + 60 X 9.48] = 2562 kips
P,=¢ P, =0.65X 2562 = 1665 kips

P, =1665 kips < P, = 2100 kips. Therefore the column requires strengthening.
Step 2:
Compute the design FRP material properties.

Jju= Cefy,

Cr = 0.85 for exterior exposure (bridges and piers).
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S = 0.85 X 550 = 468 ksi
Efu = Cge_;fu =0.85X0.0167 =0.0142

Step 3:

Determine the required maximum compressive strength of confined concrete, f, .

/ 1 ¢ Pn req
= A fA,
Jee 0.85(A, —Ay) ( 0.80¢ Iy ">

1 2100
= — 60 X 9.48 | = 5.27 ki
Jee = 585784 —9.48) (0.80 X 0.65 ’ > o

Step 4:

Determine the maximum confining pressure due to FRP jacket, f;.

= fee =10
170,95 X33 Xk,

[(%) (h—2r.)* + (g) (b—ZrC)Z}

A 34, P
A 1=p,
28 , (28 5
22 )(28-2%0.5)%+ [ =2 ) (28—2 0.
[(28)(8 05) (28>(s 05)]
- —-0.012
3% 784
B 1-0.012 =0373
A, (b 28\2
Ha—z<z) =0.373 (%) =0.373
527 —4
f =1.09

T 0.95%x33x0373
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Step 5:
Determine the required number of plies.

NI

2Eytpef,

£ = Kegp = 0.55 X 0.0142 = 0.0078

1.09 X /282 4 282

" 533,000 X 0013 X 0.0078 _ 0P

Try seven layers.

_ 2nEstre, | 2X7 X 33,000 X 0.013 X 0.0078

=1.18 ksi
b2+ K2 A/28% + 282

i

Checking the minimum confinement ratio:

1.18
fi _ ~~ =0295=008 OK.

fe

Step 6:
Verify that the ultimate axial strain of the confined concrete, .., = 0.01.

/ fl Efe 045
Ceen=€.[ 1.5+ 12Kp=— [ —
C f/ E/

where

,LT1Lf, 171%4
T TE. 3605

Ae hO.S 28 0.5
=2¢(2) =0373(Z) =037
Kb Ac(b) 03 3(28> 0373

€cen = 0.0019 (1.5 + 12 X0.373 X O.295<

=0.0019

0.0078

0.45
s =0.0076 <0.01 O.K.
0.0019> )

Step 7:
Determine the column axial strength.

flo=fL+(0.95 X33 X kg X fi) =4+ (0.95X 3.3 X 0.373 X 1.18) = 5.38 ksi
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P, = 0.8[0.85f(Ag — Ay) + fyAy]
= 0.8[0.85 X 5.38(784 — 9.48) + 60 X 9.48] = 3289 kips

P, = ¢P, = 0.65 X 3289 = 2137 kips = 2100 kips

Thus the selected number of layers are sufficient.
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A.1 AASHTO

Ay, Afip

Ag
Ap

5
Sy
G(l

It

effective area of FRP reinforcement for shear-friction (in.2)

gross area of column section (in.2)

area of one leg of the horizontal reinforcement (in.?)

area of nonprestressed tension reinforcement (in.z)

area of compression reinforcement (in.%)

total area of longitudinal steel reinforcement (in.?)

area of steel reinforcement required to develop strength in shear-friction (in.%)
width of rectangular section (in.)

width of the FRP reinforcement (in.)

effective shear web width (in.)

girder width (in.)

depth of the concrete compression zone (in.)

clamping force across the crack face (kips)

effective FRP shear reinforcement depth (in.)

distance from extreme compression surface to the centroid of nonprestressed
tension reinforcement (in.)

effective shear depth (in.)

external diameter of circular column (in.)

modulus of elasticity of adhesive (ksi)

modulus of elasticity of the concrete (ksi)

modulus of the FRP reinforcement in the direction of structural action

stress in concrete at strain, ¢, (ksi)

28 day compressive strength of the concrete (ksi)

compressive strength of confined concrete (ksi)

characteristic value of the tensile strength of FRP reinforcement (ksi)

ultimate confinement pressure due to FRP strengthening (ksi)

peel stress at the FRP reinforcement concrete interface (ksi)

stress in the steel tension reinforcement at development of nominal flexural
resistance (ksi)

stress in the steel compression reinforcement at development of nominal flexural
resistance (ksi)

specified yield stress of steel reinforcement (ksi)

yield strength of steel reinforcement for shear-friction (ksi)

characteristic value of the shear modulus of adhesive (ksi)

depth of section (in.); overall thickness or depth of a member (in.)

moment of inertia of an equivalent FRP transformed section, neglecting any
contribution of concrete in tension (in.*)

coefficient that defines the effectiveness of the specific anchorage system
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Ec

Efp
ut
Efp

€o

strength reduction factor applied for unexpected eccentricities

multiplier for locating resultant of the compression force in the concrete
unsupported length of compression member (in.)

development length (in.)

factored resistance of a steel-reinforced concrete rectangular section strengthened
with FRP reinforcement externally bonded to the beam tension surface (kip-in.)
factored moment at the reinforcement end-termination (kip-in.)

FRP reinforcement strength per unit width at a tensile strain of 0.005 (kips/in.)
effective strength per unit width of the FRP reinforcement (kips/in.)

tensile strength of a closed (wrapped) jacket (kips/in.)

FRP reinforcement strength per unit width at a tensile strain of 0.004 (kips/in.)
characteristic value of the tension strength per unit width of the FRP reinforcement
(kips/in.)

factored axial load resistance (kips)

girder corner radius (in.)

spacing of FRP reinforcement (in.)

tension force in the FRP reinforcement (kips)

factored torsion strength of a concrete member strengthened with an externally
bonded FRP system (kip-in.)

thickness of the adhesive layer (in.)

thickness of the FRP reinforcement (in.)

nominal shear strength provided by the concrete (kips)

nominal shear strength provided by the externally bonded FRP reinforcement
(kips)

nominal shear-friction strength (kips)

component of the effective prestressing force in the direction of applied shear
(kips)

factored shear strength of a concrete member strengthened with an externally
bonded FRP system (kips)

nominal shear strength provided by the transverse steel reinforcement (kips)
factored shear force at the reinforcement end-termination (kips)

effective shear stress (ksi); see AASHTO LRFD 5.8.2.9

total width of FRP reinforcement (in.)

distance from the extreme compression surface to the neutral axis of a transformed
section, neglecting any contribution of concrete in tension (in.)

angle between FRP reinforcement principal direction and the longitudinal axis of
the member; angle between the shear-friction reinforcement and the shear plane
(degree)

ratio of average stress in rectangular compression block to the specified concrete
compressive strength

strain in concrete

strain in FRP reinforcement

characteristic value of the tensile failure strain of the FRP reinforcement

the concrete strain corresponding to the maximum stress of the concrete stress—
strain curve

coefficient of friction

strain limitation coefficient that is less than unity

Poisson’s ratio of adhesive

characteristic value of the limiting shear stress in the adhesive (ksi)
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Tint

¢ffﬂ

interface shear transfer strength (ksi)
resistance factor for FRP component of resistance

A.2 ACI 440.2R 08

o T

€

€m

BRI

SHITH. T

smaller cross-sectional dimension for rectangular FRP bars, in. (mm)
cross-sectional area of concrete in compression member, in.” (mm?)

cross-sectional area of effectively confined concrete section, in.2 (mm?)

area of FRP external reinforcement, in.? (mm?)

area of transverse FRP U-wrap for anchorage of flexural FRP reinforcement

area of FRP shear reinforcement with spacing s, in.> (mm?)

gross area of concrete section, in.? (mm?)

area of prestressed reinforcement in tension zone, in.” (mm?)

area of nonprestressed steel reinforcement, in.2 (mm?)

area of i-th layer of longitudinal steel reinforcement, in.2 (mm?)

total area of longitudinal reinforcement, in.> (mm?)

width of compression face of member, in. (mm)

short side dimension of compression member of prismatic cross section, in. (mm)
larger cross-sectional dimension for rectangular FRP bars, in. (mm)

web width or diameter of circular section, in. (mm)

distance from extreme compression fiber to the neutral axis, in. (mm)
environmental reduction factor

distance from extreme compression fiber to centroid of tension reinforcement, in. (mm)
effective depth of FRP flexural reinforcement, in. (mm)

effective depth of FRP shear reinforcement, in. (mm)

distance from centroid of i-th layer of longitudinal steel reinforcement to geometric
centroid of cross section, in. (mm)

distance from extreme compression fiber to centroid of prestressed reinforcement,
in. (mm)

diameter of compression member of circular cross section, in. (mm)

diagonal distance of prismatic cross-section (diameter of equivalent circular
column), in. (mm) = +/b% + h?

eccentricity of prestressing steel with respect to centroidal axis of member at
support, in. (mm)

eccentricity of prestressing steel with respect to centroidal axis of member at
midspan, in. (mm)

slope of linear portion of stress—strain model for FRP-confined concrete, psi (MPa)
modulus of elasticity of concrete, psi (MPa)

tensile modulus of elasticity of FRP, psi (MPa)

modulus of elasticity of prestressing steel, psi (MPa)

modulus of elasticity of steel, psi (MPa)

compressive stress in concrete, psi (MPa)

specified compressive strength of concrete, psi (MPa)

mean ultimate tensile strength of FRP based on a population of 20 or more tensile
tests per ASTM D3039, psi (MPa)

square root of specified compressive strength of concrete

compressive strength of confined concrete, psi (MPa)
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f;‘()
Jes
I
bl
Sre
f /.’,s
Shu
i

p n
Py,

fu

compressive strength of unconfined concrete; also equal to 0.85 ﬁ, psi (MPa)
compressive stress in concrete at service condition, psi (MPa)

stress level in FRP reinforcement, psi (MPa)

design stress of externally bonded FRP reinforcement, psi (MPa)

effective stress in the FRP; stress level attained at section failure, psi (MPa)

stress level in FRP caused by a moment within elastic range of member, psi (MPa)
design ultimate tensile strength of FRP, psi (MPa)

ultimate tensile strength of the FRP material as reported by the manufacturer, psi
(MPa)

maximum confining pressure due to FRP jacket, psi (MPa)

stress in prestressed reinforcement at nominal strength, psi (MPa)

specified tensile strength of prestressing tendons, psi (MPa)

stress in nonprestressed steel reinforcement, psi (MPa)

stress in the i-th layer of longitudinal steel reinforcement, psi (MPa)

stress level in nonprestressed steel reinforcement at service loads, psi (MPa)
specified yield strength of nonprestressed steel reinforcement, psi (MPa)

overall thickness or height of a member, in. (mm)

long side cross-sectional dimension of rectangular compression member, in. (mm)
member flange thickness, in. (mm)

moment of inertia of cracked section transformed to concrete, in.* (mm®*)

moment of inertia of uncracked section transformed to concrete, in.* (mm®*)

ratio of depth of neutral axis to reinforcement depth measured from extreme
compression fiber

modification factor applied to k, to account for concrete strength

modification factor applied to k, to account for wrapping scheme

stiffness per unit width per ply of the FRP reinforcement, Ib/in. (N/mm); k= Eg;
development length of near-surface-mounted (NSM) FRP bar, in. (mm)
development length of FRP system, in. (mm)

active bond length of FRP laminate, in. (mm)

cracking moment, in.-Ib (N-mm)

nominal flexural strength, in.-1b (N-mm)

contribution of FRP reinforcement to nominal flexural strength, Ib-in. (N-mm)
contribution of prestressing reinforcement to nominal flexural strength, lb-in.
(N-mm)

contribution of steel reinforcement to nominal flexural strength, 1b-in. (N-mm)
service moment at section, in.-Ib (N-mm)

service moment at section beyond decompression, in.-1b (N-mm)

factored moment at a section, in.-1b (N-mm)

number of plies of FRP reinforcement

modular ratio of elasticity between FRP and concrete = E; /E,

modular ratio of elasticity between steel and concrete = Eg/E

effective force in prestressing reinforcement (after allowance for all prestress
losses), 1b (N)

nominal axial compressive strength of a concrete section, 1b (N)

mean tensile strength per unit width per ply of FRP reinforcement, 1b/in. (N/mm)
ultimate tensile strength per unit width per ply of FRP reinforcement, Ib/in.
(N/mm); P}, = ﬁ: I
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ar,

B

€b

Ebi

&f

Efd
Efe
Efu

®
€ “fit

radius of gyration of a section, in. (mm)

radius of edges of a prismatic cross-section confined with FRP, in. (mm)

nominal strength of a member

nominal strength of a member subjected to elevated temperatures associated with a
fire

dead load effects

live load effects

nominal thickness of one ply of FRP reinforcement, in. (mm)

glass-transition temperature, °F(°C)

wet glass-transition temperature, °F(°C)

tensile force in prestressing steel, Ib (N)

nominal shear strength provided by concrete with steel flexural reinforcement,
b (N)

nominal shear strength provided by FRP stirrups, Ib (N)

nominal shear strength, 1b (N)

nominal shear strength provided by steel stirrups, 1b (N)

width of FRP reinforcing plies, in. (mm)

distance from centroidal axis of gross section, neglecting reinforcement, to extreme
bottom fiber, in./in. (mm/mm)

vertical coordinate within compression region measured from neutral axis position.
It corresponds to transition strain 5;, in. (mm)

multiplier on f¢’ to determine intensity of an equivalent rectangular stress distribu-
tion for concrete

longitudinal coefficient of thermal expansion, in./in./°F (mm/mm/°C)

transverse coefficient of thermal expansion, in./in./°F (mm/mm/°C)

ratio of depth of equivalent rectangular stress block to depth of the neutral axis
strain level in concrete substrate developed by a given bending moment (tension is
positive), in./in. (mm/mm)

strain level in concrete substrate at time of FRP installation (tension is positive),
in./in. (mm/mm)

strain level in concrete, in./in. (mm/mm)

maximum strain of unconfined concrete corresponding to ﬂ, in./in. (mm/mm); may
be taken as 0.002.

ultimate axial compressive strain of confined concrete corresponding to 0.85fcc’ in
a lightly confined member (member confined to restore its concrete design
compressive strength), or ultimate axial compressive strain of confined concrete
corresponding to failure in a heavily confined member.

strain level in concrete at service, in./in. (mm/mm)

concrete tensile strain at level of tensile force resultant in posttensioned flexural
members, in./in. (mm/mm)

ultimate axial strain of unconfined concrete corresponding to 0.85fco’ or maximum
usable strain of unconfined concrete, in./in. (mm/mm), which can occur at 0.85fc’
or 0.003, depending on the obtained stress—strain curve

strain level in the FRP reinforcement, in./in. (mm/mm)

debonding strain of externally bonded FRP reinforcement, in./in. (mm/mm)
effective strain level in FRP reinforcement attained at failure, in./in. (mm/mm)
mean rupture strain of FRP reinforcement based on a population of 20 or more ten-
sile tests per ASTM D3039, in./in. (mm/mm)

ultimate rupture strain of FRP reinforcement, in./in. (mm/mm)
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Epi
Epnet

Eps
Es

&t

€t

lill
Kb
Ky
Re
Pr
Pg
Ps

Th

Py

A3

effective strain in prestressing steel after losses, in./in. (mm/mm)

initial strain level in prestressed steel reinforcement, in./in. (mm/mm)

net strain in flexural prestressing steel at limit state after prestress force is
discounted (excluding strains due to effective prestress force after losses), in./in.
(mm/mm)

strain in prestressed reinforcement at nominal strength, in./in. (mm/mm)

strain level in nonprestessed steel reinforcement, in./in. (mm/mm)

strain corresponding to yield strength of nonprestressed steel reinforcement, in./in.
(mm/mm)

net tensile strain in extreme tension steel at nominal strength, in./in. (mm/mm)
transition strain in stress—strain curve of FRP-confined concrete, in./in. (mm/mm)
efficiency factor for FRP reinforcement in determination of fu (based on geometry
of cross-section)

efficiency factor for FRP reinforcement in determination of ¢, (based on geometry
of cross-section)

bond-dependent coefficient for shear

efficiency factor equal to 0.55 for FRP strain to account for the difference between
observed rupture strain in confinement and rupture strain determined from tensile
tests

FRP reinforcement ratio

ratio of area of longitudinal steel reinforcement to cross-sectional area of a
compression member (As/bh)

ratio of nonprestressed reinforcement

standard deviation

average bond strength for NSM FRP bars, psi (MPa)

strength reduction factor

FRP strength reduction factor

0.85 for flexure (calibrated based on design material properties)

0.85 for shear (based on reliability analysis) for three-sided FRP U-wrap or
two-sided strengthening schemes

0.95 for shear fully wrapped sections

ISIS

Note: In some instances, documents S6-06 and S806-02 may use different symbols
for the same parameter, hence the occasional dual symbols.

a

depth of an equivalent rectangular stress block (mm)

Arp, Aprp area of cross-section of an FRP bar, plate, sheet, or tendon (mm?)

FES
S

NSNS

gross area of section (rnrnz)

area of prestressing tendons in tension zone (mm?)

total area of steel tendons (mm?)

area of steel tension reinforcement (mm?)

area of compression steel reinforcement (mm)

area of tension steel reinforcement which equilibrates the compression force in
the slab portion of a T-section (mm)

area of intermediate longitudinal steel reinforcement placed on the sides of the
element (mm)

remaining area of tension steel reinforcement in a T-section (mm)
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Epr, Eprp
EI

Epn

E,

E;

fe

fe
fee
for
Ir

7> JrrP
f Fus f FRPu
fl 9ﬁFRP

area of shear steel reinforcement perpendicular to the axis of a member within a
distance, s (mm2)

width of a rectangular section (mm)

effective width of compression face of member (mm)

width of FRP shear reinforcement measured perpendicular to the longitudinal
axis of the element (mm)

effective web width within depth, d,, (mm)

width of web of a T-section (mm)

distance from extreme compression face to neutral axis (mm)

distance from the neutral axis to the position where the compression strain is 5;,
in the concrete (mm)

distance from extreme compression face to neutral axis for balanced conditions
(mm)

compressive resultant force from the concrete stressed lower than f( N)
compressive resultant force from the confined concrete (N)

compressive resultant force from the concrete in the slab portion of a
T-section (N)

compressive resultant force from the compression steel (N)

compressive resultant force from the concrete in the web portion of a
T-section (N)

effective depth of a reinforced concrete component, being the distance from the
extreme compression face to the centroid of the tension steel reinforcement (mm)
distance from extreme compression face to the centroid of compression steel
reinforcement (mm)

distance from extreme compression face to the position of intermediate steel
reinforcement (mm)

S6-06: the effective shear depth for internal steel, as defined in Clause 8.9.1.5 of
CSA S6-06 (mm)

dead load (N)

effective shear depth for FRP, calculated similar to d, for steel reinforcement in
accordance with Clause 8.9.1.5 of CSA S6-06, or the distance from extreme
compression fiber to centroid of tension FRP reinforcement (mm)

diameter of a circular column or equivalent diameter of a rectangular column
(mm)

modulus of elasticity of concrete (MPa)

modulus of elasticity of the fibers (MPa)

modulus of elasticity of FRP (MPa)

flexural stiffness of the element (N-mm?)

modulus of elasticity of the resin matrix (MPa)

modulus of elasticity of steel tendons (MPa)

modulus of elasticity of steel (MPa)

compression stress in concrete (MPa)

specified compressive strength of concrete (MPa)

compressive strength of confined concrete (MPa)

cracking strength of the concrete (MPa)

tensile strength of the fibers (MPa)

tensile stress in a given direction, generally the fiber direction, of a FRP (MPa)
specified tensile strength of an FRP bars, plates, sheets, or tendons (MPa)
confinement pressure due to FRP strengthening at the ULS (MPa)
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~ o~
Y

tensile strength of the resin matrix (MPa)

stress in prestressed steel reinforcement when stress in the surrounding concrete
is zero (MPa)

specified tensile strength of prestressing steel (MPa)

tensile stress in steel reinforcement (MPa)

compressive stress in steel reinforcement (MPa)

effective stress in the prestressing steel after losses (MPa)

specified yield strength of steel reinforcement (MPa)

live load capacity factor

resultant force from the intermediate steel (N)

overall thickness of a component (mm)

lateral dimension of the cross-section in the direction considered (mm)

longer dimension of a column (mm)

slab thickness (mm)

height of FRP bonded on the lateral side of the member (mm)

effective length factor for compression elements

concrete strength factor as defined in Clause 16.11.3.2 of CSA S6-06

a nondimensional factor as defined in Clause 16.11.3.2 of CSA S6-06
confinement coefficient

strength reduction factor applied for unexpected eccentricities

confinement parameter

bond reduction coefficient for externally bonded FRP stirrups

minimum required anchorage length for externally bonded FRP beyond the point
where no strengthening is required (mm)

clear span of flexural member (mm)

unsupported length of a compression member (mm)

width of shear wall (mm)

unsupported length of a flexural member measured from center to center of
supports (m)

live load (N)

effective anchorage length of external FRP shear reinforcement (mm)

value of the smaller end moment at the ULS due to factored loads acting on a
compression member, to be taken as positive if the member is bent in single
curvature and negative if it is bent in double curvature (N-mm)

value of the larger end moment at the ULS due to factored loads acting on a
compression member, always taken as positive (N-mm)

factored moment at a section (N-mm)

factored flexural resistance of a section in bending (N-mm)

resisting moment corresponding to slab portion of a T-section (N-mm)

resisting moment corresponding to web portion of a T-section (N-mm)

factored axial load normal to the cross-section occurring simultaneously with,
v, (N)

axial dead load (N)

axial earthquake load (N)

factored axial load at a section at the ULS (N)

axial live load (N)

factored axial load resistance (N)

factored axial resistance of a section in compression with minimum
eccentricity (N)
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P ro
r
N

SF: SFRP

See

t;, tFRP
Trrp
TFRP,force
Trrp side

S NS

=

Vs Virp
l/m
Vp

Qap
ar
«, dp

3,0

EFis Eft
EF, EFRP
EFRPe

factored axial load resistance at zero eccentricity of the unconfined section (N)
radius of gyration of gross cross-section (mm)

spacing of steel shear reinforcement measured parallel to the longitudinal axis of
the member (mm)

spacing of externally bonded FRP bands on concrete for shear strengthening
measured along the axis of the member or unit width (i.e., 1.0) of a continuous
FRP shear reinforcement (mm)

equivalent crack spacing parameter (mm)

total thickness of externally bonded FRP plates or sheets (mm)

tensile resultant force from the longitudinal FRP (N)

tensile resultant force from the longitudinal FRP bonded on the tension face (N)
resultant force from the longitudinal FRP subjected to tension and bonded on the
sides of the section (N)

glass-transition temperature (°C)

wet glass-transition temperature (°C)

tensile resultant force from the tension steel (N)

factored shear resistance attributed to the concrete (N)

volumetric ratio of fibers within the FRP

factored shear force at the section (N)

factored shear resistance provided by FRP shear reinforcement (N)

volumetric ratio of resin matrix within the FRP

factored shear resistance provided by the component in the direction of the
applied shear of all the effective prestressing forces; positive if resisting the
applied shear (N)

factored shear resistance (N)

factored shear resistance provided by steel shear reinforcement (N)

width of FRP sheet measured perpendicular to the direction of main fibers (mm)
depth of an equivalent rectangular stress block (mm)

ratio of average stress in rectangular compression block to the specified concrete
compressive strength

load factor for dead load

load factor for live load

angle of inclination of steel tendon force to the longitudinal axis of the member
angle of inclination of the transverse reinforcement to the longitudinal axis of the
member

ratio of the depth of rectangular compression block to the depth of the neutral
axis

factor to account for the shear resistance of cracked concrete

mass density of concrete (kg/m)

design lateral drift ratio

additional concrete stress due to confinement (MPa)

strain in concrete

initial strain in concrete

strain in concrete at f,

strain in concrete at f7,

ultimate compressive strain of concrete

initial tensile strain at the location of FRP before applying FRP

strain in FRP reinforcement

effective strain in FRP
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EFRP: maximum permitted tensile strain in FRP flexural strengthening system

€ru,€FRp;  Ultimate strain of FRP

s tensile strain in tension steel reinforcement

e compressive strain in compression steel reinforcement

Esi initial tensile strain in tension steel reinforcement

E;,i initial compressive strain in compression steel reinforcement

Eg tensile strain in intermediate steel reinforcement

Ex longitudinal strain

Ey yield strain of steel

o angle of inclination of the principal diagonal compressive stress to the longitudinal
axis of the member

A parameter depending on the density of concrete

o resistance factor for concrete

o, pprp  Tesistance factor for FRP

wp linear dead load (kN/m)

wr linear live load (kN/m)

A4

)
(’)CL'
(a
or
()
Ome
r
s
s

CNR-DT 200/2004

value of quantity (.) for concrete

value of quantity (.) for confined concrete

design value of quantity (.)

value of quantity (.) for the fiber-reinforced composite

characteristic value of quantity (.)

value of quantity (.) for confined masonry

value of quantity (.) as resistance

value of quantity (.) for steel

value of quantity (.) as demand

area of concrete cross-section, net of steel reinforcement

area of FRP reinforcement

area of FRP shear reinforcement

overall area of longitudinal steel reinforcement

area of one stirrup leg

area of steel reinforcement subjected to tension

area of steel reinforcement subjected to compression

width of FRP reinforcement

distance from extreme compression fiber to centroid of tension reinforcement
Young’s modulus of elasticity of concrete

Young’s modulus of elasticity of FRP reinforcement

Young’s modulus of elasticity of fiber itself

Young’s modulus of elasticity of matrix

Young’s modulus of elasticity of steel reinforcement

design bond strength between FRP reinforcement and concrete (or masonry)
characteristic bond strength between FRP reinforcement and concrete (or masonry)
concrete compressive strength (cylindrical)

design strength of confined concrete

design concrete compressive strength

characteristic concrete compressive strength
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f ctm
Jra
f}"dd
Jpaaz
Jred
Je
ﬁ”pd
Ji
fl,eff
f mk
h
mk
f mced
f md
h
md
f mtd
f mtk
f mtm
f vd
f vk
Iy
Jya
f:vwd
F max,d

o

d

Q

falte

mean value of concrete tensile strength

design strength of FRP reinforcement

design debonding strength of FRP reinforcement (mode 1)

design debonding strength of FRP reinforcement (mode 2)

effective design strength of FRP shear reinforcement

characteristic strength of FRP reinforcement

design debonding strength of FRP reinforcement

confining lateral pressure

effective confining pressure

characteristic compressive strength of masonry

characteristic compressive strength of masonry in the horizontal direction
characteristic compressive strength of FRP-confined masonry

design compressive strength of masonry

design compressive strength of masonry in the horizontal direction

design tensile strength of masonry

characteristic tensile strength of masonry

mean value of the tensile strength of masonry

design shear strength of masonry

characteristic shear strength of masonry

yield strength of longitudinal steel reinforcement

design yield strength of longitudinal steel reinforcement

design yield strength of transverse steel reinforcement

design value of the maximum tensile force transferred by FRP reinforcement to the
concrete support

design value of the maximum anchorage force transferred by FRP reinforcement
bonded on a masonry structure in the presence of a force perpendicular to the
bonded surface area

shear modulus of adhesive

shear modulus of concrete

section depth

moment of inertia of cracked and un-strengthened reinforced concrete section
moment of inertia of cracked and FRP-strengthened reinforced concrete section
moment of inertia of transformed section

moment of inertia of FRP reinforcement about its centroidal axis, parallel to the
beam neutral axis

coefficient of efficiency for confinement

coefficient of efficiency in the horizontal direction

coefficient of efficiency in the vertical direction

Coefficient of efficiency related to the angle of fibers respect to the longitudinal
axis

bond length

optimal bond length

flexural capacity of FRP-strengthened member

factored moment

bending moment acting before FRP strengthening

bending moment applied to the RC section due to loads applied after FRP
strengthening

axial capacity of FRP-confined concrete member

axial capacity of FRP-confined masonry
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Tra
Tray
TRd,max
T Rds
Tsq
T,
Viib
VRra
VRd et
VRd,max
VRd,s
VRa,t
VRd,m
Vsa
Wr

X

Osz
aff

’Ym
Yrd
Crx
I'ra
€o

Ec

Eccu
Eco

Ecu

&f

Efd
Efd,rid
Efk
Efdd
ng u

Emu

factored axial force

distance between layers of bars in the confinement of masonry columns
spacing of FRP strips or discontinuous FRP U-wraps
weight fraction of fibers

weight fraction of the matrix

interface slip

interface slip at full debonding

thickness of FRP laminate

glass-transition temperature of the resin

melting temperature of the resin

torsional capacity of FRP-confined concrete member
FRP contribution to the torsional capacity

torsional capacity of the compressed concrete strut

steel contribution to the torsional capacity

factored torsion

Yarn count in x direction

volumetric fraction of fibers

shear capacity of FRP-strengthened member

concrete contribution to the shear capacity

maximum concrete contribution to the shear capacity
steel contribution to the shear capacity

FRP contribution to the shear capacity

masonry contribution to the shear capacity

factored shear force

width of FRP laminate

distance from extreme compression fiber to neutral axis
safety coefficient for fabric stiffness

safety coefficient for fabric strength

partial factor for materials

partial factor for resistance models

characteristic value of specific fracture energy

design value of specific fracture energy

concrete strain on the tension fiber prior to FRP strengthening
concrete strain on the compression fiber

design ultimate strain of confined concrete

concrete strain on the compression fiber prior to FRP strengthening
ultimate strain of concrete in compression

strain of FRP reinforcement

design strain of FRP reinforcement

reduced design strain of FRP reinforcement for confined members
characteristic rupture strain of FRP reinforcement
maximum strain of FRP reinforcement before debonding
ultimate compressive strain of confined masonry
ultimate compressive strain of masonry

strain of tension steel reinforcement

strain of compression steel reinforcement

design yield strain of steel reinforcement

conversion factor

Poisson’s ratio of fibers
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Um Poisson’s ratio of matrix

Prib fiber density

P matrix density

o stress in the concrete

oy stress in FRP reinforcement

o stress in tensile steel reinforcement

Osd stress normal to masonry face acting on the bonded surface area between FRP
reinforcement and masonry

The equivalent shear stress at the adhesive-concrete interface

o, curvature at ultimate

?y curvature at yielding

A5 TR-55

Ay area of FRP

Ag, area of effectively anchored additional FRP tensile reinforcement
Ag, area of FRP shear reinforcement

Ay area of tensile steel reinforcement

Al area of compression steel reinforcement

b width of section

b, width of adhesive layer

by width of plate

by, beam width or plate spacing for solid slab

d effective depth of section

d effective depth of compression steel

dy effective depth of FRP shear reinforcement

D diameter of column

E, modulus of elasticity of concrete

Ef modulus of elasticity of FRP

Ey design elastic modulus of FRP

Eg characteristic elastic modulus of FRP

E; initial tangent modulus of concrete

E,,E, secant modulus of concrete

E, postcrushing tangent modulus

E; modulus of elasticity of steel

Ep hop modulus of FRP

Jec confined concrete compressive strength

Jeca design confined concrete compressive strength

Seck characteristic confined concrete compressive strength = f,, + 4.1 X 0.85 f;, t/R
Jek characteristic compressive cylinder strength of concrete~0.85f.,
feo unconfined concrete compressive strength

Setm tensile strength of concrete = 0.18 ( fm)Z/3

Jfeu characteristic compressive cube strength of concrete
i3 design tensile strength of FRP

Jia ultimate design tensile strength of FRP

S characteristic tensile strength of FRP

Jin mean tensile strength of FRP

fo intercept of postcrushing tangent modulus with the stress axis = f.,(E;—E,)/(E;—E)
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I confinement pressure

5 characteristic tensile strength of steel reinforcement

f;’ compressive strength of steel reinforcement

Fy tensile force in FRP

F; tensile force in steel reinforcement

F compressive force in steel reinforcement

G dead load

h overall depth of member

I, second moment of area of existing concrete equivalent transformed cracked section
I second moment of area of strengthened concrete transformed cracked section
I anchorage length

limax ~ maximum anchorage length

L. effective bond length

M design ultimate moment

M,y  additional required moment capacity

M, moment capacity of existing beam

M, design resistance moment of strengthened section
M, balanced moment of resistance

M service moment based on unfactored permanent loads
M, ultimate moment

[ live load

R radius of column

sp spacing of FRP strips

Ty characteristic bond failure force

Timax ultimate bond failure force

tr thickness of FRP

Vv ultimate shear force at the plate end

Vie shear resistance of concrete

Vi&e shear resistance of existing member

Vrs shear resistance of FRP

Vri shear resistance of links

Vrmax maximum shear resistance of member
Vs shear resistance of strengthened member
V shear force due to ultimate loads

Vsa design shear force

Vmax ~ Maximum permissible shear stress

wr width of FRP shear reinforcement strips
Wee effective width of FRP

X depth of neutral axis of existing member
z lever arm

o™ modular ratio of steel to concrete

oy modular ratio of FRP to concrete

B angle between FRP and the longitudinal axis of the member = 45° or 90°
Y partial safety factor for adhesive

Yine partial safety factor for concrete

VinE partial safety factor for modulus of elasticity of FRP
YouF partial safety factor for FRP

Vg partial safety factor for strength of FRP

Yo partial safety factor for manufacture of FRP



Appendix A: Nomenclature 299

Vs
Cee
€ccu
Ecft
€cic
Ecit
€ cu
e
6ﬂ<
i
€y
Ve
Pr
T

partial safety factor for steel

axially confined concrete strain

ultimate axial confined concrete strain = ¢g,/vc (1 + %)5)
final tensile strain of concrete

initial compressive strain of concrete due to M,

initial tensile strain of concrete due to M,

ultimate compressive strain of (unconfined) concrete = 0.0035
effective FRP strain

characteristic failure strain of FRP

design ultimate strain of FRP

yield strain of steel = 0.002

poisson’s ratio for concrete = (.2

FRP shear reinforcement ratio

longitudinal shear stress
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Appendix B: Inspection checklist

The following checklist summarizes the primary items recommended in earlier
chapters to verify successful fiber-reinforced polymer (FRP) system installation.

General
*  “As-built” plans are being updated to reflect field revisions.
Contractor submittal and training

+ Contractor has submitted a quality control plan and safety data sheets (SDSs).

» Contractor has submitted qualifications of the installation crew.

» Contractor has submitted calibration documentation of measuring and testing equipment.

+ Site staff members properly trained and informed regarding technical inspection and test-
ing requirements.

+ Site staff members are properly trained on emergency and accident procedures.

Materials

» Material property test results are based on a minimum of 10 samples per test.

» Fiber properties including tensile strength, modulus, and ultimate strain are provided.

» The mean and coefficient of variation of the moisture equilibrium content are determined
per ASTM D 5229 and are not greater than 2% and 10%, respectively.

» Epoxy property information includes epoxy tensile strength, modulus, infrared spectrum
analysis, glass transition temperature, gel time, pot life, and adhesive shear strength.

» The glass transition temperature is determined per ASTM D4065 and is at least 40°F
higher than the maximum design temperature (see Section 3.12.2.2 of the AASHTO LRFD
Bridge Design Specifications).

» After conditioning as specified below the glass transition temperature and tensile strain is
to retain 85% of the required values. The conditioning environments are:

Water: Samples are immersed in distilled water having a temperature of 100 = 3°F and
tested after 1000 h of exposure.
Alternating UV and humidity: Samples are conditioned under Cycle 1-UV exposure
per ASTM G154, and tested within 2 h after removal.
Alkali: Samples are immersed in calcium hydroxide (pH ~ 11) at ambient temperature
for 1000 h prior to testing.
Freeze—thaw: Samples are exposed to 100 repeated cycles of freezing and thawing per
ASTM C666.

+ If impact tolerance is stipulated by the engineer, it is determined per ASTM D7136.

+ Daily inspection during installation should include the following test measurements:
Ambient temperature, relative humidity, and general weather observations.
Surface temperature of concrete.
Surface dryness per ACI 503.4.
Level of resin curing in accordance with ASTM D2582.
Adhesion strength, to exceed 200 psi.
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+ The submitted sample results have been from certified mill analyses and third-party laboratories.

» All materials meet acceptance requirements.

+ All materials not meeting acceptance requirements have been properly disposed.

» The following design parameters are clearly listed on the structural engineering submittals
for a nonprestressed beam flexural strengthening project. Note: Depending on the specific
design application, not all of the following parameters may be needed:

Concrete compressive strength of precast beam,
Modulus of elasticity of concrete,

Reinforcing steel yield strength,

Steel reinforcement area,

Modulus of elasticity of steel,

Internal shear reinforcement and its spacing,
FRP plate/sheet thickness,

Ultimate tensile strain in the FRP at failure,
Tensile strength in the FRP at ultimate strain,
Glass transition temperature,

Shear modulus of the adhesive,

Modulus of elasticity of fiber,

Total height of beam including deck slab,
Flange thickness,

Effective width of the flange,

Bridge span length,

Distance from extreme compression fiber to steel centroid,
New nominal loads for fatigue limit state,
Shear force at reinforcement end-termination,
New load capacity needed.

» In the case of a prestressed concrete beam designed for flexural strengthening, the follow-

ing parameters may be added to the above list:
Concrete compressive strength of the deck,
Area of prestress tendons,
Diameter of tendons,
Initial pretensioning at service limit state,
Yield strength,
Ultimate stress,
Type of strands,
Distance from extreme compression fiber to strand centroid.

*  When designing for shear strengthening of a nonprestressed member, the following para-
meters may be needed:

Concrete compressive strength of precast beam,
Modulus of elasticity of concrete,
Reinforcing steel yield strength,

Steel reinforcement area,

Modulus of elasticity of steel,

Internal shear reinforcement and its spacing,
FRP plate/sheet thickness,

Ultimate tensile strain in the FRP at failure,
Tensile strength in the FRP at ultimate strain,
Modulus of elasticity of FRP,

Tensile strength of FRP at ultimate strain,
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Orientation of FRP sheets,

Width of FRP sheets,

Center-to-center spacing of FRP sheets,

Total height of beam including deck slab,

Flange thickness,

Effective width of the flange,

Bridge span length,

Distance from extreme compression fiber to steel centroid,

Effective depth of FRP sheets,

Width of the web,

New shear capacity needed.
*  When designing for shear strengthening of a prestressed member, the following para-

meters may be added to the above list:

Concrete compressive strength of the deck,

Area of prestress tendons,

Diameter of tendons,

Initial pretensioning at service limit state,

Yield strength of tendons,

Ultimate stress of tendons,

Type of strands,

Effective depth from extreme compression fiber to centroid of reinforcement.
» Design parameters required for column wrapping (confinement) include:

Concrete compressive strength,

Reinforcing steel yield strength,

Steel reinforcement area,

Tie or spiral spacing,

Area of strands,

Initial pretensioning at service limit state,

Modulus of elasticity of strands,

FRP sheet thickness,

Ultimate tensile strain of the FRP

Modulus of elasticity of FRP

Tensile strength of FRP at ultimate strain,

Column geometry,

Column height,

Ultimate axial load to resist.

FRP shipping, storage, and handling

» All packages received include SDSs.

» Packages are inspected upon delivery for damage.

» FRP systems are stored in accordance with the manufacturer’s guidelines.

+ Catalysts and initiators are stored separately.

» Chemical components are securely sealed per OSHA standards.

» Flammable resins are stored in accordance with fire regulations.

» Expired materials are disposed of in accordance with environmental control regulations.

» Hazardous materials such as thermosetting resins are properly labeled.

» SDSs are accessible to all at the project site and are read and understood by personnel
handling hazardous materials.

» Proper gear (suits, gloves, dust masks, respirators, etc.) is available for handling resins,
solvents, and fiber materials.
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» The resin mixing area is well ventilated.
* Waste materials are disposed in accordance with environmental regulations.

Removal and restoration of defective surfaces prior to concrete placement

» The perimeters of existing spalls have been identified and saw cut to a minimum depth of
0.75 in. to prevent feathered edges.

* Cracks in the concrete wider than 0.01 in. spaced closer than 1.5 in. and cracks wider than
1/32 in. have been filled using pressure injected epoxy.

» After removal of all defective areas, contractor inspected and cleaned the substrate from
any dust, laitance, grease, oil, curing compounds, wax, impregnations, foreign particles,
and other bond-inhibiting materials.

» All exposed steel has been sandblasted clean prior to concrete placement.

» The contractor applied bonding and reinforcement protection to all exposed reinforcement
and concrete surfaces prior to concrete placement.

Inspection of surface preparation prior to FRP application

» All inside and outside corners and sharp edges were rounded or chamfered to a minimum
radius of 1/2 in.

* The restored concrete surface is smooth and uniform with a maximum out of plane devia-
tion of 1/32 in.

» All voids with diameters larger than 1/2 in. and depressions greater than 1/16 in. were
filled cured.

* Cracks in the concrete wider than 0.01 in. spaced closer than 1.5 in. and cracks wider than
1/32 in. have been filled using pressure injected epoxy.

» The surface was checked and cleaned of any dust, laitance, grease, oil, curing compounds,
wax, impregnations, surface lubricants, paint coatings, stains, foreign particles, weathered
layers, and any other bond-inhibiting materials.

+ The substrate concrete compressive strength was checked to be 2.2 ksi or greater, and ten-
sile strength to be 220 psi or greater.

Application conditions

* The ambient temperature and temperature of concrete surface were within the range of
50—90°F.

+ Contact surfaces were completely dry at the time of installation of the FRP system.

» The weather forecast predicts dry conditions. If rain began, the application was stopped
untill dry conditions returned.

Installation of wet lay-up systems

» Field data including temperature, surface condition, and relevant field observations were
documented.

* Witness panels were prepared with a size of at least 300—775 in.%, but not less than 0.5%
of the overall area to be strengthened.

* Resin was mixed in quantities sufficiently small to ensure its use within manufacturer
recommended pot life.

» Excess resin was disposed of when it exceeded its pot life, or when it began to generate
heat or showed signs of increased viscosity.

» The ambient and concrete surface temperatures were present as specified in the contract
drawings and recommended by the manufacturer.
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» Excess primer was disposed of when it exceeded its pot life.

» The putty, if necessary, was applied as soon as the primer became tack-free or until non-
sticky to the fingers.

» The surfaces of primer and putty were protected from dust, moisture and other contami-
nants before the FRP system was applied.

» The fiber sheet was placed properly and pressed gently onto the wet saturant.

* Any entrapped air between the fiber sheet and concrete was released.

* Rolling was conducted in the fiber direction for unidirectional fiber sheets.

+ Sufficient saturant was applied on top of the fiber sheet as an overcoat to fully saturate the
fibers.

» Lap splice lengths were as specified in the contract drawings, and at least 8 in.

» There was no deviation in fiber alignment by more than 5 degree.

» The FRP system was protected as necessary until it was fully cured.

Identification of defective work

» No voids or air encapsulation (pockets) were found between the concrete and the layers of
primer, resin and/or adhesive, or within the composite itself.

+  Delaminations larger than 2 in.> (1300 mm?) were scanned for (using acoustic sounding,
ultrasonic, or thermography). If more than 10 such delaminations were detected in 10 ft.2,
they were repaired.

* There is no wrinkling or buckling of fiber, fiber tows, or discontinuities due to fracture of
the fibers.

» There are no resin-starved areas or areas with nonuniform impregnation/wet-out.

» There are no cracks, blisters, or peeling of the surface coating.

+ There is no under-cured or incompletely cured polymer.

» There are no incorrectly placed reinforcement configurations.

Postinstallation quality control tests

+ A surface inspection was performed for any swelling, bubbles, voids, or delaminations
after at least 24 h of initial resin cure. If advanced equipment is unavailable, an acoustic
tap test was performed with a hard object to identify delaminated areas by sound. All
voids were marked and assessed for size to determine if repair is needed.

» Direct pull-off testing according to ASTM D4541, ASTM D7234, or the method described
by ACI 440.3R (2004), Test Method L.1, was conducted. Successful tension adhesion
strengths should exceed the greatest of 200 psi or 0.065 \/fr ksi, and exhibit failure of the
concrete substrate.

» Areas after unsuccessful bonding tests were repaired according to the procedures estab-
lished in the contract drawings and specifications.

Long-term maintenance inspections

* An annual general inspection is conducted, primarily visual in nature. In the annual
inspection, the inspector looks for changes in color, signs of crazing, cracking, delamina-
tion/debonding, peeling, blistering, deflection, or evidence of other deterioration, in addi-
tion to local damage due to impact or surface abrasion.

* A detailed inspection is conducted at least once every 6 years, where the inspection
attempts to more accurately quantify the performance and condition of the FRP system.
Pull-off testing and test evaluation for debonding and FRP degradation are performed as
part of detailed testing.
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A shipping and storage, 146
AASHTO, 6, 88, 118—119, 146, 150, strengthening limits, 36—37

159—-160, 170, 177—178, 185—186
axial capacity of confined columns in
compression, 118—119
contractor submittals, 155—159
creep rupture and fatigue stress limits,
56—-58
development length, 68—69
end peeling, 62—63
environmental conditioning, 177—178
environmental reduction factors, 42
epoxy physical and adhesive properties
testing, 178
to evaluate shear resistance of FRP,
98—-99
evaluation of confined compressive
strength, 119
flexural design approach and assumptions,
71-72
FRP design strain limits, 94—95
FRP strain limits, 43—44
FRP stress limits, 117
GFRP, calculation of shear resistance for,
99
guidelines, 225—227
acceptance criteria, 244—245
inspection, 241
maintenance and repair, 248—250
for manufacturer and contractor
qualification, 234
recommended modifications to,
227-231
handling, 146
maximum FRP shear reinforcement, 88
maximum FRP strain due to confinement,
116
moisture content and epoxy requirements,
177
serviceability and service load limits, 54

strength reduction factors, 48—49
surface preparation, 160
temperature, humidity, and moisture
considerations, 160
wrapping schemes, 84
AASHTO Bridge Design Specifications,
214-216
AASHTO provisions, recommended
modifications to, 227—231

environmental reduction factors, 227—228

flexural design when considering
compression failures, 228
prestressed sections
initial strain for, 228—229

strength reduction factors and ductility

provisions considering, 229—231
ABAQUS, 9—10, 31-32
buckling in, 29
ACI125 (2012), 6
Accelerated weathering data, linear
regression fit to, 203f
Acceleration factors, 17, 200—204
ACI, 87, 119—122, 143—144, 148—149,
167—168, 173—175
axial capacity of confined columns in
compression, 119

creep rupture and fatigue stress limits, 56

development length, 70

end peeling, 62

environmental reduction factors, 40

to evaluate shear resistance of FRP,
95—-97

evaluation and acceptance at project
completion, 174—175

evaluation and acceptance before starting

the project, 174
evaluation of confined compressive
strength, 121—-122
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ACI (Continued)
flexural design approach and assumptions,
73-79
FRP design strain limits, 93—94
FRP strain limits, 42—43
FRP stress limits, 117
handling, 144
inspection and assessment, 184—185
installation procedures, 151—155
alignment of FRP materials, 154—155
application, 153—154
curing, 155
equipment, 152
mixing of resins, 153
multiple plies and lap splices, 155
surface preparation, 152—153
temperature, humidity, and moisture
considerations, 151—152
maximum FRP strain due to confinement,
116
repair techniques, 185
serviceability and service load limits,
53-54
serviceability considerations, 122
shear strengthening limits, 87
shipping, 143
spacing of FRP strips, 87
storage, 143—144
strength reduction factors, 46—47
stress—strain model for confined
reinforced concrete columns, 120
wrapping schemes, 84
ACI 224.1R (2007), 152, 156
ACI 440, 17
ACI 440.2R, 3—7, 226
ACI 440.2R-08, 6—7
strengthening limits, 37, 38f
ACI 440.3R (2004), 6
ACIT 440R (2007), 6
ACI 503R (1998), 145, 176
ACI 503.4 (2003), 157, 235
ACI 546R (2004), 152—153
ACI SP-215 (2003), 6
Acoustic emission test, 183
Adhesion, defined, 13—14
Adhesion strength, 175
Adhesive bond testing on as-built structure,
215f
Advantages of FRP, 2

Alignment, 154—155, 240
Alkali resistant AR-glass fibers, 11—12
Analysis and design recommendations,
225-231
criteria for recommendations, 225
general recommendation and discussion,
225-227
recommended modifications to AASHTO
provisions, 227—-231
environmental reduction factors,
227-228
flexural design when considering
compression failures, 228
initial strain for prestressed sections,
228-229
strength reduction factors and ductility
provisions considering prestressed
sections, 229—231
Anchorage methods for FRP, 66
ANSI Z-129.1 (2010), 144, 149
Application of FRP systems, 238—240
Aramid fibers, 11—12
ASTM C666 (2008), 17, 69, 205
ASTM D3039 (2008), 177
ASTM D3418 (2003), 174—176, 241
ASTM D4065 (2012), 177—178
ASTM D4541 (2002), 176, 196—197
ASTM D7136 (2007), 178
ASTM E632 (1996), 17
Axial strengthening
of confined circular column (ACI
procedure), 278—280
of confined circular column, 273—275
of confined square column (ACI
procedure), 281—284
of square column, 276—277

B
Balanced laminate, 22
Basalt fibers, 11
Beam, 9—-10, 19, 32, 43, 57, 62—63, 67, 69,
85—86, 89—90, 103, 229
Beam pretensioning strands, 259—260, 266
Bond durability, 191—-204
pull-off testing, 196—200
sample preparation, 192—193
test plan and procedures, 193—195
test results, 197—204
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acceleration factor, evaluation of,
200—-204
pull-off testing, 198—200
Bond quality, 16
Bridge inspection and reporting, 1
Buckling of laminate plates, 29

C
Carbon fiber-reinforced plastic (CFRP), 41,
47
sheets and strips, 12
strip bonding, 2—3
system, 251
Carbon fibers, 11—12
CEB-FEB (2001), 6
Classical laminate theory, 21—24
CNR, 123—-126, 147—148, 151, 164—166,
173, 181—183, 188—189
application, 165
axial capacity of FRP-confined members
under concentric or slightly eccentric
force, 123
creep rupture and fatigue stress limits, 58
development length, 70
end peeling, 65—66
environmental reduction factors, 40
evaluation and acceptance at project
completion, 182—183
evaluation and acceptance before starting
the project, 181
evaluation of coefficient of horizontal
efficiency, coefficient of vertical
efficiency, and efficiency coefficient,
124—126
evaluation of the confined compressive
strength, 123
evaluation of the confined lateral pressure,
124
flexural design approach and assumptions,
72-73
FRP strain limits, 44
FRP stress limits, 117
handling, 148
maximum FRP strain due to confinement,
115
protective coating, 166
responsibilities of the construction
manager, 181—182

serviceability and service load limits, 55
shear design approach and assumptions,
100—101
shipping and storage, 147—148
strength reduction factors, 51—52
surface preparation, 165
temperature, humidity, and moisture
considerations, 164—165
witness areas, 165
wrapping schemes, 86
CNR-DT 200 (2004), 6, 35
Composite interfacial adhesion, 13—15
Composite interfacial debonding, 3, 13—15
Composite mechanics, 19
durability and failure modes, 27—29
failure modes and strength prediction,
28-29
finite element analysis, 30—33
finite element simulation, 31—32
numerical modeling of FRP-
strengthened concrete beams, 32—33
laminate, 20—24
classical laminate theory, 21—-24
unidirectional ply, 20—21
textile fabric, 24—26
mechanics, 24—26
Concrete substrate, failures of, 199f
Confined circular column, axial
strengthening of, 273—-275
ACI procedure, 278—280
Confined square column, axial strengthening
of, 281—-284
Confinement strengthening of RC/PC bridge
members, 115—138
analysis and design procedures, 118—126
AASHTO, 118—119
ACI, 119-122
CNR, 123-126
ISIS, 122—-123
design considerations, 115—118
FRP stress limits, 117—118
maximum FRP strain due to
confinement, 115—117
strength reduction factors, 115, 115¢
Construction manager, responsibilities of,
181182
Contact-critical applications, 153, 157
Contractor qualifications, 149—151
AASHTO, 150



326

Index

Contractor qualifications (Continued)
ACI, 149
CNR, 151
ISIS, 149—150
JSCE, 150
TR55, 150—151
Coring FRP material around test dollies,
215f
Corrosion resistance, 2
Cure of FRP systems, 247
Curing process, 159, 174—176
Curing time, 240—241

D
Debonding, 3, 15, 187
composite interfacial adhesion and,
13—-15
Degradation rates, calculating, 17
Delaminations, 3, 9—10, 29, 175—176, 248
Design examples, 251
axial strengthening
of confined circular column (ACI
procedure), 278—280
of confined circular column, 273—275
of confined square column (ACI
procedure), 281—284
of square column, 276—277
flexural strengthening
of simply supported cast in-place
reinforced concrete girder, 251—-259
of simply supported prestressed
concrete girder, 259—265
shear strengthening
of prestressed concrete beam using two-
sided wrap, 266—270
of T-beam using U-wrap, 270—273
Design provisions, 35
flexural FRP strengthening of RC/PC
bridge members, 35—83
creep rupture and fatigue stress limits,
56—61
development length, 68—71, 69f
end peeling, 62—67, 66¢
environmental reduction factors,
39-42, 40t
flexural design approach and
assumptions, 71—83
FRP strain limits, 42—46

serviceability and service load limits,
53-55
strengthening limits, 36—39
strength reduction factors, 46—52
FRP-confinement strengthening of RC/PC
bridge members, 115—138
analysis and design procedures,
118—126
design considerations, 115—118
shear FRP strengthening of RC/PC bridge
members, 84—114
FRP design strain limits, 93—95
reinforcement limits and spacing limits,
87-92
shear design approach and assumptions,
95-114
strength reduction factors, 86
wrapping schemes, 84—86
witness panels, 138—141
Design standards and guides, 3—6
Designing with FRP reinforcement, 6—9
flexural strengthening, 7—8
shear strengthening, 8—9
Destructive flexural strength testing, 206
Deterioration rates of samples, 191, 211
Discretization, 30
Dolly and FRP surface, 198
bond failures between, 198f
Durability and failure modes, 27—29
and strength prediction, 28—29
Durability of FRP, 15—17, 204—-211
test environment, 205
test materials and specimens, 207—208
test sequence, 208
test methods, 206—207
destructive flexural strength testing, 206
nondestructive modal testing for storage
modulus and loss factor, 206—207
test results, 208—211
Durability testing, 191

E
EB FRP systems, 3
installation of, 10
E-glass/vinyl ester composites, 11—12,
15-16
Epoxies, 12—13
mechanical properties of, 13¢



Index

327

Epoxy adhesives, 3, 196
Equipment installation, 235—236
Evaluation and acceptance, 173—184,
244—-248
AASHTO, 177—178
ACI, 173-175
CNR, 181—183
cure, 247
delamination, 248
ISIS, 175—176
JSCE, 179—180
materials, 245—247
orientation, placement, and thickness, 247
TR55, 180—181
Externally bonded (EB) composite fabrics, 2

F
Failure modes, 2, 7, 27—29
first-ply failure, 28—29
local buckling, 29
shear failure, 29
Tsai-Hill criterion, 28—29
Fibers, 11—12
Field pull-off testing, 213—214
Field testing, 213
field pull-off testing, 213—214
load distribution testing, 214—223
installation plan, 217219
interpreting results, 220—223
test plan, 219—-220
proof load testing, 223—224
Filament wound tanks, 20
Finite element analysis (FEA), 30—33, 216
finite element simulation, 31—32
numerical modeling of FRP-strengthened
concrete beams, 32—33
Finite element simulation, 31—32
First-ply failure, 28—29
Flexural FRP strengthening of RC/PC bridge
members, 35—83
creep rupture and fatigue stress limits,
56—61
AASHTO, 56—58
ACI, 56
CNR, 58
ISIS, 56
JSCE, 60
TRSS, 58—59

development length, 68—71, 69f
AASHTO, 68—69
ACI, 70
CNR, 70
ISIS, 70
TR55, 70-71
end peeling, 62—67, 66¢
AASHTO, 62—63
ACI, 62
anchorage methods for FRP, 66
CNR, 65—66
JSCE, 64—65
TRS55, 63—64, 64f

environmental reduction factors, 39—42,

40t
AASHTO, 42
ACI, 40
CNR, 40
ISIS, 41
JSCE, 41
TRS5S, 41

flexural design approach and assumptions,

71-83
AASHTO, 71-72
ACI, 73—-79
CNR, 72-73
ISIS, 79—-80
JSCE, 72
TRS55, 80—82

FRP strain limits, 42—46
AASHTO, 43—44
ACI, 42—43
CNR, 44
ISIS, 43
JSCE, 44
TR55, 44

serviceability and service load limits,

53-55
AASHTO, 54
ACI, 5354
CNR, 55
ISIS, 54
JSCE, 55
TRSS, 54
strengthening limits, 36—39
AASHTO, 36—-37
ACI 440.2R-08, 37, 38f
ISIS, 38
TRSS, 38
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Flexural FRP strengthening of RC/PC bridge
members (Continued)
strength reduction factors, 46—52
AASHTO, 48—49
ACI, 46—47
CNR, 51-52
ISIS, 47
TRSS5, 49-51
Flexural strengthening, 7—8
of simply supported cast in-place
reinforced concrete girder, 251—259
of simply supported prestressed concrete
girder, 259—-265
FRP composites, 2, 11
composite interfacial adhesion and
debonding, 13—15
constituents, 11—13
fibers, 11—12
interface, 13
matrix, 12—13
durability, 15—17
Fyfe, 3
properties of FRP systems from, 4¢

G

Girder distribution factor (GDF), 220—222

Glass FRP (GFRP) composites, 11—12
degradation of, 13

Goggles, 144, 233

H

Hand-applied wet lay-up systems, 158

Health and Safety File for the
structure, 188

High-frequency ultrasonic testing, 183

I
ICRI 03730 (2008), 152, 236
Inspection, 241—244
of concrete substrate, 243
during installation, 243—244
material inspection, 242—243
project completion, 244
quality assurance and control program,
242
Inspection checklist, 301
application conditions, 304
contractor submittal and training, 301

FRP shipping, storage, and handling,
303—-304
general, 301
identification of defective work, 305
inspection of surface preparation prior to
FRP application, 304
installation of wet lay-up systems,
304—-305
long-term maintenance inspections, 305
materials, 301—303
postinstallation quality control tests, 305
removal and restoration of defective surfaces
prior to concrete placement, 304
Inspection evaluation procedures, 167—173
AASHTO, 170
ACI, 167—168
CNR, 173
ISIS, 168—170
JSCE, 171-172
TRS55, 172—-173
Installation, 231—-250
alignment, 240
application of FRP systems, 238—240
curing, 240—241
of EB FRP systems, 10
equipment, 235—236
of FRP plates, 19—20
multiple plies and lap splices, 240
resin mixing, 238
substrate repair, 236
surface cleanliness, 237
surface smoothness, 236—237
temperature, humidity, and moisture
considerations, 235
Installation provisions, 143
contractor qualifications, 149—151
AASHTO, 150
ACI, 149
CNR, 151
ISIS, 149—150
JSCE, 150
TRS55, 150—151
procedures, 151—-167
AASHTO, 159—-160
ACI, 151-155
CNR, 164—166
ISIS, 155—-159
JSCE, 160—162
TRSS5, 162—164
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shipping, storage, and handling, 143—149
AASHTO, 146
ACI, 143—-144
CNR, 147-148
ISIS, 144—146
JSCE, 146—-147
TRSS, 147
Interface bonding, 13
Interfacial relation models, 14
ISIS, 6, 122123, 144—146, 149—-150,
155—159, 168—170, 175—176, 185
alignment of FRP materials, 158
anchorage methods of FRP, 66
application, 157—158
axial capacity of confined columns in
compression, 122
to calculate shear resistance of FRP,
97-98
creep rupture and fatigue stress limits, 56
curing, 159
development length, 70
environmental reduction factors, 41
equipment, 156
evaluation and acceptance at project
completion, 175—176
evaluation and acceptance before starting
the project, 175
evaluation of the confined compressive
strength, 122—123
flexural design approach and assumptions,
79-80
FRP design strain limits, 95
FRP strain limits, 43
handling, 145—146
maximum FRP strain due to confinement,
116—117
mixing of resins, 157
multiple plies and lap splices, 159
protective coating, 159
serviceability and service
load limits, 54
shipping, 145
storage, 145
strengthening limits, 38
strength reduction factors, 47
surface preparation, 156—157
temperature, humidity, and moisture
considerations, 155—156
wrapping schemes, 85—86

J
Japan Concrete Institute (1997), 6
Japanese Society of Civil Engineers (1997),

6
JSCE, 150, 160—162, 171-172, 179—180,
186—187

anchorage length, 162

application, 161—162

collision resistance, 180

creep rupture and fatigue stress limits, 60

curing, 162

end peeling, 64—65

environmental reduction factors, 41

finishing work, 180

fire safety, 179—180

flexural design approach and assumptions,
72

FRP strain limits, 44

inspection and assessment, 186

inspection before, during, and after
installation, 171—172

inspection of the existing structure, 171

lap splices, 162

materials and storage inspection, 171

repair techniques, 187

serviceability and service load limits, 55

shear design approach and assumptions,
101-102

shipping, 146—147

storage and handling, 147

surface preparation, 161

temperature, humidity, and moisture
considerations, 160—161

JSCE-E 542 (2000), 162

L
Laboratory testing
bond durability, 191—-204
acceleration factor, 200—204
pull-off testing, 196—200
sample preparation, 192—193
test plan and procedures, 193—195
test results, 197—204
durability testing, 191
fiber-reinforced polymer (FRP) durability,
204211
test environment, 205
test materials and specimens, 207—208
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Laboratory testing (Continued)
test methods, 206—207
test results, 208—211
Laminate, 20—24
classical laminate theory, 21—-24
unidirectional ply, 20—21
Laminate theory, 22
Lap splices, 155, 159, 162, 240
Linear variable differential transformers
(LVDTs), 217
Load distribution testing, 214—223
installation plan, 217—219
interpreting results, 220—223
test plan, 219220
Local buckling, 29
Loss factor, storage modulus and
nondestructive modal testing for,
206—-207

M

Machine-applied systems, 154

Maintenance and repair, 184—189
AASHTO, 185—-186

ACI, 184—185
CNR, 188—189
ISIS, 185

JSCE, 186—187
TRS55, 187—188
Maintenance inspections, 248—249
Maintenance recommendations, 231—250
Manufacturer and contractor qualification,
234
Material inspection, 242—243
Materials, 245—247
Material Safety Data Sheets (MSDS), 144
Matrix, 12—13
Maxps Damage, 32
Mesh, 31
Mid-plane forces and moments, 23f

N
National Bridge Inspection Standards
(NBIS), 1
National Cooperative Highway Research
Program (NCHRP), 3—6
NCHRP Report 514, 5—6
NCHRP Report 564, 5
NCHRP Report 609, 146

NCHRP Report 655, 5
NCHRP Report 678, 5
anchorage methods of FRP, 66
Nodes, 31
Nomex by DuPont, 11—12
Nondestructive modal testing for storage
modulus and loss factor, 206—207
Nondestructive tests, 182—183
Nonlinear Active Wave Modulation
Spectroscopy (NAWMS), 15
Numerical modeling, 9—10
of FRP-strengthened concrete beams,
32-33

(0]

Occupational Safety and Health
Administration (OSHA), 143
Orientation, placement, and thickness, 247

Outdoor weathering, 204
bond strength versus time for, 202f
linear regression fit to, 203f

P
PennDOT, 8
Personal protection precautions, 145
Ply orientations in a laminate, 22
Polyester, 12—13
Prestressed concrete (PC) bridges, 216
Prestressed concrete beam using two-sided
wrap, shear strengthening of,
266—270
Prestressed sections
initial strain for, 228—229
strength reduction factors and ductility
provisions considering, 229—231
Project completion, 244
Proof load testing, 223—224
Pull-off testing, 169, 187, 196—200
applying dolly, 196
cutting FRP around dolly, 197
preparing surfaces, 196

Q
QuakeWrap, 3
Quality assurance (QA), 168
and control program, 242
Quality control (QC), 168—169, 177,
231-250
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R Reinforcing fibers, 11, 12¢
Recommendations Resin mixing, 153, 238

analysis and design recommendations, Respiratory protection, 144—145, 233

225-231
AASHTO provisions, recommended
modifications to, 227—231
criteria for recommendations, 225
general recommendation and
discussion, 225—227
evaluation and acceptance, 244—248
cure, 247
delamination, 248
materials, 245—247
orientation, placement, and thickness,
247
handling, 233—-234
inspection, 241—244
inspection of concrete substrate, 243
inspections during installation,
243-244
material inspection, 242—243
project completion, 244
quality assurance and control program,
242
installation, 231—-250
alignment, 240
application of FRP systems, 238—240
curing, 240—241
equipment, 235—236
multiple plies and lap splices, 240
resin mixing, 238
substrate repair, 236
surface cleanliness, 237
surface smoothness, 236—237
temperature, humidity, and moisture
considerations, 235
maintenance inspections, 248—249
maintenance recommendations, 231-250
manufacturer and contractor qualification,
234
quality control, 231—-250
repair, 249—250
shipping, 232
storage, 232—233
Rehabilitation measures
modern, 3
traditional, 1
Reinforced concrete element, strengthening,
6—7

S
S6-06 bridge code, 47, 95, 144—145, 156
Safety glasses, 144—145, 150
Safety glasses, 233
Semidestructive testing, 184
S-glass, 11—-12
Shear and torsion strengthening, 19
Shear failure, 29
Shear FRP strengthening of RC/PC bridge
members, 84—114
AASHTO, 88
maximum FRP shear reinforcement, 88
ACI, 87
shear strengthening limits, 87
spacing of FRP strips, 87
FRP design strain limits, 93—95
AASHTO, 94-95
ACI, 93-94
ISIS, 95
shear design approach and assumptions,
95—114
AASHTO, 98—99
ACI, 95-97
CNR, 100—101
ISIS, 97-98
JSCE, 101—-102
UK, 102—-103
strength reduction factors, 86
wrapping schemes, 84—86
AASHTO, 84
ACI, 84
CNR, 86
ISIS, 85—-86
TRS55, 86
Shear strengthening, 8—9
limits, 87
of prestressed concrete beam using
two-sided wrap, 266—270
of T-beam using U-wrap, 270—273
Shear tearing test, 182
Shipping, storage, and handling, 143—149
AASHTO, 146
ACI, 143—144
CNR, 147—148
ISIS, 144—146
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Shipping, storage, and handling (Continued)
JSCE, 146—147
TRS55, 147
Sika, 3
bidirectional laminate selection offered
by, 5¢
properties of FRP systems from, 4¢
Simply supported cast in-place reinforced
concrete girder, flexural
strengthening of, 251—259
Simply supported prestressed concrete
girder, flexural strengthening of,
259-265
Spot-patching methods, 1
Square column, axial strengthening of,
276271, 276f, 281f
Storage modulus and loss factor
nondestructive modal testing for,
206—-207
Strain gauges, 217—219, 218f
Strengthening systems, FRP, 2—3
installation of. See Installation provisions
Stress—strain relations, 22, 26, 262—263
Substrate repair, 236
Surface cleanliness, 237
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