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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to thosewho arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.
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FOREWORD

By David B. Beal

Saff Officer
Transportation Research
Board

This report contains the findings of research performed to develop recommended
construction specifications and a construction process control manual for bonded fiber
reinforced polymer (FRP) repair and retrofit of concrete structures. The material in this
report will be of immediate interest to bridge construction inspectors, general contrac-
tors, FRP subcontractors, and FRP and adhesive materials suppliers.

The long-term performance of bonded repairs and retrofits of concrete structures
using FRP composites is very sensitive to the process by which the FRP material is
stored, handled, mixed, applied, and cured. Because of the difficulty in quantifying the
relationship between the long-term performance of FRP applications and the construc-
tion process, there has been no rational basis for construction specifications to ensure
performance as designed.

DOTs have depended on composite materials manufacturers to provide construc-
tion process control. FRPs were devel oped for manufactured products, where process-
ing could be tightly controlled. Many manufacturers prefer to have their own repre-
sentatives provide construction process control. This arrangement has resulted in
satisfactory outcomes, but it may not be practical as this technology moves into wide-
spread use. The DOTs need to have some means, such as a process control manual, to
check the constituent materials and the adequacy of the construction process.

The objective of this research was to develop recommended construction specifi-
cations and a construction process control manual for bonded FRP repair and retrofit
of concrete structuresto ensure performance as designed. Thisresearch was performed
at the North Carolina State University with the assistance of SDR Engineering Con-
sultants; Co-Force America, Inc.; and the University of California, San Diego. The
report fully documents the research leading to the construction specifications and the
process control manual. Generic quality assurance program checklists, which can be
modified for specific projects, are provided in the attached diskette.
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BONDED REPAIR AND RETROFIT OF CONCRETE

SUMMARY

STRUCTURES USING FRP COMPOSITES

Since its first applications in Europe and Japan in the 1980s, use of bonded repair
and retrofit of concrete structureswith fiber reinforced polymer (FRP) systems has pro-
gressively increased to the extent that today it counts for at least 25 Innovative Bridge
Research and Construction (IBRC) projectsin the United States, in addition to numer-
ous projects independently undertaken by state departments of transportation (DOTS)
and counties. Because of their light weight, ease of installation, minimal |abor costsand
site constraints, high strength-to-weight and stiffness-to-weight ratios, and durability,
FRP repair systems can provide an economically viable aternative to traditional repair
systems and materials. It isgenerally accepted that long-term performance of FRP sys-
tems is affected not only by the constituent materials, but also by the processes used
during construction. However, the rel ationships between the long-term performance of
FRP systems and the construction processes are not easy to quantify. Hence, thereisa
lack of generally accepted construction specifications and process control procedures
for FRP repair systems, and state DOTs are heavily dependent on FRP manufacturers
to provide construction process control. Asthe FRP technology matures and movesinto
widespread use, the need has become more urgent than ever to equip state DOTs with
the meansto specify and control the constituent materials and the adequacy of the con-
struction process.

This study was undertaken to devel op recommended construction specifications and
a construction process control manual for bonded FRP repair and retrofit of concrete
structures that will ensure performance as designed. The three most common types of
FRP repair systems were considered: wet lay-up, precured, and near surface mounted.
The study was based on then-current scientific and engineering knowledge, research
findings, construction practice, performance data, and other information related to FRP
constituent materials and FRP systems. The information was gathered from aliterature
search, existing databases, a questionnaire survey, telephone interviews, and a clear-
inghouse website. A number of issues and parametersrelevant to FRP repair wereiden-
tified based on the collected data and were used in devel oping the recommended con-
struction specifications and the process control manual.

The proposed specifications include eight main sections: General; Submittals; Stor-
age, Handling, and Disposal; Substrate Repair and Surface Preparation; Installation of
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FRP System; Inspection and Quality Assurance; Repair of Defective Work; and Mea
surement and Payment. The proposed process control manual covers quality control
(QC) and quality assurance (QA) prior to, during, and after compl etion of therepair proj-
ect. It consists of planning, record keeping, inspection and QC tests. The manual
includes the following main sections. QA Policy and Program Overview; QA Guide-
linesfor Construction Activities; and |mplementing and Monitoring of the QA Program.
The manual aso consists of anumber of QA checklists for the FRP repair projects.

Critical review of the FRP research indicates a general consensus on the most rele-
vant issues and parameters for construction specifications and a process control man-
ual. However, the primary concern throughout this study has been, and remains, to jus-
tify the rational basis for the specified tolerances, criteria, and procedures. The novelty
of the FRP technology and its subtle differences from the traditional repair systems are
reflected in the proposed specifications. Some of the proposed provisions may appear
more restrictive than the current practice for traditional materials. Although the indus-
try may find such restrictions counterproductive for further development of new FRP
technology, the main objective has been to help protect state DOTs from low-quality
applications with major defects. The decision on relaxing or replacing any of the
restrictions ultimately lieswith the American Association of State Highway and Trans-
portation Officials (AASHTO) and its member states. The states can use the proposed
specifications and process control as “model documents’ that need to be tailored to
their specific needs as well as to the size and intent of each project. At the same time,
it should be understood that as the FRP technology matures, and as new research data
become available, some of those restrictions may be removed or relaxed. In fact, the
report identifies provisionsin the two documents that may need further refinement, and
recommendations are made for future research to accomplish these refinements.

The long-term benefits of this research include lower maintenance costs and longer
servicelifefor repaired and retrofitted structures. These benefitswill reduce the annual
backlog for bridge replacement, resulting in lower costs to maintain or improve the
transportation system. It is expected that bridge construction inspectors, general con-
tractors, FRP subcontractors, and FRP and adhesive material suppliers will use the
results of thisresearch. Therefore, afour-element implementation plan is suggested for
use by highway agencies. The plan includes training and technology transfer, a shake-
down period, trial field applications, and an updating process.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 BACKGROUND

A significant portion of the U.S. highway infrastructureisin
urgent need of strengthening and rehabilitation [ The Status’
1993]. It is vital to the state departments of transportation
(DQTs) that innovative and cost-effective repair and retrofit
systems be explored to extend service life and to improve
performance of the highway infrastructure. Fiber reinforced
polymer (FRP) systems have shown great potential for such
applications. Currently, most FRP material s are made of con-
tinuous fibers of aramid FRP (AFRP), carbon FRP (CFRP),
or glassFRP (GFRP) impregnated in aresin matrix. FRP mate-
rials can be fabricated into different shapes and forms, such
as fabric, precured laminates and shells, and bars of differ-
ent cross sections. FRP laminates have been used to replace
bonded steel plates [Sharif and Baluch 1996, Castro et al.
1996], and FRP shells have been used asjackets for columns
[Seible and Innamorato 1995]. The most important charac-
teristicsof FRPin repair and retrofit applicationsare the speed
and ease of installation. Labor, shut-down costs, and site con-
straintstypically offset the material costs of FRP, making the
FRP repair systems very competitive with traditional tech-
niques, such as steel plate bonding and section enlargement.
FRP materials are durable, lightweight, and easy to install.
They have very high strength-to-weight and stiffness-to-
weight ratios and can be optimized for strength, stiffness,
geometry, or durability in any environment. Potential dis-
advantages of FRP repair systems include cost, fatigue char-
acteristics of glass fibers, low modulus of elasticity for glass
and aramid fibers, long-term strength that could be lower than
short-term static strength, and susceptibility to ultraviolet
radiation damage.

FRP systems can be used either to rehabilitate and restore
the strength of a weakened, damaged, or deteriorated struc-
tural member or to retrofit and strengthen a sound structural
member to resist higher loads in case of adesign or construc-
tion error, in case of achangein use or loading, or for aseis-
mic upgrade. FRP materials can be used to provide increased
shear and flexural capacity to structural components such as
columns, beams, slabsand walls. They can strengthen bridges
without reduction of vertical clearance, and they can be applied
in arange of environmental conditions to alleviate environ-
mentally induced deterioration. Typical applicationsinclude
compensation for increased traffic volumes on bridges, damp-

ening of vibration, corrosion rehabilitation, stressreductionin
internal reinforcement, and repair of collision-damaged struc-
tures. The applications also include crack and spall controls.

Research on FRP materials for use in concrete structures
began in Europe in the middle of the last century [Rubinsky
and Rubinsky 1954, Wines et al. 1966]. The pioneering work
of bonded FRP system can be credited to Meier [Meier 1987];
this work led to the first on-site repair by bonded FRP in
Switzerland [Meier and Kaiser 1991]. Japan developed its
first FRP applications for repair of concrete chimneysin the
early 1980s[ACI 440 1996]. After the 1995 Hyogoken Nanbu
Earthquake, Japan saw asurgeinthe use of FRP materias. By
1997, more than 1,500 concrete structures worldwide had
been strengthened with externally bonded FRP materials. In
the United States, field applications of FRP had a late start
[Goldstein 1996, GangaRao et al. 1997, Busel and Barno
1995]. Currently, many state DOTs are actively pursuing the
use of FRP for repair and retrofit of transportation structures.
To date, more than 25 Innovative Bridge Research and Con-
struction (IBRC) projects have been or are being conducted
that involve the bonding of FRP compositesto concrete struc-
tures [Mertz et al. 2003], in addition to numerous projects
independently undertaken by state DOTs and counties
[Alkhrdaji et al. 2000, Mayo et al. 1999, Nanni et al. 2001,
Schiebel et al. 2002, Shahawy and Beitel man 1996].

The FRP technology is now relatively mature, with exten-
sive research results on bond performance, creep effects,
ductility of the repaired structure, fatigue performance, force
transfer, peel stresses, resistance to fire, ultimate strength
behavior, and design and analysis methods [Mertz et al.
2003]. Itiswidely accepted that quality of constructionisone
of the most important factors that affect long-term perfor-
mance of FRP repair systems. Most FRP repair systems are
deceptively smpletoinstall. However, improper mixing of the
resin components, saturating of the fibers, or misaligning of
thefabricisnot easily avoided without careful attention. Qual-
ity control (QC) iscrucial to the successful application of FRP
repair systems. The QC process should start before the system
is installed and should continue through the installation.
Selection of fiber type should be based on the strength, stiff-
ness, and durability requirements of the specific application.
Resins should be selected based on the environment that the
FRP system will be exposed to, as well as the method by
which the FRP system will be installed.
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The acceptance and use of the FRP repair systems depend
ontheavailability of clear design guidelines, installation pro-
cedures, and construction specifications [Scalz et al. 1999].
Accordingly, a study was required to develop appropriate
construction specifications and a process control manual
for bonded repair and retrofit of concrete structures using
FRP composites.

1.2 NCHRP PROJECT STATEMENT
AND RESEARCH TASKS

To address the above concerns, the AASHTO-sponsored
NCHRP developed a project statement to conduct NCHRP
Project 10-59. The project statement, which was issued in
summer 2000, reads as follows:

There are no generally accepted construction specifications
or process control procedures for bonded repair and retrofit
of concrete structures using fiber-reinforced polymer (FRP)
composites. The long-term performance of these applica-
tionsisvery sensitive to the process by which the FRP mate-
rial is stored, handled, mixed, applied (including preparation
of the underlying concrete surface), and cured. A finished
FRP compositeis characterized by both its constituent mate-
rials and the process by which those materials are formed
into a composite. It is insufficient to characterize the com-
posite by constituent materials only, as is commonly done.
Assurance of as-designed propertiesis even more dependent
on adequate process control in composites than it isin con-
crete. Because of the difficulty in quantifying therelationship
between the long-term performance of FRP applications and
the construction process, there has been no rational basis for
construction specifications that will assure performance as
designed.

DQOTs are generally dependent on composite materials manu-
facturers to provide construction process control. FRPs were
devel oped for manufactured products, where processing could
betightly controlled. Many manufacturers prefer to have their
own representatives provide construction process control,
because guidelines and specifications are currently lacking.
This arrangement has resulted in the most satisfactory out-
comes, but it may not be practical as this technology moves
into widespread use. The DOTSs need to have some means,
such as a process control manual, to check the constituent
materials and the adequacy of the construction process.

Bridge construction inspectors, general contractors, FRP sub-
contractors, and FRP and adhesive material supplierswill use
the results of this research. The long-term benefits of this
research include lower maintenance costs and longer service
life for repaired and retrofitted structures. These benefits will
reduce the annual backlog for bridge replacement, resulting in
lower costs to maintain or improve the transportation system.

Theobjective of thisresearchisto devel op recommended con-
struction specifications and a construction process control
manual for bonded FRP repair and retrofit of concrete struc-
turesto assure performance as designed. These documentswill
be prepared in aformat suitable for consideration for adop-
tion by the AASHTO Highway Subcommittee on Bridgesand
Structures.

The research tasks conducted under NCHRP Project 10-59
included the following:

10.

. Review and evaluate construction practice, perfor-

mance data, research findings, and other information
related to FRP constituent materialsand FRP systems.
Assemble this information from technical literature
and from manufacturers' literature. In addition, assem-
bleinformation from public agencies and private own-
ers on their efforts to develop and use construction
specifications for bonded FRP repair and retrofit of
concrete structures.

Summarize the information collected in Task 1. This
summary will include a discussion of relevant issues
for each parameter to beincluded in construction spec-
ifications or a process control manual.

Prepare adetailed outline of construction specifications
for the use of FRP for repair and retrofit of concrete
structures. The outline shall include specific section
titlesand adiscussion of relevant issuesfor each section.
Prepare adetailed outline of aprocess control manual.
Thisoutline shall include construction record keeping
and quality assurance (QA) procedures for bonded
FRP applications on concrete structures. These pro-
cedures shall include recommendations for test
equipment, inspection and test methods, and accep-
tance limits for test results.

Submit an interim report, within 6 months of contract
start date, documenting the findings of Tasks 1 through
4. Include an expanded work plan for the remainder
of the project. The contractor will be expected to
meet with the NCHRP project panel approximately
1 month later. Work shall not proceed on Tasks 6
through 11 until the approval of the expanded work
plan by NCHRP.

Expand the approved outline for the construction spec-
ificationsto afull draft document with commentary.
Expand the approved outline for the process control
manual to afull draft document.

Submit the drafts of the construction specificationsand
the process control manual to NCHRP not later than
8 months after the approval of the Task 5 work plan.
Meet with the NCHRP project panel approximately
1 month later.

Revisethedraft construction specificationsand process
control manual in accordance with the NCHRP review
comments.

Identify provisions in the construction specifications
and process control manual that may need further
refinement. Prepare recommendations for a possible
Phasell of thisproject to accomplish theserefinements.
These recommendations should include a testing and
monitoring program to determine the long-term effec-
tiveness of bonded FRP applications on concrete struc-


http://www.nap.edu/22034

tures using the construction specifications and process
control manual.

11. Prepareareport summarizing the research. The recom-
mended construction specifi cations and process control
manual shall be submitted as stand-alone documents.

1.3 RESEARCH APPROACH
AND DELIVERABLES

NCHRP Project 10-59 devel oped two separate stand-alone
documents: Construction Specifications and Commentary
and Process Control Manual. These documents are intended
for possible adoption by the AASHTO Highway Subcommit-
tee on Bridges and Structures. During the course of the proj-
ect, first an outline for each document was devel oped based
on a thorough review of published and unpublished litera-
ture; a questionnaire survey of state DOTS, academic insti-
tutions, contractors, and suppliers; existing specifications of
the manufacturers and state DOTs; and a detailed assessment
of the relevant issues and parameters. The outlines were
included as part of theinterim report, which wasreviewed by
the NCHRP Project Panel C10-59. Subsequently, a prelimi-
nary draft and a revised draft of each document were pre-
pared for and reviewed by the panel.

The project was intended to incorporate then-current
research findings, construction practices, performance data,
and other information related to FRP constituent materials
and FRP systems. During the course of the project, and as
stipulated in one of the tasks, knowledge gaps were identi-
fied for some of the provisions in the two documents. Rec-
ommendations were made for necessary refinements of the
documentsin those areas.

1.4 APPLICABILITY OF RESULTS
TO HIGHWAY PRACTICE

Recently, NCHRP Report 503: Application of Fiber Rein-
forced Polymer Composites to the Highway Infrastructure
identified retrofitting of concrete components as the most
promising application of FRP materialsto the highway infra-
structure [Mertz et al. 2003]. Theresults of thisinvestigation
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therefore immediately apply to the highway construction
practice. The results fill the gap that currently exists for the
use of FRP materials and will relieve DOTSs from their sole
dependence on manufacturers of FRP materials to provide
construction process control. Theresults are expected to help
move the rather new FRP repair technology into widespread
use for DOTs. The outcomes of the project will equip the
DOTs with the necessary means to control the application of
therepair system and the adeguacy of the construction process.
The results can be equally used by bridge construction inspec-
tors, general contractors, FRP subcontractors, and FRP and
adhesive material suppliers. The long-term benefits of this
research will include lower maintenance costs and longer ser-
vicelivesfor repaired and retrofitted structures. These benefits
will reduce the annual backlog for bridge replacement, result-
ing in lower costs to maintain or improve the transportation
system. Considering the distinct differences between the FRP
repair systems and the current practice, there will be aneed to
educate and train construction engineers on the use of the new
materials and the new provisions.

1.5 SECTION | ORGANIZATION

This section provides a summary of the work conducted
under NCHRP Project 10-59. The specific construction provi-
sions were submitted to NCHRP in two separate documents:
Recommended Construction Specifications and Process Con-
trol Manual. These documents are included as Sections |1
and |11, respectively, in this report. Chapter 1 of this section
(this chapter) provides an overview of the project back-
ground and objectives. Chapter 2 describes the data collec-
tion and evaluation of construction practice, performance data,
research findings, and other information related to FRP con-
stituent materials and FRP systems. Chapter 3 provides a
review and discussion of some of therelevant technical issues
and parameters that were included in the recommended con-
struction specifications and the process control manual. Also,
the outline and contents of the two documents, along with the
philosophy behind their development, are discussed. Chap-
ter 4 presents asummary of thisreport, recommendationsfor
apossible Phasell of this project, and suggestionsfor imple-
menting the results of this research.
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CHAPTER 2
FINDINGS

2.1 DATA COLLECTION AND EVALUATION

A database was compiled of the information on construc-
tion practice, field and laboratory performance data, research
findings, constituent materials and FRP systems, and evalu-
ation and inspection methods. The information was gathered
from online and catalog searches of literature in science and
technology databases; the available data at the National Sci-
ence Foundation (NSF) Industry—University Center on Repair
of Buildings and Bridges with Composites at the University
of Missouri-Rolla and the North Carolina State University;
the questionnaire survey of state DOTS, academicinstitutions,
contractors, and suppliers; telephone interviews with selected
state DOT maintenance engineers, contractors, composites
suppliers, and materials experts; and a clearinghouse website
at the North Carolina State University to allow further input
to the project throughout its duration.

2.1.1 Questionnaire Survey

A questionnaire survey was distributed to all state DOT
bridge engineers, state representatives for the Transportation
Research Board (TRB), nonvoting members of AASHTO,
members of the American Concrete Ingtitute (ACIl) Commit-
tee 440 on FRP Reinforcement, FRP composites industry,
and industry and academicsin the overseas. The respondents
included 27 state DOTS, 2 Canadian provinces, 5 manufac-
turers and suppliers, and 3 universities. Four of the respond-
ing state DOTs (Louisiana, Montana, North Dakota, and
Virginia) and the two Canadian provinces (Ontario and
Saskatchewan) indicated lack of prior experience with FRP.
The others, however, provided valuable information on rele-
vant issues and parameters for construction specifi cations and
a process control manual. The relevant issues are outlined in
Section 2.2. A detailed discussion of the relevant issues and
the associated parameters is presented in Chapter 3. Some
state DOTs and manufacturers provided their current speci-
fications, as discussed in the next section.

2.1.2 Current Specifications
Fourteen state DOTs (California, Hawaii, Ilinais, Indiana,

Maryland, Michigan, Minnesota, Nevada, New Hampshire,
New York, Oklahoma, Texas, Utah, and Washington) pro-

vided sampl e specificationsfrom their recent FRP repair proj-
ects. Most of these projects were funded as part of the Trans-
portation Equity Act for the 21st Century (TEA-21). TEA-21
established the IBRC program, which provides funding to
help state DOTsand local and county road agenciesdefray the
cost of incorporating innovative materialsand technologiesin
bridge construction. While most of these specifications are
only for column-wrapping projects, they still provide insight
into the current use of FRP specifications by the state DOTSs.
Some of these specificationsare modified versions of theman-
ufacturers specifications that are placed in contract docu-
ments. Some states provide alternative schemes, referring to
different FRP repair systems from different manufacturers.
The format of these specifications generally follows that of
the Construction Specification Institute (CSI).

In addition to the state DOTS, specifications and QC docu-
ments were obtained from anumber of manufacturers. These
specifications, although material specific and product specific,
provide a good framework for model specifications.

2.1.3 Relevant Documents

The following documents were found relevant to this
investigation.

The ACI Committee 440 has developed a guide [ACI 440
2002] for thedesign and construction of externally bonded FRP
systemsfor strengthening concrete structures. Part 3 of the doc-
ument coversrecommended construction requirements, includ-
ing shipping, storage, handling, installation, inspection, evalu-
ation, acceptance, maintenance, and repair. Some of the issues
covered under installation include contractor competency, tem-
perature, humidity, moisture, equipment, substrate repair, sur-
face preparation, mixing of resins, application of constituent
materials, alignment of FRP materials, multiple pliesand lap
splices, curing of resins, and temporary protection.

The International Conference of Building Officials (ICBO)
has developed two acceptance criteria documents (see
www.icho.org): AC 125 for strengthening of concrete and
reinforced and unreinforced masonry with FRP and AC 78
for inspection and verification of such strengthening. These
criteria documents establish minimum requirements for the
issuance of ICBO evaluation reports on FRP systems for
strengthening. The qualification test plan in AC 125 includes
testing of columns (flexure and shear), beam-to-columnjoints,
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beams (flexure and shear), walls (out-of-plane flexure and in-
plane shear), wall-to-floor joints, dabs (flexure), physical and
mechanical properties of FRP composite materials, exterior
exposure, freezing and thawing, aging, alkali soil resistance,
fire-resistant construction, interior finish, fuel resistance, adhe-
sive lap strength, and bond strength. The inspection and QC
aspects are discussed in more detail in AC 78.

The Highway Innovative Technology Evaluation Center
(HITEC), formed by the Civil Engineering Research Founda
tion (CERF), is charged with facilitating the introduction of
new technology in the highway infrastructure. HITEC has
devel oped an evaluation plan for FRP repair systems [ Reynaud
etal. 1999, HITEC 2001]. Theplanidentifiesseveral issuesfor
FRP repair systems. They include methods of preparation of
concrete substrate; the ensuring of appropriate impregnation
of fabric and compaction of impregnated fabric once placed on
concrete substrate; control over thickness of adhesive bond-
line; a method of ensuring appropriateness of design, espe-
cialy as related to materias durability and level of perfor-
mance of the unstrengthened system; methods on QC/QA to
be used during field construction and application; and training
and qualification of applicators. The plan also discussesissues
related to inspection, maintenance, and monitoring of FRP
repair systems. Theissues include methods of inspection dur-
ing construction and application, the need for afield inspection
manual for resident engineersand inspectors, the need for peri-
odic inspection, the development of nondestructive evaluation
(NDE) test methods for routine monitoring and structural
health inspection with criteriafor identification of system per-
formance, methods for routine maintenance and devel opment
of specifications to classify type of maintenance to be con-
ducted, and methods to evaluate soundness of composite-
concrete bond and overall durability of the systeminthefield.
The plan further addresses the need for a minimum of three
semiannual periodic field inspections of onerepair site per par-
ticipating state DOT using severa techniques, including pull-
off testing on the concrete and composite bonded to concrete;
determination of glasstransition temperature of the composite
through the dynamic mechanical thermal analysis; determina-
tion of moisture content through appropriate thermal tech-
niques; and visual inspection for signs of peel, cracking, and
other distress. Finally, the plan callsfor modal testing analysis
of the repaired or strengthened bridge as an NDE tool.

CERF has recently published a document on the gap analy-
sis for durability of FRP composites in civil infrastructure
[CERF 2001]. The document states that since FRP composites
aredtill relatively unknown to the practicing civil engineer and
infrastructure systems planner, there are heightened concerns
related to the composites overall durability, especialy as
related to their capacity for sustained performance under harsh
and changing environmental conditions under load. The lack
of an easily accessible and comprehensive database on these
materials makes it difficult to specify FRP composites for
construction. Thelack, or inaccessibility, of datarelated tothe
durability of these materiasis proving to be one of the major
challenges that need to be addressed prior to the widespread
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acceptance and implementation of these materials in civil
infrastructure. The CERF report provides the results of a
“gap analysis’ to identify critical areas in which data are
needed as related to specific applications.

The Navy Pier Life Extension Program’ s Advanced Tech-
nology Demonstration Sites has provided three site-specific
reports on repair and upgrade of waterfront structures and
piers. Thefirst report regarding Pier 11 in Norfolk, Virginia
[Warren 1997], provides a detailed account of the design of
a graphite reinforced epoxy laminate composite overlay for
the underside of the deck, preparation of the concrete surface,
installation of the upgrade overlay, installation of monitoring
sensors, and a load assessment of the upgraded deck slab.
The second report regarding Pier 12 in San Diego, California
[Warren 1998], details the methodology of upgrading using
external carbon/epoxy composite reinforcing and includes
specifications. The third report regarding Bravo 25 in Pearl
Harbor, Hawaii [Warren 2000], discusses concrete repair and
rehabilitation, an impressed current cathodic protection sys-
tem, and carbon/epoxy composite external reinforcement.
Although the specifications and QA tests are quite extensive,
they are material specific and project specific.

The International Concrete Repair Ingtitute (ICRI) has sev-
eral guides for repair of concrete structures, including ICRI
03730 and ICRI 03733. ICRI and ACI have published Con-
crete Repair Manual [ICRI/ACI 1999], which consists of eval-
uation (condition survey, nondestructive testing, laboratory
investigation, and causes of deterioration and distress), repair
materials and methods, execution (material selection, selec-
tion of application method, plans and specifications, concrete
removal, surface preparation, and QC/QA), protection and
maintenance (surface treatments, joint sealants, cathodic pro-
tection, and cleaning), structural strengthening, and specific
considerationsand case studies (bridges, dams, other hydraulic
structures, and pavement and parking lots). Most specificaly,
the useful specifications and guides in the manual include
Guide for Evaluation of Concrete Sructures Prior to Reha-
bilitation (364.1R), Use of Epoxy Compounds with Concrete
(503R), Standard Specification for Repairing Concrete with
Epoxy Mortars (503.4), and Concrete Repair Guide (546R).

The Canadian Network of Centers of Excellence on Intel-
ligent Sensing for Innovative Structures (1SIS Canada) has
published a comprehensive manual on FRP repair systems
for concrete structures [IS S Canada 2002]. The document
includes design guides, typical specifications, and QC/QA
plans. The typical specifications include approval of FRP
materials (descriptive and performance specifications by the
engineer and specifications by the contractor); handling and
storage of FRP; staff qualifications; concrete surface prepa-
ration for flexural, shear, or confinement application in dry
or other particular conditions; installation of FRP systems
regarding preparation and climatic conditions (equipment,
temperature, humidity, and mixing of resins); general instal-
lation procedures (primer and putty, hand-applied wet lay-up
systems); particular installation procedures (precured systems,
alignment of FRP materials, multiple plies and lap joints);
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cure; protection; and finishing. The QC/QA plans include
materials qualification and acceptance, qualification of con-
tractor personnel, inspection of concrete substrate, FRP mate-
rial inspection (before construction, during construction, and
at completion of the project, regarding delaminations, cure of
systems, adhesion, laminate thickness, and materia proper-
ties), qualification testing, and field testing.

Thelnternational Federation for Structural Concrete (FIB—
Fédération Internationale du Béton) Task Group 9.3 on FRP
Reinforcement for Concrete Structureswas convened in 1993
to establish design and construction guidelines based on the
format of the Comité Euro-International du Béton (CEB) and
Fédération Internationale de la Précontrainte (FIP) model
code and Eurocode 2. The subgroup on externally bonded
reinforcement has published atechnical report on externally
bonded FRP repair systems [ CEB-FIP 2001]. This document
contains achapter on practical execution and QC, inwhich it
addressesthe basi c techniqueinvolving three acting elements:
substrate, adhesive/resin, and FRP reinforcement. The report
identifies two major types of FRP repair systems: (1) wet or
hand lay-up and (2) prefabricated or precured strips or lami-
nates. Thereport then outlinesthe general requirementsbefore
application of FRP system. It also provides a flow chart for
FRP applications. The extended section on QC covers

» Physical properties of bonding agent (viscosity and
thixotropy, curing conditions and shrinkage, pot life,
open time and shelf life, glass transition temperature,
moisture resistance, and filler properties);

 Short-term mechanical properties of cured adhesive
(modulus of elasticity in flexure, shear strength, adhe-
sion strength, and compressive strength);

 Durability and long-term properties of cured adhesive
(accelerated laboratory testing and long-term, 15-year
performance);

» Physical properties of FRP systems (fiber fraction,
amount of resinfor impregnation, coefficient of thermal
expansion, glasstransition temperature, moisture absorp-
tion, and chemical stability);

* Short-term mechanical properties of FRP systems (ten-
sile strength, elastic modulus, and tensilefailure strain);

» Durability and long-term properties of FRP systems
(moisture, chemicals, and ultraviolet radiation); and

* The composite action among FRP system, bonding
agent, and concrete (applicability test, bond performance
in direct tension, durability testing, and bond perfor-
mance in shear).

The document also covers QC issues, such as

* Qualification of workers,

* QCplan,

* QC of the supplied materials (representative samples and
independent certifications),

* QC onthe application conditions (concrete quality: ten-
silestrength of concrete surface by pull-off test, uneven-

ness of repaired concrete surface, ambient humidity and
temperature, surface moisture and temperature),

* QC on the application process (substrate repair, surface
preparation, resin mixing, and bond interface),

» QC after application with partialy destructive techniques
(surface adherence pull-off test, surface adherence shear
test, and surface adherence torque test), and

» Nondestructive techniques (tapping, ultrasonic pulsed
echo techniques, ultrasonic transparency techniques, ther-
mography, and other dynamic methods such as impact
spectrum analysis or acoustic wave propagation).

The concrete society committeein the United Kingdom has
published a technical report on strengthening of concrete
structures using FRP composites [ TCS 2000]. The document
reviews pertinent material types and properties, as well as
applications and details on design, construction quality, and
long-term inspection and monitoring. Separate chapters
address detail srelated to the design of membersin flexure and
shear, as well as confinement of columns. Specific sections
consider the use of partial safety factors based on material in
the ultimate state and manufacturing method. There is a spe-
cia chapter on workmanship and installation that provides
detailson methodsfor the eval uation of the concrete substrate
and preparation of the surface for bonding. Details related to
the importance of materials inspection, mixing and applica-
tion of adhesive, and inspection procedures are provided. In
addition, thereis a special section on the preparation and use
of control samples to characterize properties of materials
used. The use and application of protective coatings is also
elucidated, asisthe need for having warning signsto prevent
accidental damage to the composites through construction
procedures after external FRP bonding. A specia chapter out-
lines the need and proposed methodology for long-term
inspection and monitoring, emphasizing the use of additional
composite samples to be bonded to the substrate to enable
pull-off tests over periods of time.

The Japan Society of Civil Engineers (JSCE) has published
recommendations for design and construction of concrete
structures using continuous fiber reinforcing materials [JSCE
1997, JSCE 2001]. The documents, which are intended for
concrete structures other than buildings, cover quality spec-
ifications and test methods for FRP materials. The quality
requirements of both fiber and binder materials are addressed.
Also, mechanical propertiesfor various types of fiber rein-
forcement systemsare discussed, including fiber volumeratio,
reinforcement cross-sectional area, guaranteed tensile strength,
tensile modulus, elongation, creep rupture strength, relax-
ation rate, and durability. For each specified property, a par-
ticular test method is prescribed in the document. The doc-
ument, however, does not have the format of construction
specifications.

The Japan Concrete Institute (JCI) published a technical
report on the use of FRP composites for concrete structures
[JCI 1998]. The report primarily focuses on the application
of fabric sheets using the wet lay-up process and details
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methods and procedures for testing and validation of mate-
rial properties and for life-cycle assessment. Many of the
tests are aimed at both the initial characterization of the
material and the validation of design properties. Details
related to test protocol, devices to be used, and procedures
for calculation and presentation of results to enable com-
parison are presented. Special sections are devoted to con-
struction methods and improvements needed within them
for purposes of QC, aswell as the training of technicians.

2.1.4 Relevant Projects

Three other NCHRP projects relate to the FRP materials:
Project 10-55, “Fiber Reinforced Polymer Composites for
Concrete Bridge Deck Reinforcement” ; Project 10-64, “Field
Inspection of In-Service FRP Bridge Decks’; and Project
4-27,“ Application of Fiber Reinforced Polymer (FRP) Com-
posites to the Highway Infrastructure: Strategic Plan.” The
first two concern new construction with FRP. Project 4-27
has identified bonded repair and retrofit of concrete as one of
the most promising near-term applications of FRP in high-
way infrastructure [Mertz et al. 2003]. It also conducted a
survey questionnaire of the state DOTSs. Of the 23 responses
that were received, 11 state DOTs (California, Idaho, Kansas,
Massachusetts, Minnesota, Missouri, Nevada, Oregon, South
Carolina, Tennessee, and Utah) cited prior use of FRP for
repair and retrofit of concrete structures. Eighteen FRP repair
or strengthening projects were documented, of which three
projects related to seismic retrofit. Of the responses, six state
DOTs(California, Nevada, New Hampshire, Oregon, Texas,
and Utah) reported having their own construction/installation
specifications for FRP applications. Oregon and Utah also
reported having their own design specifications for FRP
applications.

FHWA has two projects related to the specifications for
FRP materials: onefor material s specificationsand another for
design and construction specifications.

The first FHWA project, titled “Specifications for FRP
Highway Bridge Applications,” was carried out at the Univer-
sity of Wisconsin-Madison [Bank et al. 2002]. The project has
developed amodel specification for FRP composite materials
for use in civil engineering structura systems. The model
specification provides a classification system for FRP materi-
als, describes admissible constituent materials, and specifies
limits on selected constituent volumes. The model specifica
tions cover the following subjects: scope, classification, con-
stituent materials, testing, terminology, ordering, sampling,
certification, marking, packaging, reporting, and QA. Test
methods permitted for obtaining mechanical and physical
properties are detailed, and limiting values for selected prop-
ertiesin the as-produced state and in a saturated state are stip-
ulated. The project has also outlined a protocol for predicting
long-term property values subjected to accelerated aging.

The second FHWA project, titled “ Construction Specifica-
tions and Inspection Process for FRP Repair/Strengthening
of Concrete Structures,” is underway at the University of
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Missouri-Ralla. It focuses on the validation experiments lead-
ing to construction specifications and inspection process. The
project aims at developing model construction specifications
and criteria for field inspection for use by FHWA and
AASHTO. Testing and verification in both the laboratory
and thefield are being conducted to devel op the database for
the specifications. The goal is to identify the construction
proceduresthat ensure long-term performancefor FRP repair
and retrofit systems bonded to concrete structural elements.
The project intends to develop a model to predict the long-
term performance of FRP systems using short-duration (i.e.,
accel erated) test methods. Table 2.1 outlinesthetopicsthat are
covered in the FHWA project as they relate to externally
bonded sheets, prefabricated laminates, durability of FRP
repair, end anchorage, and near surface mounted FRP. The
project also covers topics related to repair and retrofit with
external posttensioned FRP. Preliminary findings of the
project have been reported in the published literature
[Belarbi et al. 2002, De Lorenzisand Nanni 2002, De Loren-
ziset al. 2001, De Lorenzis and Nanni 2001, Galecki et al.
2001, Hughes et al. 2001, Maerz et al. 2001a&b, Micelli et
al. 2002, Murthy et al. 2002, Shen et al. 2002, Yang et al.
2001a& b, Yang et al. 2002, Yang and Nanni 2002].

A number of state DOTs have contracted several research
projects to universities to develop guidelines and model
specifications. Oregon DOT, for example, has contracted the
University of California, San Diego, to develop a synopsis
for the quality and monitoring of structural rehabilitation
measures [Kaiser and Karbhari 2001a& b]. Michigan DOT
has also contracted the University of Michigan to carry out
research and develop model specifications for FRP repair
systems [Naaman 1999].

2.2 RELEVANT ISSUES

Issues that relate to the construction specifications and to
the process control manual were identified during the assess-
ment of the collected data. These issues are outlined in the
following sections and discussed in detail in Chapter 3.

2.2.1 Construction Specifications

Therelevant issues can be categorized into the following
areas

 Scope of the specifications

 Construction tolerances

* Fire considerations

* Project submittals

* QC/QA

» Qualifications for FRP system, manufacturer/supplier,
and contractor/applicator

+ Storage and handling
— Preservation of material properties
— Shelf lifeand pot life
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TABLE 2.1 Research topics of FHWA/University of Missouri-Rolla project on FRP repair systems

Area Topic Subtopic

Surface Profile

Surface Strength

Intimate Contact

Presence of Moisture or Frost
Moisture Vapor Transmission
Crack Injection

Moving Cracks

Dust Control

Fiber Irregularities

Storage

Epoxied Surface Smoothness
Unattended Epoxy Surfaces
Fiber Alignment
Voids/Delaminations

Cure Time Limits

Corner Radius

FRP Strip Spacing

Bonded Length

Lap Splice Length

Surface Roughness Test
Pull-Off Test (Bond)

Torque Test (Bond)
Voidg/Delaminations Test
Freeze-Thaw Cycles
Extreme Thermal Gradients (Nonfreeze)
UV Exposure

Relative Humidity
Long-Term Exposure to Salts
Shear Strengthening

Flexural Strengthening
Groove Dimensions

Type of FRP Bar

Surface Preparation

Type of FRP

Dimensions of Groove

Externally Bonded Sheets
and Prefabricated
Laminates

Substrate Condition

Materials and Material Handling

Installation

Inspection Devices and Methods

Durability of FRP Repair

Aggressive Environment

End Anchorage Installation Purpose

Anchor Details

Substrate Condition
Materials and Material Handling
Installation

Near Surface Mounted
FRP

Inspection Devices and Methods

N/A

» Safety issues

— Material safety data sheet (MSDS)
— Work place and personnel safety

— Disposal and cleanup
* Repair of the substrate

— Types of defectsin concrete and reinforcement
— Repair procedure and steps for concrete and rein-

forcement
— Surface preparation
— Tolerances for grinding
— Tolerances for corner radius

— Bond-critical versus contact-critical applications

* FRPrepair systems

— Types of FRP repair systems:. wet lay-ups, precured,

and near surface mounted

— Environmental conditions for applications
— Application procedures and steps

— Protective systems

— Stressing applications and creep rupture

* Inspection
— Methods of inspection
— Itemsfor inspection

— Sampling frequency and location

— Acceptance criteria

— Record keeping
* Repair of defective work

— Type and size of defects

— Methods of repair

— Acceptability of defect and repair
* Measurement and payment

2.2.2 Process Control Manual

The relevant issues can be categorized into the following
areas:

* QA policy

QA responsihilities

Elements of the QA plan

* QA procedures and checklists
* Record keeping
Implementation

Copyright National Academy of Sciences. All rights reserved.
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CHAPTER 3

I-11

INTERPRETATION, APPRAISAL AND APPLICATIONS

3.1 GENERAL ISSUES

The scope of the project was limited to the construction of
bonded repair and retrofit of concrete structures using FRP
composites. Therefore, issues of design and periodical inspec-
tion and maintenance were not considered. Moreover, non-
bonded applications such as external posttensioning were not
considered.

Three sets of information are considered necessary prior to
the start of any FRP repair project: working (shop) drawings,
a QC/QA plan, and qualifications. The purpose of working
drawingsisto identify all necessary details about the project,
the type of FRP system, and the work plan. The QC/QA plan
should include specific proceduresfor personnel safety, track-
ing and inspection of all FRP components prior toinstallation,
inspection of all prepared surfaces prior to FRP application,
inspection of the work in progress to ensure conformity to
specifications, QA samples, inspection of al completed work
(including necessary tests for approval), repair of any defec-
tive work, and clean-up. Quite appropriately, the level of QC
and the scope of testing, inspection, and record keeping should
depend on the size and complexity of the project.

It is further necessary that FRP systems be qualified in
advance of arepair project. Due to the novelty and the propri-
etary nature of FRP repair technology, each manufacturer/
supplier has its own FRP repair systems with subtle differ-
encesfrom those of others. Therefore, itismoreappropriate to
qualify a manufacturer/supplier for each of its FRP repair
systems than to qualify “generic” FRP repair systems. This
ensures not only the acceptability of the system, but also the
competence of the manufacturer/supplier to provide it. The
basic criteriafor such qualification include related past expe-
rience and independent test data. In addition, the manufacturer/
supplier must have a comprehensive training program to
ensure that the contractor/applicator is appropriately trained
to apply the system in the field. Similarly, the competency of
the contractor/applicator must be demonstrated by providing
similar related experience and evidence of training.

Some state DOT s require the manufacturer/supplier and the
contractor/applicator to each issue appropriate warranties for
the materials or the application of FRP repair system. Such
warranties do not include routine maintenance of the FRP sys-
tem. However, because warranties cannot be enforced, this
issue was not included as part of the specifications.

Most state DOTSs require methods of measurement and a
basis of payment for al construction items. The proposed
specifications include pay items related to substrate repair,
corrosion inhibitors, wet lay-up systems, precured systems,
near surface mounted FRP, and protective coating.

In order to produce an acceptable work, construction tol-
erances recommended by the manufacturer or set by the
specifications or the contract documents must be followed. It
is necessary to avoid accumulating tolerancesin ajob.

Fireisalife safety issue that needs to be considered while
designing the FRP system. Most FRP systems are assumed to
be lost completely in afire because of their low temperature
resistance. Fire resistance of FRP systems may be improved
by adding fire retardantsto the resin or by coating on the sur-
face of the FRP.

3.2 ISSUES RELATED TO STORAGE
AND HANDLING

Two important issues relate to the storage, handling,
cleanup, and disposal of FRPrepair systems: (1) preservation
of properties and (2) safety issues. In order to preserve prop-
erties of fibersand resin, fibers and resin must be stored under
appropriate temperatures and humidity conditions. Folding or
bending may cause damage to fabric or precured strips. There
arealsotimelimitsfor storage of resin materialsin unopened
containers(i.e., shelf lives) and timelimitsfor the use of mixed
resin (i.e., pot lives). Because FRP-related projects deal with
chemicals, safety of the personnel and the work place need to
be considered diligently, and appropriate Occupational Safety
and Health Administration (OSHA) rules must be followed,
including appropriate training and knowledge of MSDSs.

3.3 ISSUES RELATED TO SUBSTRATE REPAIR

A clean and sound substrate is essential to the effective-
ness of the FRP repair in achieving itsintended design objec-
tives. Theissues for substrate repair include types of defects
and methods of repair for the concrete substrate and theinter-
nal reinforcement. Thework consists of several steps, includ-
ing removal of defective concrete, repair of defective rein-
forcement, restoration of concrete cross section, and surface
preparation.
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Defects in concrete may include broken pieces, voids,
spalling, and honeycomb. Damage may have resulted from
deteriorations and corrosion or vehicle collisions (Figure 3.1).
It is imperative that the damaged structure be properly pre-
pared prior to the application of any FRP repair system.
Improper treatment of concrete and the exposed reinforcement
can lead to failure of the repair system. Any loose concrete
remaining inthe damaged region must be removed, leaving the
member with sound concrete. Any corroded reinforcing steel

Figure3.1. Examples of damages. corrosion (top) and
vehicle collision (bottom).

must be repaired and treated (Figure 3.2). Improper water-
proofing and splice details can allow further corrosion of the
internal reinforcement, leading to loss of capacity and duc-
tility. Damaged reinforcement may need to be spliced (Fig-
ure 3.3). Any attempt at covering the deteriorated section
with FRP without arresting the corrosion process may be
detrimental to the entire repair because of the expansiveforces
associated with the corrosion process.

Restoration of aconcrete section to its original shape may
require small patching or considerable concreting with form-
work (Figure 3.4). The quality and strength of the patching
material and itsbond with the existing concrete areimportant
considerations. The bond may be enhanced with mechanical
anchoragein the repaired region (Figure 3.5).

Surface preparation of the substrate is essential in achiev-
ing a good bond with the FRP repair system. The FRP repair
applications are often categorized into two types: bond criti-
cal and contact critical (for example, see ACI 440 [2002]).
Bond-critical applications refer to flexura or shear strength-

Figure3.3. Splicing of damaged bars.
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Figure3.4. Forming concrete section.

ening of beams, dabs, columns, or walls, where bond between
the FRP system and the concrete substrate is necessary for
developing composite action and for transferring structural
loads. Contact-critical applications refer to passive confine-
ment of columns, where only intimate contact between the
FRP system and the concrete substrateiis sufficient to achieve
the design objectives of containing concrete at the time of
overloads. In developing these specifications, such distinc-
tions were deliberately avoided for three reasons. Firstly,
even though bonding may not be structurally necessary inthe
confinement of columns, it should be promoted for durabil-
ity purposes. Many applications of column wrapping occur
in aggressive environments. Any debonding between FRP
and concrete that may result from less stringent criteria can
lead to significant damage during freeze-thaw conditions.
Secondly, adequate data are not available at this time to
ensure that intimate contact provides passive confinement
when necessary without allowing significant lateral dilation
of concrete [Mirmiran and Shahawy 1997, Shahawy et al.
2000]. Thirdly, promoting bonding between FRP and con-

Figure3.5. Mechanical anchorage.
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crete on al projectsand for all surfaces can lead only to bet-
ter construction practice at this early stage of development of
the FRP technology [Karbhari 1995].

Surface preparation is concerned with several important
issues: cleanliness; surface moisture, frost, and irregularities;
cracks; and corners. The surface must be cleaned of all dusts
by appropriate means (Figure 3.6). It must also be made free
of moisture and frost beforeinstalling the FRP repair system.
Surface irregularities affect the bond between FRP and con-
crete. They also may result in localized stress concentration.
Such irregularities should be ground smooth within accept-
abletolerances. Asof yet, suchtolerancesare not based on suf-
ficient test data, athough research is underway at the Univer-
sity of Missouri-Rollato determinethe effect of surfaceprofile
on the performance of FRP repair systems. Cracks are known
to cause delamination or fiber crushing. Tolerancesfor widths
of cracksthat must befilled are based primarily on the current
practiceand the practical limitsof epoxy injection (Figure 3.7).
Rounding the corners reduces stress concentration and results

Figure3.7. Epoxy injection of cracks.
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in an improved bond between the FRP and the concrete sur-
face. There are supporting data from the FHWA/University
of Missouri-Rollaproject on the effectiveness of FRP repair
systems in sharp corners [Yang et al. 2001a&b] and on the
selected tolerances for those applications.

3.4 ISSUES RELATED TO FRP REPAIR
SYSTEMS

Three types of FRP repair systemswere considered in this
research: wet lay-ups, precured, and near surface mounted.
Figures 3.8 through 3.11 show some examples of different
applications. Near surface mounted FRP repair systems
involve inserting and bonding FRP strips or rods into precut
grooves. Some other FRPrepair systems, such asautomated or

Figure3.9. Precured strips.

Figure3.10. Precured shells.

machine-applied installation of column wrapping, were not
considered primarily because of rare usage.

FRP systems react differently to the environmental condi-
tions and vary in mechanical properties. |ssues related to the
effects of environmental conditions on different FRP systems
are shown in Table 3.1. The environmenta conditions prior
to and during the repair process are extremely important.
They include ambient and surface temperature and moisture.
Tolerances are set by current practice [ICRI/ACI 1999] for
epoxy applications. Moisture restrictions do not apply to
resins that have been formulated for wet applications.

Near surface mounted rods.

Figure 3.11.
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TABLE 3.1 Environmental considerationsfor different FRP systems

Consideration Carbon Glass Aramid
Alkalinity/ecidity Highly resistant Not tolerant Not tolerant
exposure

Thermal expansion Near zero, may calise

- Near zero, may cause
Similar to concrete ey

high bond stress high bond stress
Electrical conductivity High Excellent insulator | Excellent insulator
Impact tolerance Low High High
Creepf;Jiztlthere and High resistance Low resistance Low resistance

The primary issues for FRP installation include applica-
tion of adhesives, FRP sheets or precured |laminates, and pro-
tective coatings. Resins must be mixed at appropriate envi-
ronmental conditions and must be used within their pot life.
Application of the resin must be such that air voids are not
present. Alignment of fiber sheets or precured laminates and
any necessary overlapsin multiple layers also affect the per-
formance of the FRP system. Tolerances for misalignment of
fibers are set according to current practice and the expected
behavior based on classical |laminatetheory. Other issuesthat
need to be addressed for all systems are the anchoring of the
FRP. Moreover, prestressing of FRP systems are covered.

Wet lay-up and precured FRP systems may be prestressed
to improve their performance. Prestressing may be devel-
oped using active end anchorages in linear applications for
beams or using pressure grouting in circular application for
active confinement of columns. Early experiences with the
active confinement of concrete columns in California have
shown the susceptibility of glass FRP systems to creep rup-
ture. Therefore, active confinement is not recommended for
glass FRP systems. Moreover, the prestrain in carbon FRP
systems should be limited to 50% of the ultimate strain dueto
damage tolerance concerns with unidirectional carbon FRP.

3.5 ISSUES RELATED TO INSPECTION

The main issues for the construction inspection include
responsibility and criteriafor theinspector, methods of inspec-
tion, record keeping, critical items requiring inspection, sam-
pling frequency and location, and acceptance criteria. The
inspector is considered to be the owner’ s representative, inde-
pendent from the manufacturer/supplier and the contractor/
applicator.

Critical items for inspection include received materials,
substrate repair, surface preparation, fiber orientation, debond-
ing, cure of resin, adhesion, and cured thickness. Records of
daily inspections may include conditions of the environment
(e.g., temperature, humidity, and rain); surface conditions;
surface profile; width of cracks not injected with epoxy; batch
numbers, mixture ratios, mixing times; qualitative descrip-
tions of the appearance of all mixed resins, primers, putties,
saturants, adhesives, and coatings; observations of progress
of cure of resins; conformance with installation procedures;
adhesion test results (i.e., bond strength, failure mode, and

location); FRP properties from tests of field sample panels or
witness panels, if required; location and size of any delami-
nationsor air voids; and general progress of work. The owner
shall be provided with the inspection records and samples.

Visual inspection, acoustic tap testing, laboratory testing
of witness panels or resin-cup samples, direct pull-off test-
ing, and core samples were selected as the most applicable
methods of QC. In addition, nondestructivetesting, auxiliary
tests, and load tests may be used for specific projects. Sam-
pling frequency and location as well as acceptance limits
were chosen according to the current practice, as were the
practical limitsthat may be placed on the project. These val-
ues, however, depend also on the project size and complex-
ity. Therefore, more complex projects may require more
advanced nondestructive tests.

Bridge inspectors are quite familiar with tap tests and sim-
ply need to be trained to hear the difference between bonded
and unbonded laminates, which is somewhat similar to the dif-
ference between sounding concrete with and without delam-
inations. Infrared thermography may not be needed in most
cases, but isan established techniquefor scanning large areas
and identifying voids beneath the laminate.

Table 3.2 shows the available American Society for Test-
ing and Materials (ASTM) standard test methods for FRP
laminates used in repair and retrofit. It should be noted that
the ACI Committee 440 isin the final process of approving
“Guide Test Methods for Fiber Reinforced Polymer (FRP)
Barsand Laminates,” where new test methods are suggested
for tensile properties of flat laminates, direct tension pull-
off, and overlap splice tension. Clearly, as new test meth-
ods become available, the inspection procedures will need
to be reevaluated.

3.6 ISSUES RELATED TO REPAIR
OF DEFECTIVE WORK

Repair of al the defective work after the minimum cure
timefor the FRP should comply with material and procedural
requirements defined in the construction specifications. Of
importance are the type and size of defects, methods of repair,
and acceptability of repair. Repair should restore the system
to the designed level of quality and strength. The method of
repair depends on the size and type of the defects. While
small and localized defects can be easily injected with epoxy,

Copyright National Academy of Sciences. All rights reserved.
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TABLE 3.2 Availabletest methodsfor laminates used in repair and retrofit

ASTM Test I
No. Property Method Test Description
1 Tensile Strength D3039 Test Method for Tensile Properties of Polymer Matrix
and Modulus Composite Materials
D541 Test Method for Pull-Off Strength of Coatings Using
Portable Adhesion Tester

2 Bond Strength -

c8s? Standard Test Method for Bond Strength of Epoxy-Resin

Systems Used with Concrete by Slant Shear

Inter-Laminar
Shear Strength

Standard Test Method for Strength Properties of
D3165 Adhesivesin Shear by Tension Loading of Single-Lap-
3 Joint Laminated Assemblies

D3528

Standard Test Method for Strength Properties of Double
Lap Shear Adhesive Joints by Tension Loading

4 Temperature D3418

Transition Test Method for Transition Temperatures of Polymers
by Differential Scanning Calorimetry

larger defects may require replacement of large portions of
the repaired area.

3.7 ISSUES RELATED TO PROCESS CONTROL

The process control manual ensures that the specifications
are properly and adequately followed and that the FRP repair
project is performed in amanner that conformsto contractual
and regulatory regquirements. Determination of the confor-
mance of the contractor’ swork to the requirementsisverified
on the basis of objective evidence of quality. The manual can
be used by the owner or the designated field representative to
ensure quality throughout the project. The manual describes
how the QA program is designed to ensure that all quality
and regulatory requirements are recognized and that a con-
sistent and uniform control of theserequirementsis adequately
established and maintained. The QC issues should cover the
entire project, from the contract documents to the actual
repair and postrepair work. The primary issues related to the
process control manual include QA policy, QA responsibili-
ties, elements of QA plan, QA procedures, record keeping,
and implementation.

3.8 KNOWLEDGE GAPS

The research project was concerned with identifying provi-
sions in the construction specifications and process control
manual that would need further refinements. In the evaluation
of existing information, and upon careful review of the sources
for the selected tolerances and thresholds in the two docu-
ments, thefollowing gapsin the state of the art wereidentified:

* Environmental Conditions. Environmental conditions

during the application have probably the most significant
effect on the overall performance of the FRP repair sys-
tem. Yet, very little is documented asto the direct corre-
lation between such conditions and the long-term perfor-
mance of the system. The data on what conditions are
acceptablein terms of temperature and humidity are not
yet readily available. One of theimportant conditionsis
the moisture during the cure of the resin. Although the
deleterious effects of moisture are known, it is not
known within what limits of moisture the overall long-
term properties of FRP are duly affected.

Surface Preparation Tolerances. Tolerances for sur-
face irregularities and crack widths are not yet based on
sufficient scientific data. Research is needed to identify
thecritical valuesfor these aspectsof surface preparation.
Durability: Becausethefactorsfor durability are at best
guesses and because the HITEC program on strength-
ening [HITEC 2001] will provide more comprehensive
datathat will enable better assessment of durability fac-
tors, it isnoted that long-term durability of FRP materi-
als, while good, is still not completely defined. Hence,
care must be taken in applying durability factors. The
HITEC program on FRP Composite Systems for Con-
crete Structure Repair and Strengthening [HITEC 2001]
iscurrently underway to assessthe effect of various envi-
ronments on FRP systems for strengthening.

Defects: Significant research is needed to determine
critical defects, their identification using rapid methods
of NDE techniques, and the effect of such defectson the
performance of FRP repair systems.

Copyright National Academy of Sciences. All rights reserved.
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CONCLUSIONS, SUGGESTED RESEARCH, AND RECOMMENDATIONS

FOR IMPLEMENTATION

4.1 CONCLUSIONS

NCHRP Project 10-59 has resulted in the devel opment of
two separate stand-alone documents: Construction Specifica-
tions and Commentary and Process Control Manual. These
two documents are written in a format suitable for possible
adoption by the AASHTO Highway Subcommittee on Bridges
and Structures [AASHTO 1998]. The proposed specifications
and process control can provide uniformity among different
states and different projects for the bonded repair and retro-
fit of concrete structures using FRP composites. The two doc-
uments are based on then-current scientific and engineering
knowledge, research findings, construction practice, perfor-
mance data, and other information related to FRP constituent
materials and FRP systems. The information was gathered
from a literature search, existing databases, a questionnaire
survey, telephoneinterviews, and aclearinghouse website. A
number of issues and parametersrelevant to FRP repair were
identified on the basis of the collected data and were used in
developing the construction specifications and the process
control manual.

The proposed specifications include eight main sections:
General; Submittals; Storage, Handling, and Disposal; Sub-
strate Repair and Surface Preparation; Installation of FRP
System; Inspection and Quality Assurance; Repair of Defec-
tive Work; and Measurement and Payment. The specifica
tions cover three different FRP repair systems: wet lay-up,
precured, and near surface mounted. The proposed process
control manual covers QC/QA prior to, during, and after
completion of therepair project. The manual consists of plan-
ning, record keeping, inspection, and QC tests. The manual
includesthefollowing main sections; Quality Assurance (QA)
Policy and Program Overview, QA Guidelines for Con-
struction Activities, Responsibilities, Preparation of aProject-
Specific QA Plan, and Implementing and Monitoring of the
QA Program. The manual aso consists of a number of QA
checklists for the FRP repair projects.

Critical review of the FRP research to date indicates a
general consensus on the most relevant issues and parame-
tersthat must be addressed in the construction specifications
and process control manual. However, the primary concern
throughout this project has been to develop the rational basis
for thetolerances, criteria, and proceduresthat were specified

in the two documents. The novelty of the FRP technology
and its subtle differences from the traditional repair systems
arereflected in the proposed specifications. Some of the pro-
posed provisions may appear more restrictive than the cur-
rent practice for traditional materials. Although the industry
may find such restrictions counterproductive for further devel-
opment of new FRP technology, the main objective has been
to help protect state DOTs from low-quality applications with
major defects. The decision on relaxing or replacing those
restrictions ultimately lies with AASHTO and its member
states. The states can use the proposed specifications and
process control as model documents that need to be tailored
to the states' specific needs as well as to the size and intent
of the project of interest. At the sametime, it should be under-
stood that asthe FRP technology matures, and as new research
data become available, some of those restrictions may be
removed or relaxed. In the next section, the provisionsin the
two documentsthat need further refinement areidentified for
future research.

4.2 SUGGESTED RESEARCH

During the course of the research project, anumber of pro-
visions in the proposed specifications and process control
were identified that would need further refinements. The pri-
mary concern was to develop a scientific database for some
of the tolerances, criteria, and procedures that were specified
in the two documents. In this section, recommendations are
made for a possible Phase Il of this project to accomplish
these refinements. The suggested research items are ranked in
order of importance with respect to improving the construction
practice:

* Training: Education and training should be an integral
part of Phase |l of thisproject. It isnecessary to develop
atraining course or courses for state DOT employees
similar to courses created to teach the new load and
resistance factor design (LRFD) Bridge Design Specifi-
cations. The courses could also be offered and tailored
to servethe needs of contractors, consultants, and bridge
inspectors. Such courses should be prepared in a multi-
media format and should consist of an introduction to
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the FRP repair systems and its components; procedures
for storage, handling, and disposal; methods of substrate
repair and surface preparation; proceduresfor FRPinstal-
lation; methods of inspection and QC tests; repair of
defective work; and process QC/QA checklists. Issues
related to FRP material selection, design, and perfor-
mance monitoring are deferred to additional courses.
Testing and Monitoring Program: It isimportant that
the proposed construction specifi cations and process con-
trol beimplemented in field applications. Thiswill ensure
applicahility of the various components of the proposed
documents. In addition, field application will allow mon-
itoring of the long-term effectiveness of the bonded FRP
repair using the proposed documents. The field applica-
tion may be tied together with FRP repair projects of a
number of state DOTs using funds from the IBRC pro-
gram. The wide-spread testing and monitoring in differ-
ent statesand climateswill provide better meansfor eval-
uating the effectiveness of the proposed documents.
Criticality of Defects: Although thereisageneral con-
sensus on the characteristics of a sound FRP system
and on the type and size of defects that are absolutely
unacceptable, the thresholds for critical defects are not
yet sufficiently researched. Significant research isneeded
to determine critical defects, their identification using
rapid methods of NDE techniques, and the effect of such
defects on the long-term performance of FRP repair
systems.

Criticality of Environmental Conditions: Environ-
mental conditions during the application have probably
the most significant effect on the overall performance of
the FRP repair system. Yet, very littleis documented as
to the direct correlation between such conditions and the
long-term performance of the system. Data are needed
on what conditions are acceptable in terms of tempera-
ture and humidity. One of the important environmental
conditionsis the moisture present during the cure of the
resin. Although the deleterious effects of moisture are
known, it isnot known within what limits of moisturethe
overall long-term properties of FRP are duly affected.
Research is needed to identify the thresholds for the
environmental conditions.

Thresholds for Surface Preparation: Tolerances for
surfaceirregularities and crack widths are not yet based
on adequate scientific data. Surface preparation directly
affectsthe quality of the bond between the substrate and
FRP, which in turn affects the performance of the FRP
system. Improper bonding may cause failure due to the
FRP system detaching from the concrete substrate at the
bond line. Research has indicated that concrete surface
roughness is a key factor. Performance of the FRP sys-
tem also depends on the state of cracks in the concrete
substrate. Small cracks may be left untreated or may be
pressure injected with epoxy. Larger cracks may be cut

and then filled with epoxy. Thethresholds separating the
three approaches may depend on technica considera-
tions (e.g., viscosity of the epoxy) aswell as economical
ones. Consideration of the type of crack (i.e., shear or
flexural) is aso critical. Research is needed to identify
the thresholds for these aspects of surface preparation.
Long-Term Effects of Construction Anomalies: Itis
unguestionable that the long-term performance of FRP
repair systems is quite sensitive to the processes by
which the materia is stored, handled, installed, and
cured, aswell asto the conditions of the substrate, both
concrete and the reinforcing steel. It is equally and
widely accepted that currently there are no methods for
quantifying the effect of the FRP application processes
on the long-term performance of FRP repair systems.
Although some “accelerated aging tests’ have been
proposed and carried out [Zureick 1998], results from
such tests have yet to be correlated with the field per-
formance to accurately predict service life. Therefore,
these tests can provide insight only as to the impor-
tance of parameters and issues, rather than actual tol-
erances, criteria, and procedures. The numerous exist-
ing field applications are relatively new and have yet
to produce long-term performance data. Research is
needed to correlate the accel erated aging tests with the
actual field performance data so that necessary reduc-
tion factors can be developed for construction anom-
alies to account for long-term degradations.
Criticality of Bond for Confinement: Thereis a ques-
tion as to the necessity of bonding and intimate contact
for confinement applications. For FRP systemsto engage,
concrete must crack and dilate. Therefore, it may not be
necessary to provide the bond. However, further research
is needed to address this issue.

Inspection and Maintenance: Although the scope of
thisresearch waslimited to construction of bonded FRP
repair systems, regular inspection and maintenance of the
repaired systemsare equally important. Bridge inspectors
are quite familiar with traditional materials, but are not
well equipped to inspect and maintain a bridge that is
repaired with FRP systems. No inspection guidelines
exist to date. In the case of bonded FRP laminates,
inspections should focus on the condition of the bond.
It is necessary to develop recommended field proce-
dures, evaluation guidelines, and reporting standardsfor
periodic inspection of in-service FRP systems. Thereis
a need for field inspection devices and standard test
methods for inspection of FRP repair and strengthening
work. Inspection procedures and test methods are essen-
tial tools that enable state DOTS, practicing engineers,
and contractors to evaluate current practices in applica-
tion of FRP and to exercisejobsite control of the quality.
Thisability isespecially important for field inspection of
bonded FRP repairs of concrete structures because the
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performance of the system depends primarily on bond
properties. The thresholds for each test method should
be identified. Test methods should be rapid and econom-
ical techniques that can detect damage approaching or
exceeding these threshol ds. Thethree areas that need the
development of inspection devices are surface rough-
ness, bond strength, and voids/delaminations.

4.3 RECOMMENDATIONS

FOR IMPLEMENTATION
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ings Inspection,” and “ Safety Inspection of In-Service
Bridges.”

Shakedown Period: It is suggested that the proposed
specifications and process control manual be adopted by
AASHTO asaguide specification for an interim “shake-
down” period. During this period, the maintenance engi-
neers of the state DOTS, the composites industry, and
contractors get a chance to closely examine the various
aspects of the two documents and provide their input to
the AASHTO T-21 Committeefor further improvements.
Trial Field Applications: Itisalso suggested that during
thistransition or “shakedown” period, the proposed spec-
ifications be tested and used in aseries of trial field appli-

Successful implementation of the proposed specifications
and the process control manual requires a detailed program
with the following four elements:

cations. Field applications of the proposed documents
help identify areas for which provisions or guidance is

* Training and Technology Transfer: In order to ade-
quately implement the proposed specifications and
process control manual, bridge maintenance engineers,
contractors/applicators, and manufacturers/suppliers must
be fully conversant in and proficient with the new pro-
visions. Technology transfer can be achieved through
development and offering of comprehensive training
courses on the use of the new provisions. These courses
can be developed and offered through collaboration of
the authors with FHWA, the AASHTO T-21 Commit-
tee, and the state DOTSs. Initially, it is suggested that a
2-day training course be developed to cover the pro-
posed specifications and the process control manual, as
well asamultimediaintroduction to FRP repair systems.
The workshops may be offered at the TRB annual meet-
ings in Washington, D.C. They may also be offered
regionally with the participation of state DOTs. Thework-
shops may be arranged through the National Highway
Institute (NHI), which isatraining arm of FHWA. The
NHI currently offers a number of training courses,
including “ Bridge I nspection Refresher Training,” “ Engi-
neering Concepts for Bridge Inspectors,” “Bridge Coat-

unclear, inadequate, too loose, or too restrictive. Trid
field applicationstherefore would provide an opportunity
toimprove the specifications before they become manda-
tory. It would be ideal if thetrial field applications of the
proposed specifications became integral components of
the IBRC program for FRP repair projects. These appli-
cations help the state DOTs gain confidence in the pro-
posed specifications and in their ability to implement
them. Therefore, it isimportant that the field applica-
tions be diverse geographically, as well as diverse in
the type of FRP system and size and scope of the proj-
ect. Although the tria applications would be carried out
by each individual state DOT separately from the testing
and monitoring program that was outlined in the previous
section, it would be extremely useful if the participating
states adopt the same testing and monitoring program.

Updating Process: Although every effort has been made
to devel op comprehensive specifications and process con-
trol, both documents need to be frequently updated and
revised to keep up with the ever changing nature of FRP
technology. The dynamic nature of the two documents
will allow for future modifications as more research
results become available. The burden of updating the
documents lies with the AASHTO T-21 Committee.
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SPECIFICATIONS

1 GENERAL

These specifications areintended for usein
the construction of bonded repair and retrofit of
concrete structures using fiber reinforced polymer
(FRP) composites. These specifications do not
include design aspects of FRP systems or the extent
or limitations of the repair and retrofit of an existing
concrete structure.

1.1 Scope

These specifications cover construction of
FRP systems used as externally bonded or near
surface mounted reinforcement to enhance axial,
shear, or flexural strength or ductility of aconcrete
member, such as column, beam, slab, or wall.

1.2 Definitions

The following terms used in these specifi-
cations are primarily taken from ACI 440.2R-02
with some changes:

Batch—A quantity of material formed during the
same field installation in one continuous process
and having identical characteristics throughout.

Bidirectional Laminate—Reinforced polymer
laminatewith fibers oriented in two different direc-
tionsin its plane.

Binder—Resin constituent that holds together the
other constituents of an FRP composite.

Bond-Critical Applications—Applicationsof FRP
systems for strengthening structures that rely on
bond to the concrete substrate. Examples are flex-
ural and shear strengthening of beams and sl abs.

Catalyst—A substance that initiates a chemical
reaction and enables it to proceed under milder
conditions than otherwise required and that does
not, itself, alter or enter into the reaction. See
hardener.

-1

COMMENTARY

C1 GENERAL

FRP systems may be used to increase live
load capacity of a structure, repair members that
are damaged by impact or corrosion, reduce stresses
intheinternal steel reinforcement, or increase duc-
tility in seismic retrofit. For design issues, consult
with relevant guidelines such as ACl 440.2R-02.

C1.1 Scope

FRP systemsmay include externally bonded
shests, strips, plates, and shells and near surface
mounted FRP bars and strips that are bonded inside
agroove cut into the surface of concrete.

C1.2 Definitions

The definitions of the terms given herein
are for consistent application of these specifica-
tions and may not always correspond to the ordi-
nary usage of the term. For a glossary of the most
commonly used terms related to concrete construc-
tion and FRP systems, consult with ACI 116R-00,
ACI 440R-96, and ACI 440.2R-02.
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Composite—A combination of two or more mate-
rias differing in form or composition on a macro-
scale. The congtituentsretain their identities; they do
not dissolve or merge completely into one another,
although they act in concert. Normally, the compo-
nents can be physicaly identified and exhibit an
interface between one another. See composite FRP.

Composite FRP—A polymer matrix, either ther-
mosetting or thermoplastic, reinforced with afiber
or other material with a sufficient aspect ratio
(length to thickness) to provide a discernible rein-
forcing function in one or more directions. See
composite.

Contact-Critical Applications—Applications of
FRP systemsthat rely on intimate contact between
concrete substrate and the FRP system to function
as intended. An example is the confinement of
columns for seismic retrofit. In these specifica-
tions, contact-critical applicationsaretreated in the
same way as bond-critical applications. See bond-
critical applications.

Creep Rupture—Failure of an FRP system result-
ing from a gradual, time-dependent reduction of
capacity due to sustained loading.

Cure—The process of causing irreversible changes
in the properties of athermosetting resin by chem-
ical reaction. Cure is typicaly accomplished by
addition of curing agentsor initiators, with or with-
out heat and pressure. Full cureisthe point at which
a resin reaches its specified properties. Resin is
undercured if its specified properties have not been
reached.

Cure Time—The time necessary to cure a ther-
mosetting resin system, thermoset-based compos-
ite, or prepreg at a given temperature.

Curing Agent—A catalytic or reactive agent that,
when added to resin, causes polymerization. Also
called hardener.

COMMENTARY
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Debonding—A separation at the interface between
substrate and the reinforcing layer.

Delamination—Separation of the layers of the FRP
laminate from each other.

Development Length—The bonded distance
required for transfer of stresses from concrete to
the FRP to develop tensile capacity of FRP.

Durability—The ability of a material to resist
cracking, oxidation, chemical degradation, delam-
ination, wear, or the effects of foreign object dam-
age for aspecified period of time, under the appro-
priateload conditions and specified environmental
conditions.

Epoxy—A polymerizable thermosetting polymer
containing one or more epoxide groups, cured by
reaction with phenols, anhydrides, polyfunctional
amines, carboxylic acids, or mercaptans. Animpor-
tant matrix resin in FRP; also used as structural
adhesive.

Fabric—Arrangement of fibers held together in
two or three dimensions. It may be woven, non-
woven, knitted or stitched. Fabric architecture is
the specific description of the fibers, their direc-
tions and construction.

Fiber—A general term used to refer to filamentary
materials. The smallest unit of a fibrous material.
Often, fiber is used synonymously with filament.

Fiber Content—The amount of fiber present in a
composite, usually expressed as a volume fraction
or amass fraction of the composite.

Fiber Fly—Short filamentsthat break off dry fiber
tows or yarns during handling and become air-
borne, classified as nuisance dust.

-3
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Fiber Reinforced Polymer (FRP) System—
Composite material consisting of apolymer matrix
reinforced with cloth, mat, strands, or any other
fiber form. See composite.

Filament—See fiber.

Filler—A relatively inert substance added to a
resin to alter its properties or to lower cost or den-
sity. Also used to term particulate additives. Also
called extenders.

Fire Retardant—Chemicals used to reduce the
tendency of resinto burn. They can be added to the
resin or coated on the surface of the FRP.

Flow—The movement of uncured resin under pres-
sure or gravity loads.

GlassTranstion Temperatur e (Tg)—The approx-
imate midpoint of the temperature range over
which atransition in material response from elas-
tic to viscoel astic takes place [ASM 2001].

Har dener—Substance added to thermosetting
resin to cause polymerization. Usually applies to
€poxy resins.

I mpregnation—The processof saturating theinter-
stices of areinforcement or substrate with aresin.

Inhibitor—A substance that retards a chemical
reaction, such as ultraviol et degradation. Also used
to prolong shelf life of certain resins.

I nitiator—Chemical's, most commonly peroxides,
used to initiate the curing process for unsaturated
polyester and vinyl ester resins. See catalyst.

Laminate—One or more layers or plies of fiber,
boded together in a cured resin matrix.

Lay-Up—The process of placing the FRP rein-
forcing material in position for installation.

COMMENTARY


http://www.nap.edu/22034

SPECIFICATIONS

L ot—A quantity of material manufactured during
the same plant production in one continuous process
and having identical characteristics throughout. In
these specifications, batch isused interchangeably.
See batch.

Mat—A fibrous material for reinforced polymer
consisting of randomly oriented chopped filaments,
short fibers (with or without a carrier fabric), or
long random filaments|oosely held together with a
binder.

Matrix—The essentially homogeneous resin or
polymer material in which the fiber system of a
composite is embedded.

Micro-Cracking—Cracks formed in composites
when stresses locally exceed the strength of the
matrix.

M SDS—Material Safety Data Sheet.

Near Surface Mounted (NSM)—Alternative
repair system, wherean FRP bar or strip isinserted
and anchored into a precut groove.

Pin Holes—A small cavity, typically less than
1.5 mm (0.06 in.) in diameter, that penetrates the
surface of a cured composite part.

Pitch—~Petroleum or coal tar precursor base used
to make carbon fiber.

Ply—A single layer of fabric or mat.

Polyester—A thermosetting polymer synthesized
by the condensation reaction of certain acids with
alcohols and subsequently cured by additional
polymerization initiated by freeradical generation.
Polyestersare used as bindersfor resin mortars and
concretes, fiber laminates, and adhesives. Com-
monly referred to as “ unsaturated polyester.”
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Polymer—A compound formed by the reaction of
simple molecules that permit their combination to
proceed to high molecular weights under suitable
conditions.

Polyur ethane—A thermosetting resin prepared by
the reaction of disocyanates with polyols, poly-
amides, alkyd polymers, and polyether polymers.

Postcure—Additional elevated-temperature cureto
increase the level of polymer cross linking; final
properties of the laminate or polymer are enhanced.

Pot Life—Timethat acatalyzed resinretainsavis-
cosity low enough to be used in processing. Also
called working life.

Prepreg—A fiber or fiber sheet material contain-
ing resin whose reaction has progressed to the
stage where consistency istacky. Multiple plies of
prepreg are typically cured with applied heat and
pressure. Also preimpregnated fiber or sheet.

Pultrusion—A continuous process that combines
pulling and extrusion for manufacturing compos-
ites that typically have a constant cross-sectional
shape. The process consists of pulling afiber mate-
rial through aresin bath and then through a heated
shaping die, where theresin is cured.

Resin—A component of a polymeric system that
requires a catalyst or hardener to polymerize or
curefor usein composites. Resin often refersto the
mixed polymer component or matrix of the FRP.

Resin Content—The amount of resin in a lami-
nate expressed as a percentage of either total mass
or total volume.

Roving—A number of yarns, strands, tows, or ends
of fibers collected into a parallel bundle with little
or no twist.

COMMENTARY
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Shelf Life—The length of time a material, sub-
stance, product, or reagent can be stored under spec-
ified environmental conditions and continue to meet
all applicable specifications or remain suitable for
itsintended function. Also called storage life.

Structural Adhesive—A resinous bonding agent
used for transferring required loads between
adherents.

Substrate—The original concrete and any cemen-
titiousrepair materialsused to repair or replace the
original concrete. It can consist entirely of original
concrete, entirely of repair materias, or of acom-
bination of the two. The FRP is installed on the
surface of the substrate.

Thermoplastic—A non-cross-linked polymer capa-
ble of being repeatedly softened by an increase of
temperature and hardened by a decrease in tem-
perature. Examples are nylon, polypropylene, and
polystyrene.

Thermoset—A cross-linked polymer that cannot
be softened and reformed by an increase in tem-
perature. Cross linking is an irreversible process,
thermosets cannot be returned to a molten state.
Examples are epoxy, phenolic, and vinyl ester.

Tow—An untwisted bundle of continuous fila-
ments.

Unidirectional L aminate—A reinforced polymer
laminate in which substantialy all of the fibersare
oriented in the same direction.

Vinyl Ester—A polymerizable thermosetting resin
containing vinyl and ester components, cured by
additional polymerization initiated by free-radical
generation. Vinyl esters are used as binders for
fiber laminates and adhesives.

-7


http://www.nap.edu/22034

-8

SPECIFICATIONS

Viscosity—The property of resistance to flow
exhibited within the body of a material, expressed
in centipoises. A higher viscosity has higher resis-
tance to flow.

Volatiles—Material s such aswater and solventsin
aresinformulation that are capable of being driven
off as vapor.

Wet Lay-Up—A method of making a laminate
system by applying the resin system as a liquid,
when the fabric or mat is put in place.

W et-Out—The process of coating or impregnat-
ing roving, yarn, or fabric in which all voids
between the strands and filaments are filled with
resin. It is also the condition at which this state is
achieved.

Wetting Agent—A substance capabl e of lowering
surface tension of liquids, facilitating the wetting
of solid surfaces and permitting the penetration of
liquids into the capillaries.

Witness Panel—A small FRP panel, manufactured
on site under conditions similar to the actual con-
struction. The panel may be later tested to deter-
mine mechanical and physical propertiesto confirm
the expected properties for the full FRP structure.

1.3 Recommended References
The following standards or documents are
referred to in these specifications:

ACI—American Concrete I nstitute

e 116R-00: Cement and Concrete Terminology.

» 117-90: Specifications for Tolerances for
Concrete Construction and Materials, and
Commentary.

o 224.1R-93: Causes, Evaluation, and Repair of
Cracksin Concrete Structures.

e 224R-01: Control of Cracking in Concrete
Structures.

COMMENTARY

C1.3 Recommended References
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440R-96: State-of-the-Art Report on Fiber
Reinforced Plastic Reinforcement for
Concrete Structures.

440.2R-02: Guide for the Design and
Construction of Externally Bonded FRP
Systems for Strengthening of Concrete
Structures.

503R-93: Use of Epoxy Compounds with
Concrete.

503.4-92: Standard Specification for
Repairing Concrete with Epoxy Mortars.
503.5R-92: Guide for the Use of Polymer
Adhesivesin Concrete.

503.6R-97: Guide for the Application of
Epoxy and Latex Adhesives for Bonding
Freshly Mixed and Hardened Concrete.
546R-96: Concrete Repair Guide.

ASTM—American Society for Testing and
Materials

D3039: Test Method for Tensile Properties of
Polymer Matrix Composite Materials.

D3418: Test Method for Transition
Temperatures of Polymers by Differential
Scanning Calorimetry.

D4541: Test Method for Pull-Off Strength of
Coatings Using Portable Adhesion Tester.
D5687: Guide for Preparation of Flat
Composite Panels with Processing Guidelines
for Specimen Preparation.

| CBO—International Conference of Building
Officials

AC125: Acceptance Criteriafor Concrete and
Reinforced and Unreinforced Masonry
Strengthening Using Fiber-Reinforced
Polymer (FRP) Composite Systems.

AC178: Acceptance Criteriafor Inspection
and Verification of Concrete and Reinforced
and Unreinforced Masonry Strengthening
Using Fiber-Reinforced Polymer (FRP)
Composite Systems.

COMMENTARY
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| CRI—International Concrete Repair Institute

* No. 03730: Guide for Surface Preparation for
the Repair of Deteriorated Concrete Resulting
from Reinforcing Steel Corrosion.

e No. 03732: Selecting and Specifying
Concrete Surface Preparation for Sealers,
Coatings, and Polymer Overlays.

* No. 03733: Guide for Selecting and
Specifying Materials for Repairs of Concrete
Surfaces.

1.4 Tolerances

Tolerances recommended by the manu-
facturer shall be followed, unless more stringent
requirements are specified in these specifications
or in the contract documents. In case of any con-
flict or appearance of any conflict, the engineer
shall provide clarification before proceeding.

1.5 Site Considerations

The contractor shall provide necessary
pathways, scaffoldings; and other means of access
to the general project site and to the specific repair
area for the personnel, equipment, and materials.
All obstructions such as pipes, conduits, and wiring
shall be removed at the expense of the contractor,
upon approval of the engineer and after making
records for subsequent reinstallation by the con-
tractor at the completion of the project. Plants,
fences, and other obstructions that prevent access
for repair shall be removed and, upon approval of
the engineer, reinstalled or disposed of according
to Section 3.4, at the expense of the contractor.

1.6 FireConsiderations

Fireisalife safety issue with the design of
FRP systems. Most FRP systems are assumed to be
lost completely in afire due to their low tempera-
ture resistance.

2 SUBMITTALS

The contractor shall submit the following
documents for the engineer’ s approval before start-
ing the work.

COMMENTARY

Cl1.4 Tolerances

Adherence to proper tolerances is neces-
sary to produce acceptable work. It isimportant to
avoid accumulating tolerances. The owner may
accept the manufacturer tolerances if appropriate
test data are shown that warrant the change based
on the unigque characteristics of aparticular system.

C1.5 Site Considerations

FRP systems can generally be installed in
most locations with very limited access and mini-
mal equipment. In most applications, theimpact of
the FRP system on the existing utilitiesisminimal.

C1.6 FireConsiderations

Fire resistance of FRP systems may be
improved by adding fire retardants to the resin or
by coating on the surface of the FRP. Other meth-
ods of fire protection may also be used.

C2 SUBMITTALS
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2.1 Working Drawings

Working (shop) drawings shall include the
type of FRP system, repair locations, relevant
dimensions of the system, and thework planinclud-
ing the necessary preparations of the existing struc-
ture. The drawings must be accompanied by the
design calculations, the MSDS, and the manufac-
turer’s system data sheet identifying mechanical,
physical, and chemical properties of al compo-
nents of the FRP system; application guide, includ-
ing the installation and maintenance procedures,
and time schedule for various steps in the repair
process. The installation procedure must clearly
identify the environmental and substrate condi-
tions that may affect the application and curing of
the FRP system.

2.2 Quality Control/Quality Assurance Plan

The contractor shall be responsible for the
quality control of all materialsand processesin the
project. The quality control and quality assurance
(QC/QA) plan must be approved by the owner or
its representative. It shall include specific proce-
duresfor personnel safety, tracking and inspection
of all FRP componentsprior to installation, inspec-
tion of all prepared surfaces prior to FRP applica-
tion, inspection of the work in progress to ensure
conformity with specifications, QA samples, inspec-
tion of all completed work including necessary
tests for approval, repair of any defective work,
and clean-up. Any part of the work that fails to
comply with the requirements of the contract doc-
uments shall be rejected by the engineer and shall
be remedied or removed and replaced by the con-
tractor at its own expense to be in full compliance
with the contract documents.

2.3 Qualifications

The manufacturer/supplier must be pre-
qgualified by the owner or its representative for
each of its FRP systems after providing the fol-
lowing necessary information:
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C2.1 Working Drawings

The necessary information for each FRP
system may be different. Shop drawings for wet
lay-ups may include, for example, fiber orienta-
tion, nominal thickness, aerial weight of dry fab-
ric, number of layers, fiber volume or weight frac-
tion, locationsand lengths of |ap splices, end details,
and anchoring. Shop drawings for near surface
mounted FRP may include, for example, locations
and sizes of grooves and bars or strips. Shop draw-
ings may also include necessary corner radii and
surface conditions of the existing structure. The
system data sheets may also include, for example,
mix ratio, pot life, temperature-cure time data, gel
time at proposed cure temperature, and acceptable
humidity and temperature ranges for mixing and
applying the resin.

C2.2 Quality Control/Quality Assurance Plan

The QC/QA program should be comprehen-
sive and cover al aspects of the FRP system. QA is
achieved through a set of inspectionsand applicable
tests to document the acceptability of the installa-
tion. Details of the plan in terms of inspection, test-
ing, and record keeping may be developed to match
the size and complexity of the project. Additional
information regarding the necessary elements of the
QCIQA planisincluded in the process control man-
ua that accompanies this document. The manual
ensuresthat the specifications are followed and pro-
vides guidance and specific checklistsfor QA by the
owner or its representative.

C2.3 Qualifications

Qualification of the manufacturer/supplier
for each of its FRP systems ensures acceptability of
the system, as well as competence of the manufac-
turer/supplier to provide it. The owner or its rep-
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1) System data sheets and MSDSs for all
components of the FRP system;

2) A minimum of 5 years of documented
experience or 25 documented similar field
applications with acceptable reference | et-
ters from respective owners,

3) A minimum of 50 test data sets (total)
from an independent agency approved by
the owner on mechanical properties, aging
and environmental durability of the sys-
tem; and

4) A comprehensive hands-on training
program for each FRP system to qualify
contractors/applicators.

The contractor/applicator must be pre-
qualified by the owner or its representative for
each FRP system after providing the following
necessary information:

1) A minimum of 3 years of documented

experience or 15 documented similar field

applications with acceptable reference let-
ters from respective owners and

2) A certificate of completed training from

the manufacturer/supplier for at least one

field representative who will be present on
site throughout the project.

3 STORAGE, HANDLING
AND DISPOSAL

3.1 Storage

3.1.1 Sorage Requirements

All components of the FRP system must be
delivered and stored in the original factory-sealed,
unopened packaging or in containers with proper
labels identifying the manufacturer, brand name,
system identification number, and date. Catalysts
and initiators should be stored separately. All com-
ponents must be protected from dust, moisture,
chemicals, direct sunlight, physical damage, fire,
and temperatures outside the range specified in the
system data sheets. Any component that has been
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resentative 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 qualifi-
cation. The owner may accept the total experience
of the key personnel on similar field applications.
For specific items on system data sheets, refer to
Section C2.1. Test data sets may follow appropri-
ate protocols such as those devel oped by the High-
way Innovative Technology Evaluation Center
(HITEC) [Reynaud et al. 1999, CERF 2001]. The
training program by the manufacturer/supplier
should provide hands-on experience with surface
preparation and installation of the same FRP sys-
tem for which the certificate is issued.

Qualification of the contractor/applicator
for each FRP system ensures competence of the
contractor/applicator for surface preparation and
application of a particular FRP system through evi-
dence of appropriate training and related past expe-
rience. The owner may accept thetotal experience of
the key personnel on similar field applications. The
field representative may be employed by either the
contractor/applicator or the manufacturer/supplier.

C3 STORAGE, HANDLING
AND DISPOSAL

C3.1 Storage

C3.1.1 Sorage Requirements

These requirements are intended to help
preserve properties of the FRP system and main-
tain the safety of the work place. The components
may include sheets, plates, bars, strips, resins, sol-
vents, adhesives, saturants, putty, and protective
coatings. The system identification number may be
the batch number from the factory. Typicdly, tem-
perature in the storage area should be within
10-24°C (50-75°F), unless otherwise noted on the
system datasheet. Typically, components should be
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stored in acondition different from that stated above
must be disposed of, as specified in Section 3.4.

3.1.2 Shelf Life

All components of the FRP system, espe-
cialy resins and adhesives, that have been stored
longer than the shelf life specified on the system
data sheet shall not be used and must be disposed
of, as specified in Section 3.4.

3.2 Handling

All components of the FRP system, espe-
cially fiber sheets, must be handled with care
according to the manufacturer recommendationsto
protect them from damage and to avoid misalign-
ment or breakage of the fibers by pulling, separat-
ing, or wrinkling them or by folding the sheets.
After cutting, sheets shall be either stacked dry
with separators or rolled gently at a radius no
tighter than 305 mm (12 in.) or as recommended
by the manufacturer.

3.2.1 Safety Hazards

All components of the FRP system, espe-
cially resins and adhesives, must be handled with
careto avoid safety hazards, including but not lim-
ited to skin irritation and sensitization and breath-
ing vapors and dusts. Mixing resins shall be mon-
itored to avoid fuming and inflammable vapors,
fire hazards, or violent boiling. The contractor is
responsible for ensuring that all components of the
FRP system at al stages of work conform to the
local, state, and federal environmental and worker’s
safety laws and regulations.

3.2.2 Material Safety Data Sheets

The MSDSsfor all components of the FRP
system shall be accessible to all at the project site.
Specific handling hazards and disposal instructions
shall be specified in the MSDSs.

3.2.3 Personnel and Workplace Protection

The contractor isresponsible for providing
the proper means of protection for safety of the
personnel and the workplace. The contractor shall
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stored in a dry environment, unless an acceptable
moisture level is specified on the system data sheet.

C3.1.2 Shelf Life

Properties and reactivity of resins and
adhesives may degrade with time, temperature, or
humidity.

C3.2 Handling

Fiber sheetswith higher modulusfibersare
more susceptible to misalignment damages and
therefore must be handled with greater care. Dusts
or residue can enter fiber sheets if not protected.
Rolling precut short lengths of fiber sheets may
cause damage through fiber movement and fabric
shearing. Contamination of any component of the
FRP system with an organic solvent may reduce
tensile strength and other properties of the cured
laminates.

C3.2.1 Safety Hazards

Consult Chapter 9 of ACI 503R-93 for
additional information on safety hazards of epoxy.
Ignition or fire in the proximity of epoxy resins
could be hazardous. Appropriate references may
be used for other types of resin such asvinyl esters.
Placing carbon FRP sheets, bars, or strips near elec-
trical equipment may cause short-circuit or electri-
cal shock because carbon isaconductive material.
Glassfibers are known to cause severe itching and
skin irritation.

C3.2.2 Material Safety Data Sheets

The Code of Federal Regulations (CFR 16)
regulates the labeling of hazardous substances and
includes thermosetting-resin materials.

C3.2.3 Personnel and Workplace Protection
Safety measures may include protective

clothing and devices (such as disposable plastic or

rubber gloves, safety glassesor goggles, dust masks,
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inform the personnel of the dangers of inhaling
fumes of primer, putty, or resin and shall take all
necessary precautions against injury to personnel.
The resin mixing area shall be well vented to the
outside.

3.3 Clean-Up

The contractor isresponsible for the clean-
up of the equipment and the project site from haz-
ardous and aesthetically undesirable FRP compo-
nents using appropriate solvents, as recommended
in the system data sheet.

3.4 Disposal

Any component of the FRP system that has
exceeded its shelf life or pot life or has not been
properly stored, as specified in Section 3.1, and
any unused or excess material that is deemed waste
shall be disposed of in amanner amiableto the pro-
tection of the environment and consistent with the
MSDS.

4 SUBSTRATE REPAIR AND SURFACE
PREPARATION
The concrete substrate shall be repaired, if
necessary, and all concrete surfaces snall be cleaned
and prepared prior to installing the FRP system.

4.1 Removal of Defective Concrete

All defective areas of concrete substrate
shall be removed according to ACI 546R-96 and
ICRI No. 03730, using appropriate equipment such
asan air- or eectric-powered jack hammer or saw,
at a sufficient depth of at least 12.7 mm (Y2 in.)
beyond the repair area to expose sound aggregates.
If any reinforcing or prestressing steel isexposed in
the process and either it is deteriorated or its bond
with the concrete is broken in the process, an addi-
tional nomina depth of 19 mm (34in.) or at least
6.4 mm (Y4 in.) larger than the largest aggregate in
repair material shall be cut from its underneath. If
any deterioration is noticed in the repair area, its
source shall belocated and treated to the satisfaction
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safety gear respirators, fire extinguishers, and ven-
tilators) depending on the FRP system, working
conditions, and thejob site. Disposable gloves may
degradein the presence of vinyl estersand solvents
if not specifically designed for use with the FRP
system.

C3.3 Clean-Up

The contractor may additionally consult
with the prevailing environmental protection and
health agencies for proper clean-up of the project
site. Some clean-up solvents may be flammable.

C3.4 Disposal

Pot life depends on the system, mixed quan-
tity, and ambient temperature. The contractor may
also consult the prevailing environmental protec-
tion and health agenciesfor proper disposal of FRP
components. Unused mixed primer, putty, or resin
should be alowed to harden in their containers
before disposal.

C4 SUBSTRATE REPAIR AND SURFACE
PREPARATION
A clean and sound concrete substrate is
essential to the effectiveness of the FRP system in
achieving the design strength and the intended
design objectives.

C4.1 Removal of Defective Concrete

Defects may include loose and broken
debris or delaminated and spalled sections of con-
crete, voids and honeycombs, and deteriorated con-
crete. Defectsin the concrete substrate can compro-
mise the integrity of the FRP system. Any attempt
at covering the deteriorated (carbonated or chloride
contaminated) concrete with the FRP system with-
out correcting the source of deterioration may be
detrimental to the effectiveness of the repair. Inves-
tigations to date have shown that placement of
externally bonded FRP, especially when used for
full confinement, may arrest cracking of concrete
and slow down the rate of corrosion of steel rein-
forcement, but does not stop or reverse the cor-
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of the engineer prior to restoring the section. Upon
removing defective concrete, and before restoring
the section, the substrate shall be cleaned from
any dust, laitance, grease, oil, curing compounds,
impregnations, foreign particles, wax, and other
bond-inhibiting materials, as per Section 4.4.6.

4.2 Repair of Defective Reinfor cement

All defectivereinforcement shall berepaired
according to ICRI No. 03730 and to the satisfac-
tion of the engineer. FRP systems shall not be
applied to concrete suspected of containing cor-
roded reinforcement. Corroded or otherwise defec-
tive reinforcement that is to be supplemented shall
be cleaned and prepared thoroughly by abrasive
cleaning to a near white appearance. Damaged
reinforcement that needsto be replaced shall be cut
at sufficient length, according to the contract doc-
uments and the approval of the engineer, to ensure
full section and sound material in the remaining
portion. Splice for the ruptured or cut reinforcing
or prestressing steel shall be provided at sufficient
length, according to the contract documents and
approval of the engineer.

4.2.1 Mechanical Anchorage

Mechanica anchorage of the repair mater-
ial with the substrate shall be placed if specifiedin
the contract documents. Anchors shall be secured
in place by tying to other secured bars and shall not
protrude outside concrete surface. If that is not
possible, the concrete surface shall be built up to
cover the protrusions.

4.3 Restoration of Concrete Cross Section

The area of removed concrete substrate,
and any void larger than 12.7 mm (%2 in.) in diam-
eter and depth, shall be filled with repair material
that conformsto ICRI No. 03733. Therepair mate-
rial shall have a compressive strength equal to or
greater than that of the original concrete, but no
less than 31 and 38 MPa (4,500 and 5,500 psi) at
7 and 28 days, respectively. The design mix for all
repair materials shall be approved by the engineer.
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rosion process [Harichandran and Baiyasi 2000,
Sohanghpurwala and Scannell 1994]. Precautions
may be necessary in cases of carbonation, alkali-
silicareactivity (ASR), or reactive aggregate.

C4.2 Repair of Defective Reinforcement

Defects in the reinforcement may include
section loss or rupture due to impact or corrosion.
Any attempt at covering the deteriorated section
with FRP without arresting the corrosion process
may be detrimental to the entire repair because of
the expansive forces associated with corrosion. |If
not treated properly, repair in one section may lead
to an accelerated corrosion in an adjacent section.
The exposed steel may be treated by applying cor-
rosion inhibitors prior to restoring the section. The
owner may require other treatment forms for cor-
roded steel or placement of sensors to monitor the
corrosion process. The splice detail is intended to
provide strength and ductility in both longitudinal
and transverse directionsin casethe FRP systemis
lost due to fire, vandalism, or any other cause.

C4.2.1 Mechanical Anchorage

Mechanical steel or plastic anchorage en-
sures adequate bond with the existing cross sec-
tion, where new concrete patch material is placed.
A grid of 102 mm x 102 mm (4 in. x 4in.) with a
minimum embedment depth of 38 mm (1%z1in.) is
usually adequate. If the anchors protrude outside
the concrete surface, they may damage fibers used
in the FRP system.

C4.3 Restoration of Concrete Cross Section
The repair material may be an approved
polymer- or latex-modified mortar/concrete or an
approved factory-bagged mortar/concrete patching
material of equal characteristics. It isrecommended
that the manufacturer be consulted on the compati-
bility of therepair material with the FRP system. At
locations where the size of the voids or other con-
straints necessitate that prebagged mortar/concrete
not be used, a Class |1l latex-modified concrete
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The bond strength of the repair materia to the
existing concrete shall be a minimum of 1.4 MPa
(200 psi) in the pull-off test according to ASTM
D4541. The concrete substrate and the exposed
reinforcing or prestressing steel shall be clean,
sound, and free of surface moisture and frost
before restoring the section. Before placement of
patching materials, a water-based epoxy cementi-
tious bonding agent shall be applied to concrete
and exposed reinforcement. Also, cracks within
solid concrete in the substrate shall be stabilized
using epoxy injection methods, as specified in Sec-
tion 4.4.3. If the water leak through cracks or con-
crete joints is significant, water protection and a
water conveyance and weep holes shall be pro-
vided before restoring the section. Therepair mate-
rial shall be cured a minimum of 7 days before
installing the FRP system unless its curing and
strength are verified by tests.

4.4 Surface Preparation

All necessary repair and restoration of a
concrete section shall be approved by the engineer
prior to surface preparation. I n these specifications,
contact-critical applicationsaretreated in the same
way as bond-critical applications. An adhesive
bond with adequate strength shall always be pro-
vided between FRP and concrete. Surface prepara-
tion shall also promote continuousintimate contact
between FRP and concrete by providing a clean,
smooth, and flat or convex surface. Surface prepa
ration for near surface mounted FRP bars or strips
is specified in Section 4.4.4. Surface preparation
for FRP shell systems where grout is pumped into
the gap between the shell and the existing column
surface is specified in Section 4.4.5. All surface
preparations shall be approved by the engineer
before installing the FRP system.

4.4.1 Surface Grinding

All irregularities, unevenness, and sharp
protrusions in the surface profile shall be grinded
away to a smooth surface with less than 0.8-mm
(Ys2-in.) deviation. Disk grinders or other similar
devices shall be used to remove stain, paint, or any
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may be used, as approved by the engineer. No form-
work is necessary for small voids, where repair
materials may be placed by hand and troweled to
match the origina section. Formwork for larger
areas may be built around the damaged area to
ensure that the restored section is smooth and uni-
form and that it conforms to the original shape of
the section. The instruction for most patching
materials specifies abonding agent, often adiluted
mixture of the patching mix rubbed into the con-
crete. Curing time depends on the type of patching
materials.

C4.4 Surface Preparation

Surface roughness has a significant effect
on the bond between the FRP system and concrete
[Shen et al. 2002]. Surface preparation depends on
the type of application and the type of FRP system.
Even though bond may not be structurally neces-
sary for contact-critical applications such as con-
finement of columns, it would help improve dura-
bility of the structure. Many applications of column
wrapping occur in aggressive environments. Any
debonding between FRP and concrete that may
result from less stringent criteria could lead to sig-
nificant damage during freeze-thaw cycles.

C4.4.1 Surface Grinding

Consult with the ACI 546R-96 and ICRI
No. 03730 for grinding of concrete surfaces and
for ensuring proper surface preparation. Vacuum
cleaning could help reduce the dusts in environ-
mentally sensitive areas.
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other surface substance that may affect the bond.
Voids or depressions with diameters larger than
12.7 mm (Y2 in.) or depths greater than 3.2 mm
(Y8 in.), when measured from a 305-mm (12-in.)
straight edge placed on the surface, shall be filled
according to Section 4.4.5.

4.4.2 Chamfering Corners

All inside and outside corners and sharp
edges shall berounded or chamfered to aminimum
radius of 12.7 mm (¥z in.) as per ACI 440.2R-02.
Ridges, form lines, and sharp or roughened edges
greater than 6.4 mm (¥4 in.) shall need to beground
down or filled with putty, as specified in Section
4.4.5. Obstructions and embedded objects shall
be removed before instaling the FRP system if
required by the engineer.

4.4.3 Crack Injection

All cracksin the surface of concrete or the
substrate that are wider than 0.25 mm (Y10 in.)
shall be filled using pressure injection of epoxy
accordingto ACI 224.1R. Smaller cracks may also
reguire resin injection in aggressive environments.
Follow ACI 224R-01 crack width criteria for vari-
ous exposure conditions. The FRP system shall be
installed no earlier than 24 hours after crack injec-
tion. Any surface roughness caused by injection
shall be removed as per Section 4.4.1.

Bonded Repair and Retrofit of Concrete Structures Using FRP Composites -- Recommended Construction Specifications and Process Control Manual
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C4.4.2 Chamfering Corners

Chamfering of corners improves the bond
between FRP and concrete, reduces stress concen-
trationsin the FRP, and hel ps prevent voids between
the FRP and concrete [Yang et al. 2001a&b] (Fig-
ure C4.4.2). Thisis especially critical for carbon
FRP systems because their transverse strength
and modulus are substantially lower than their
longitudinal values and, therefore, could easily
fracture when bent over a sharp edge. Obstruc-
tions, reentrant corners, concave surfaces, and
embedded objects can affect the performance of
the FRP system.

Existing Edges

S h;rp Edges
4/~ Rounded
: Smooth

Figure C4.4.2. Chamfering Corners

C4.4.3 Crack Injection

Movement of cracks wider than that speci-
fied may cause delamination or fiber crushing in
externally bonded FRP systems. Crack injection
helps restore concrete strength and prevent water
leakage behind the FRP system. The procedure
usually includes cleaning the cracks, sealing the sur-
faces, installing the entry and venting ports, mixing
the epoxy, pressureinjecting the epoxy, and remov-
ing the surface seal.

Copyright National Academy of Sciences. All rights reserved.
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4.4.4 Groovesfor Near Surface Mounted FRP

A groove with dimensions specified in the
contract documents shall be made in the concrete,
where the FRP bar or strip is to be placed. Care
shall be taken to avoid local fracture of the con-
crete surrounding the groove. The grooveinwhich
FRPisto be placed shall befree of loose, unsound,
or bond-inhibiting materials such as ail, efflores-
cence, or moisture. All obstructions and embedded
objects shall be removed from the groove areaupon
approval of the engineer.

4.4.5 Surface Profiling

After surface grinding, any remaining
unevennessin the surface greater than that specified
in Section 4.4.3, including out-of-plane variations,
fins, protrusions, bug holes, depressions voids, and
roughened corners, shall be filled and smoothed
over using putty made of epoxy resin mortar or
polymer cement mortar with strength equal to or
greater than the strength of the original concrete.
The patching material shall be cured aminimum of
7 days before installing the FRP system unless its
curing and strength are verified by tests.

4.4.6 Surface Cleaning

Substrate concrete and finished surface of
concrete shall be cleaned to the approval of the
engineer. Cleaning shall remove any dust, laitance,
grease, oil, curing compounds, wax, impregna
tions, stains, paint coatings, surface lubricants, for-
eign particles, weathered layers, or any other bond-
inhibiting material. If power wash is used, the
surface shall be allowed to dry thoroughly before
installing the FRP system. The cleaned surface
shall be protected against redeposit of any bond-
inhibiting materials. Newly repaired or patched
surfaces that have not cured a minimum of 7 days
shall be coated with a water-based epoxy paint or
other approved sealers.

5 INSTALLATION OF FRP SYSTEM

This section specifies general installation
procedures for three types of FRP systems. wet
lay-up, precured, and near surface mounted. Spe-
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C4.4.4 Groovesfor Near Surface Mounted FRP

It is recommended to first examine the
existing conditionsto assessthe quality of the con-
crete substrate, identify potential obstructions, and
verify the dimensions and geometries shown in the
contract documents. The grooveisoften madeusing
a grinder or concrete saw with a suitable blade.
Embedded obstructions and objects can affect the
performance of the FRP system.

C4.4.5 Surface Profiling

Consult the ACI546R and ICRI Guideline
No. 03730 for surface profiling. Surface profile of
the concrete substrate may provide an open rough-
ened texture for precured FRP shell systems, where
grout is pumped into the space between the shell
and the existing column surface. Curing time
depends on the type of patching materials.

C4.4.6 Surface Cleaning

This section relates to surface cleaning for
the substrate after removal of defective concrete
and prior to restoring the concrete section, as spec-
ified in Section 4.1. It also relates to surface clean-
ing of the finished surface of concrete before
installing the FRP system. Cleaning may be per-
formed with blast cleaning, an air blower, pressure
washing, or other equivalent means. Clean wiping
rags may also be used for removing any dust that
may have been generated on the concrete surface
during the grinding operation. Vacuum cleaning
could help reduce the dusts in environmentally
sensitive areas.

C5 INSTALLATION OF FRP SYSTEM
Contract documents provide specific pro-

ceduresfor the specific type of FRP system. Other,

less common FRP systems, such as dry lay-up and
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cific procedures for installing FRP systems may
vary dightly for each system and manufacturer.

5.1 Environmental Conditionsfor Installation
Environmental conditions shall be exam-
ined before and during installation of the FRP sys-
tem to ensure conformity to the contract documents
and manufacturer’ srecommendations. Do not apply
primers, putty, saturating resins, or adhesives on
cold, frozen, damp, or wet surfaces. Ambient and
concrete surface temperatures shall be within
10-35°C (50-95°F), unless specified by the manu-
facturer. Moisture level on all contact surfaces shall
be less than 10% at the time of installation of the
FRP system, as evaluated according to ACI 503R-
93. Moisture restrictions may be waived for resins
that have been formulated for wet applications.

5.1.1 Moisture Vapor Transmission

Application of bonded FRP systems shall
not proceed if any moisture vapor transmission is
present. Concrete drynessis necessary when using
elevated temperature cure. Any bubble that devel-
ops from moisture vapor transmission can effec-
tively be injected with the same adhesive material
used for the FRP system following the procedure
specified in Section 7.2.

5.1.2 Applicationsin Inclement Weather

When inclement weather does not alow
installation of the FRP system, as specified in Sec-
tion 5.1, auxiliary measuresmay be employed to cor-
rect the conditions. An auxiliary heat source may be
used in cold weather to raise the ambient and con-
crete surface temperatures to acceptable levels, as
recommended by the manufacturer, but not higher
than the glass transition temperature (T,). Pressur-
ized air may be used to dry the surface dampness.

5.2 Shoring
Repaired members shall be shored tem-
porarily with conventional methods, if specifiedin
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machine-applied or automated, are not included in
these specifications.

C5.1 Environmental Conditionsfor Installation

Moisture may hinder adhesion of the primer
and resin. Work may be postponed if adverse
weather, rain, or dew condensation is anticipated.
Although moisture primarily affects the polymers
and concrete surface, it may also collect on the sur-
face of the fiber sheets if not stored properly, as
specified in Section 3.1.1. Moisture on fiber sheets
can cause problems with wet-out and cure of the
system. Surface moisture may be measured using a
mortar moisture meter or an absorbent paper. Cold
weather may causeimproper curing of theresin and
saturation of fibers, compromising the integrity of
the FRP system.

C5.1.1 Moisture Vapor Transmission

This section applies only to the conditions
at the time of construction and not to those that
should be addressed in the design process. Mois-
ture vapor transmission from the concrete surface
through uncured resin may cause air pockets and
surface bubbles, compromising the bond between
the FRP system and the concrete. These effects
have primarily been observed in wet lay-ups, but
are not excluded from other FRP systems.

C5.1.2 Applicationsin Inclement Weather
Different heating systems such as spot-
lights, electrical heaters, infrared heating, and heat-
ing blankets may be used. Electrical conductivity
of carbon fibers may be used to apply a current,
thereby providing fast in-situ curing in about
3 hours [CEB-FIP 2001]. The maximum €elevated
temperature depends on the system used. This pro-
cedure, however, is not yet widely accepted as
providing a uniform and consistent cure profile.

C5.2 Shoring
In most applications, the FRP system may
be applied whilethe structureisin service. Shoring
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contract documents, or required by the engineer
for safety. Shoring shall not be removed until the
FRP system has fully cured and gained its design
strength, asrecommended by the manufacturer and
approved by the engineer.

5.3 Equipment

The contractor shall provide all necessary
equipment in sufficient quantitiesand in clean oper-
ating conditions for continuous uninterrupted FRP
installation.

5.4 Application of Wet Lay-Up FRP Systems

This section specifies the necessary mea-
suresfor installing wet lay-up systemsusing dry or
prepreg fiber sheets and saturants.

5.4.1 Mixing of Resin Components

All resin components, including the main
agent and hardener, shall bemixed at the proper tem-
perature using the appropriate weight ratio and for a
duration specified by the manufacturer until thor-
ough mixing with uniform color and consistency is
achieved. Resins shall not be diluted with any
organic solvents such asthinner. Manual stirring and
smnal electricaly powered mixing blades are
allowed. Resin snal be mixed in quantities suffi-
ciently small to ensure that it can be used within its
pot life. Any mixed resin that exceedsits pot life or
begins to generate heat or show signs of increased
viscosity shall not be used and shall be disposed of
according to Section 3.4. Mixing of someresinsmay
be accompanied by noxiousfumes. Precautionsmust
be taken, as specified in Section 3.2.1, regarding the
resin’s impact on the environment, including emis-
sion of volatile organic compounds and toxicology.

5.4.2 Primer and Putty

A primer coat is generally required in all
available FRP systems. Apply one or two coats of
primer on the concrete surface to penetrate its open
pores. Ambient and concrete surface temperatures
must be within the range specified in Section 5.1.
The putty, if used in the FRP system, shall be
applied as soon as the primer becomes tack free or
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may be provided to either support the existing
structure prior to repair or reduce the structure's
initial deflections prior to strengthening. Shoring
may also be used to induce an initial camber in the
system, thereby stressing the FRP system.

C5.3 Equipment

The equipment may vary for different FRP
systems and may include resin impregnators,
rollers, sprayers, and lifting and positioning devices.

C5.4 Application of Wet Lay-Up FRP Systems

Wet lay-up systems may alternatively be
applied using special equipment (a saturator) to
automate and speed up the process.

C5.4.1 Mixing of Resin Components

The term resin is a generic denomination
used to identify all polymers employed in wet lay-
up systems. Depending on its function, resin is
more specifically identified as primer, putty, and
saturant. Not all FRP systems use putty. Excessive
agitation, when using electrically powered mixers,
may cause froth and bubbles that can be entrapped
as voids in the resin. Resin components are often
contrasting colors; hence, full mixing is achieved
when color streaks are eliminated. The stoichiome-
try of the resin will not be met unlessresin solids at
the bottom of the container are completely mixed.
Pot life of resin depends on the resin type and the
ambient temperature. Viscosity of amixed resin that
has exceeded its pot life will continue to increase,
adversely affecting the resin’s ability to penetrate
the concrete surface or saturate the fiber sheet.

C5.4.2 Primer and Putty

Primer may be applied using a clean roller
or brush. The primer, when applied uniformly,
helps hatch and strengthen the most external layer
of concrete and improves the bond between the
concrete substrate and the FRP system. The rate of
surface coverage of primer istypically listed in the
system data sheet. Not all FRP systems use putty.
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is not sticky to the fingers. The putty shall be
applied within 7 days after primer application; oth-
erwise, the primer-coated surface shall be rough-
ened with sandpaper or a similar tool. The result-
ing surface shall be cleaned according to Section
4.4.6 before applying the putty. Apply athin coat of
putty in one or two layers, and smooth over the sur-
face to fill in any small voids, cracks, or uneven
areas. Any swelling on the surface after applying the
putty shall be corrected to meet surface profile as
gpecified in Section 4.4.5. The surfaces of primer
and putty shall be protected from dust, moisture, and
any other contaminants before applying the FRP.

5.4.3 Saturant

The first coat of saturating resin, saturant,
shall be uniformly applied as an undercoat to all
locations on the concrete surface where the FRP
system is to be installed. The saturant shall have
sufficiently low viscosity to ensure full impregna-
tion of the fiber sheets prior to curing. To maintain
proper viscosity of the saturant, the ambient and
concrete surface temperatures must be within the
range specified in Section 5.1. Any mixed saturant
that exceedsitspot life shall be disposed of accord-
ing to Section 3.4.

5.4.4 Applying Fiber Sheet and Saturant

Upon uniformly applying the first layer of
saturant as an undercoat, the fiber sheet previously
cut to the length specified in the contract docu-
mentsshall beinstalled in place and gently pressed
onto the wet saturant. Any entrapped air between
the fiber sheet and the concrete surface shall be
released or rolled across the sheet in the direction
parallel to the fibers while allowing the resin to
impregnate the fibers and achieve intimate contact
with the substrate. Rolling perpendicular to the
fiber direction is not allowed. In bidirectional fab-
rics, rolling shal beinitially inthefill direction end
to end and then in the warp direction. Sufficient
saturant shall be applied on top of the fiber sheet,
as overcoat, to ensure full saturation of the fibers.
Undercoat, fiber sheets, and overcoat shall be
applied with no interruption.
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The primary function of the putty, if used, is to
smoothen the concrete surface. The putty may be
applied using aclean trowel or spatulaor any other
suitabletool. Adding silicate sand to the putty may
improve stability and prevent swelling.

C5.4.3 Saturant

The resin that impregnates the fibersis the
key component to form the FRP laminate that
repairs or retrofits the concrete member. The rate
of coverage of theresinislisted on the system data
sheet, but generally depends on the type of resin,
the ambient temperature, and the porosity of con-
crete surface. The typical rate of application is
about 4.9 kg/m? (0.1 Ib/ft?).

C5.4.4 Applying Fiber Sheet and Saturant

This installation procedure is for a single
fiber sheet or thefirst fiber sheet or ply inamultiple-
ply application. Alternatively, thefiber sheet may be
separately impregnated using a resin-impregnating
machine before being placed on the concrete sur-
face. For ease of handling and to avoid wrinkling,
fiber sheets are typically cut in segments shorter
than 4.6- to 6.1-m (15- to 20-ft) lengths. Metal-
serrated rollers are often used to force resin between
fibersand to remove entrapped air. However, when
used with excessive force, these rollers may cause
fracture of the fibers. Rolling perpendicular to the
fiber direction may misalign or damage the fibers.
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5.4.5 Multiple-Fiber Plies

In multiple-ply installations, the sequence
specified in Section 5.4.4 shall be repeated for each
additional fiber sheet. The amount of resin overcoat
for intermediate plies is approximately 15-20%
greater than a single-ply installation because the
saturant serves as overcoat for the applied ply and
undercoat for the next ply. Follow the contract
documents for the fiber orientation and ply stack-
ing sequence. Each ply shall be applied before the
onset of complete gelation of the previous layer.
The number of pliesthat can be applied inasingle
day shall be based on the manufacturer’s recom-
mendation and the approval of the engineer. Mul-
tiple plies can also be applied in severa days. When
previouslayersare cured, interlayer surface prepa
ration, such as light sanding and filling with putty,
may be required, as specified in Section 5.4.2.

5.4.6 Overlapping

A lap joint shall be constructed when an
interruption occursin thedirection of thefibers. The
length of the lap splice shall be as specified by the
contract documents, but must be at least 152 mm
(61in.). Staggering of lap splices on multiple plies
and adjacent strips shall be required unless per-
mitted by contract documents. No lap joint is nec-
essary in the transverse direction unless specified
in the contract documents.

5.4.7 Alignment of FRP Materials

Thefiber pliesshall be aligned on the struc-
tural member according to the contract documents.
Any deviation in the alignment more than 5°
(approximately 87 mm/m or 1in./ft) is not accept-
able, asspecifiedin Section 6.3. Onceinstalled, the
fibers shall be free of kinks, folds, and waviness.

5.4.8 Anchoring of FRP Sheets

Anchoring of FRP sheets to the concrete
substrate shall follow the method specified in the
contract documents or approved by the engineer.
When using mechanical clampsand fasteners, care
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C5.4.5 Multiple-Fiber Plies

Some repair and retrofit applications may
require more than a single-fiber ply to be installed
by wet lay-up. The waiting time between plies
depends on the type of resin, the type of fiber sheet,
and the ambient temperature. It is good practice to
wait for the resin to fully impregnate the fibers to
avoid forming air pockets. The rate of coverage of
theresin overcoat islisted on the system data sheet,
but generally depends on thetype of resin and fibers
and the ambient temperature. The typical rate of
application is about 2.4 kg/m? (0.05 Ib/ft?). Appli-
cation of too many pliesin asingle day may result
in slippage or separation because of the self-weight
of fiber sheets. The number of plies that can be
appliedin asingle day dependson the ambient tem-
perature, the weight of the fiber sheet, and whether
the repair is overhead or on avertical surface.

C5.4.6 Overlapping

When the length of the sheet to beinstalled
exceeds the length suggested by the manufacturer
for proper installation, lap jointing becomes nec-
essary. Lap splice length depends on the type of
resin and fibers [Yang and Nanni 2002, Belarbi
et al. 2002]. For large coverage aress, it is recom-
mended that al lap jointsin the longitudinal direc-
tion of fibersbemadeinasingleday. Transverselap
joints, if necessary, may be made in severa days.

C5.4.7 Alignment of FRP Materials

Performance of a unidirectional FRP sys-
tem depends heavily on fiber orientation and
straightness. Misalignment may occur because of
improper rolling or wrong placement of fiber sheets.
Fiber misalignment is known to affect the strength
more significantly than the elastic modulus[Yang
et al. 2002].

C5.4.8 Anchoring of FRP Sheets

Anchoring of fiber sheets helps prevent
delamination failure of the FRP system. Different
methods can be empl oyed to anchor thefiber sheets.
When possible, U-wraps may provide additional
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shall be taken to avoid damage to the FRP system
or to the concrete substrate. Precautions shall be
taken when steel fastenersare used for carbon FRP
to avoid galvanic corrosion. FRP anchors shall be
sufficiently embedded in concrete.

5.4.9 Stressing Applications

Stressing of FRP systems shall follow the
method specified in contract documents. Active
end anchorages shall be used for linear prestress-
ing. For circular prestressing of wet lay-up sys-
tems, the gap left between the FRP system and the
concrete column shall be filled using expansive
mortar or pressure injection of epoxy grout, as
specified in Section 5.5.4.

5.5 Application of Precured FRP Systems

Installation of precured FRP systems is
generally similar to that of single-ply wet lay-up.
Surface preparation of the concrete substrate shall
provide an open roughened texture.

5.5.1 Application of Adhesive

Apply the adhesive uniformly onto all sur-
face areas of the concrete substrate where the pre-
cured FRP system isto beinstalled. Thickness and
viscosity of the adhesivelayer shall be according to
the manufacturer’ srecommendations. Ambient and
concrete surface temperatures must be within the
range specified in Section 5.1 prior to applying the
adhesive. Any mixed adhesive that exceeds its pot
life shall be disposed of, as specified in Section 3.4.

5.5.2 Placement of Precured System

Precured FRP systems shall be cleaned, cut
to the length specified in the contract documents,
and placed into the wet adhesive within the pot life
of the adhesive. Entrapped air between laminate
and concrete shall bereleased, and excessadhesive
shall be removed. Do not disturb the applied FRP
system before the adhesive fully cures.
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anchorage against premature delamination of the
FRP system.

C5.4.9 Stressing Applications

Stressing and active confinement with a
glass FRP system is NOT recommended because
of concerns related to creep rupture. The prestrain
in carbon should be limited to 50% of the ultimate
strain due to damage tolerance concerns with uni-
directional carbon FRP.

C5.5 Application of Precured FRP Systems

Precured FRP systems consist of laminates
in the form of plates, strips, open grid forms, or
shells. These systems are typically installed with
an adhesiveresin.

C5.5.1 Application of Adhesive

Adhesives may be applied with aspatulaor
any other suitabletool. The rate of coverage of the
adhesiveislisted on the system datasheet, but gen-
erally depends on the type of resin, the ambient
temperature, and the porosity of concrete surface.
The typical rate of application is about 4.9 kg/m?
(0.11b/ft?). The adhesiveis not necessary when an
intentional gap isleft between the concrete surface
and the FRP shell to be later filled with grout, as
specified in Section 5.5.4.

C5.5.2 Placement of Precured System

Since there are a number of different pre-
cured systems, it is important to follow the manu-
facturer’s recommendations on the timing and
sequence of stacking, overlap and banding, hori-
zontal and vertical joints, staggering of splices, and
overlap and butt joints. The use of a dust mask is
recommended when cutting precured FRP systems.
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5.5.3 Anchoring of Precured System

Anchoring of precured systemsistypically
the same as anchoring for the FRP sheets, as spec-
ified in Section 5.4.8.

5.5.4 Grouting of Precured Shells

Precured shells around concrete columns
shall be grouted no less than 24 hours after instal-
lation. Pressure grouting shall follow the contract
documents and the manufacturer’s recommenda-
tions. The grout shall have a shrinkage strain of
less than 0.0005 and a compressive strength
greater than 27.6 MPa (4,000 psi).

5.5.5 Sressing Applications

Installation of prestressed FRP systems
requires a moveable anchorage, which usually
consists of gluing the FRP laminate termination
between two steel plates held in place by screws.
After curing the moveable anchorage, the fixed
anchorage at the other end of the member shall be
installed and the FRP laminate shall be glued
between a steel plate and the concrete surface. Fas-
ten the steel plate to the concrete surface using
inserts. The fixed anchorage must be cured before
the FRP laminate can be stressed. Install another
fixed anchorage on the concrete surface at the other
end of the member using an insert. Once the two
fixed anchors have been installed, the system is
ready for stressing with hydraulic jacks. During the
prestressing process, an epoxy gel is spread uni-
formly on the entire concrete surface where the
laminate has contact. The thickness of the epoxy
gel shall follow the manufacturer’s recommenda-
tion. Any entrapped air shall be released by press-
ing on the FRP. After the epoxy gel has cured, the
moveable anchor is removed and the laminate is
cut. Both fixed anchors remain in place.

5.6 Application of Near Surface Mounted
FRP Systems
Near surface mounted (NSM) FRP sys-
tems are an alternative to externally bonded FRP
systems. In NSM systems, a bar or strip is inserted
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C5.5.3 Anchoring of Precured System

Temporary clamping and shoring may be
necessary in overhead applications of the precured
systems until the adhesive cures.

C5.5.4 Grouting of Precured Shells

Pressure grouting creates an active con-
finement in the column. Active confinement with
glass FRP systemsis NOT recommended because
of concerns related to creep rupture. The prestrain
in carbon should be limited to 50% of its ultimate
strain, as described in Section C5.4.9.

C5.5.5 Sressing Applications

Prestressed FRP systems often require pro-
prietary materials, procedures, and anchoring sys-
tems. The stressing hardware may be found on the
shop drawings, as specified in Section C2.1. The
movable anchorage generally cures in 24 hours,
while the fixed anchorage takes about 48 hours to
cure. Prestressing of glass FRP systems is NOT
recommended because of concernsrelated to creep
rupture. Prestressing of carbon FRP systems above
50% of the ultimate strain may affect damagetoler-
ance, hence requiring additional protection against
accidental impact.

C5.6 Application of Near Surface M ounted
FRP Systems
The NSM FRP system allows for anchor-
ing the reinforcement into adjacent members and
upgrading members in their negative moment
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and anchored into a precut groove, as specified
in Section 4.4.4. The NSM FRP system shall not
be installed when surface moisture is present on
the substrate or when rainfall or condensation is
anticipated.

5.6.1 Application of Embedding Paste

Components of the embedding paste shall
be mixed by theratio specified by the manufacturer
until thorough mixing with uniform color and con-
sistency is achieved. All grooves, where the NSM
FRP systemisto be placed, shall be half filled with
the paste. Ambient and concrete surface tempera-
tures must be within the range specified in Section
5.1 prior to applying the paste. Mixed paste that
exceedsitspot life shall be disposed of as specified
in Section 3.4.

5.6.2 Placing FRP Reinforcement

The round FRP bar or rectangular FRP
strip shall be cleaned, cut to the length specified in
the contract documents, placed at mid-depth of the
groove, and lightly pressed to force the paste to
flow around it and completely fill the space
between the FRP and the sides of the groove. The
groove shall then be fully filled with additional
paste, and the surface shall be leveled.

5.7 Curing

The FRP system shall be allowed to cure as
recommended by the manufacturer. Field modifi-
cation of resin chemistry for rapid curing is not
allowed. Elevated cure temperature may be used,
as specified in Section 5.1.2, if rapid curing is nec-
essary. Cure of installed plies shall be monitored
before placing subsequent plies. In case of any cur-
ing irregularity, installation of subsequent piles
shall be halted. Unless otherwise noted in the con-
tract documents and approved by the engineer, the
full load shall not be applied until curing is com-
plete. Protect the FRP system while curing, as
specified in Section 5.9.

11-25

COMMENTARY

region without exposure to any potential mechan-
ical or abrasion damage.

C5.6.1 Application of Embedding Paste

Any void that develops between concrete
substrate and the embedding paste can be detri-
mental to the performance of the NSM FRP system.

C5.6.2 Placing FRP Reinforcement

FRP bars and strips may be cut with ahigh-
speed grinding cutter or afine blade saw. FRP bars
or strips should not be sheared. The use of a dust
mask is recommended when cutting FRP bars or
strips. There are not yet sufficient data to support
prestressing of NSM FRP systems.

C5.7 Curing

Curing isatime- and temperature-dependent
process and may take several daysin ambient tem-
perature. In some FRP systems, pressure must be
continuously applied through external means to
prevent sag and pull-off during curing.
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5.8 Protective Coating and Finishing

Protective coating shall be applied on the
surface of the FRP system. The coating shall be a
non-vapor-barrier, flexible, waterproofing, and
compatible with the FRP system. The coating may
be a polymer-modified Portland cement coating or
a polymer-based latex coating. The mortar finish
shall be made with silicate sand between sieves
No. 40 (0.42 mm or Yes in.) and No. 6 (3.36 mm or
g in.) and spread over the FRP system before the
resin hardens. Appropriate methods shall be used
for vertical or overhead work. The thickness of the
coating shall be specified in the contract docu-
ments. Final appearanceisto match, within reason,
the color and texture of the adjacent concrete. Sur-
face preparation shall be as recommended by the
manufacturer. Solvent wipes shall not be used to
clean the FRP surface unless approved by the FRP
manufacturer. If abrasive cleaning is necessary, air
pressure shall be limited to avoid any damage to
fibers. Ambient and surface temperatures shall be
within the range specified in Section 5.1 prior to
applying the protective coating. Do not apply the
coating when surface moisture is present or when
rainfall or condensation is anticipated.

5.9 Temporary Protection

Temporary protection shall beinstalled, as
specified in the contract documents, until the resin
has fully cured, as approved by the engineer.

6 INSPECTION AND QA

All inspections and testsin this section will
be performed by a trained inspector acting on
behalf of the owner for QA of the project in the
presence of the contractor and the engineer. The
contractor may have its own inspector for QC.

6.1 Inspection of Materials

The manufacturer’s certifications for all
delivered and stored FRP components will be
inspected for conformity to the contract documents
before starting the project. Materia stesting will be
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C5.8 Protective Coating and Finishing

Protective coating is applied for aesthetic
appeal or protection against impact, fire, ultravio-
let and chemical exposure, moisture, or vandalism.
FRP systems are usually durableto weather condi-
tions, sea water, and many acids and chemicals.
Mortar finish can provide protection against impact
or fire. Weather-resistant paint of thefamily of ure-
thane or fluorine or epoxide can provide protection
against direct sunlight. The proper amount of paint
finish coat is usually indicated in the shop draw-
ings, as specified in Section C2.1. Use of solvent
wipes may cause deleterious effects on polymer
resins. Abrasive cleaning is generally not required
when the first coat of paint is applied within 2 or
3 days after mixing the components for the final
15-mil resin coating. It isagood practice to allow
aminimum of 1 or 2 hours before applying the sec-
ond coat. The engineer may request that the con-
tractor provide a sample mock-up of the coating
system for about a 0.1-m? (1-ft?) area.

C5.9 Temporary Protection

Temporary tents or a plastic screen may
help protect the installed FRP system against rain,
dust, dirt, excessive sunlight, extreme tempera-
tures, and high humidity. The temporary protec-
tion may also serve as a deterrence for vandalism.

C6 INSPECTION AND QA

The specific QA plan for each project may
be developed from the tests identified in this sec-
tion according to the size and complexity of the
project. Checklists for QA are provided in the
accompanying process control manual.

C6.1 Ingpection of Materials

Testing inthissectionisfor acceptance and
not for qualification. For qualification testing, con-
sult with the AASHTO Materials Specifications
for FRP Systems when it becomes available. The
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conducted on samples of precured or NSM FRP or
witness panels of wet lay-ups, if specified in the
contract documents. Any material that does not
meet the requirements of the contract documents
will be regjected. Additional witness panels may be
taken during the installation processif specifiedin
the contract documents.

6.2 Daily Inspection

Daily inspection will include date and time
of repair; ambient and concrete surface tempera
tures, relative humidity; general weather conditions;
surface dryness per ACI 503.4; surface preparation
and surface profile using ICRI surface profile chips;
qualitative description of surface cleanliness; type
of auxiliary heat source, if any; widths of cracks
not injected with epoxy; fiber or precured laminate
batch numbers and their locations in the structure;
batch numbers, mixture ratios, mixing times, and
gualitative descriptions of the appearance of all
mixed resins, primers, putties, saturants, adhesives,
and coatings, observations of the progress of the
cure of resins; conformance with installation pro-
cedures; adhesion test results of 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 the general progress of work.

6.3 Inspection for Fiber Orientation

Fiber or ply orientation, fiber kinks, and
waviness will be examined by visua inspection for
conformity to the contract documents. Tolerances
will follow Section 5.4.7. Nonconforming FRP area
will be removed and repaired as per Section 7.4.

6.4 Inspection for Debonding

After at least 24 hoursfor theinitial curing
of theresin, avisual inspection of the surface will
be performed for any swelling, bubbles, voids, or
delaminations. If an air pocket is suspected, an
acoustic tap test will be carried out with a hard
object to identify delaminated areas by sound, with
at least one strike per 0.1 m? (1 ft?). Defectssmaller
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extent of materials testing depends on the size and
complexity of the project. Testing may include
tensile strength and modulus, glass transition tem-
perature (Tg), pot life, adhesive shear strength, lap
splice strength, and hardness, according to ASTM
standards, such as ASTM D3039.

C6.2 Daily Inspection

Consult ACI 440.2R-02 and the checklists
in the accompanying process control manual for
daily inspection and record keeping. The owner
should retain the inspection records and witness
panelsfor at least 10 years.

C6.3 Inspection for Fiber Orientation
See Section C5.4.7 for an explanation of
theimportance of fiber alignment and straightness.

C6.4 Inspection for Debonding

Theinspector may look for changesin color,
debonding, peding, blistering, cracking, crazing,
deflections, indications of reinforcing-bar corrosion,
and other anomalies. Significance of debonding
defects depends on the size, location, and quantity
of thedefectsrelativeto the overall application area.
Additional tests such as ultrasonic scanning [Littles
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than 6.4 mm (Y4 in.) in diameter will require no
corrective action, unless as specified in Section 7.2.
Defects larger than 6.4 mm (Y4 in.) but smaller than
32 mm (1%4 in.) in diameter will be repaired as per
Section 7.2. Defects larger than 32 mm (1Y4 in.) but
smaller than 152 mm (6 in.) in diameter, and with
afrequency of lessthan 5 per any unit surface area
of 3-m (10-ft) length or width, will be repaired as
per Section 7.3. Larger defects will be repaired as
per Section 7.4.

6.5 Inspection for Cureof Resin

If specified in the contract documents, the
relative cure of resin in FRP systems will be exam-
ined by visual inspection or by laboratory testing
of witnesspanelsor resin-cup samplesusing ASTM
D3418. Follow recommendations of the resin man-
ufacturer for acceptance criteria. If the cure of
resin is found unacceptable, the entire areawill be
marked and repaired as per Section 7.4.

6.6 Inspection for Adhesion

After at least 24 hoursfor theinitial cure of
the resin and before applying the protective coat-
ing, adirect pull-off test will be performed follow-
ing ASTM D4541 to verify tensile bond between
the FRP system and the concrete. Test locations
and sampling frequency are as specified in the con-
tract documents or as recommended by the con-
tractor and approved by the engineer. At a mini-
mum, three pull-off tests with at least one test per
span or one test per 93 m? (1,000 ft?) of the FRP
system, and one test per substrate concrete type,
will be performed. Inspect the failure surface of the
core specimen to ensure that the failure surface is
by cohesive failure within concrete. Failure at the
bond line at tensile stressesbelow 1.4 MPa (200 psi)
is unacceptable. If one or more of the pull-off tests
isfound unacceptable, thework will bereected and
repair will follow Section 7.4. Repair cored areas
as per Section 7.3.

6.7 Inspection for Cured Thickness
If specified in the contract documents or
required by the engineer, 12.7-mm (%2-in.) diame-
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et al. 1996], microwave detection [Hughes et al.
2001], or infrared thermography [Mandic et al.
1998] may be performed, if specified in the contract
documents or approved by the engineer, when an
areais deemed to be suspect.

C6.5 Ingpection for Cureof Resin

Dataonresin curetime and temperature are
specified on system data sheets. The sampling fre-
guency depends on the size and complexity of the
project. For visual inspection of the cure of resin,
theinspector may use physical observation of resin
tackiness and hardness of work surfaces or hard-
ness of resin-cup samples.

C6.6 Ingpection for Adhesion

The sampling frequency dependsonthesize
and complexity of the project. It is recommended
that test locations be on flat surfaces and represen-
tative of the variations in the FRP system and the
concrete substrate. If possible, test areas need to be
selected where lower stresses are expected during
service conditions. Other adhesion tests such as a
surface adherence shear test or atorque test may be
used if specified in the contract documents or
approved by the engineer. It is recommended that
aninitial pull-off test be conducted on 0.1-m? (1-ft?)
sample coverage of the FRP system on the con-
crete substrate before the installation proceeds.
This will ensure that the FRP system will work
effectively.

C6.7 Inspection for Cured Thickness
The sampling frequency depends on the
size and complexity of the project. Instead of tak-
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ter core samples will be taken to inspect the cured
laminate thickness and the number of plies. Sam-
pling frequency will be the same asis specified in
Section 6.6 unless otherwise specified in the con-
tract documents. Repair cored areas as per Section
7.3. The FRP system will be not acceptable if the
number of pliesislessthan that specifiedinthe con-
tract documentsor if the cured thickness of the FRP
system is less than that specified in the contract
documents by morethan 0.8 mm (¥szin). Theentire
areaof the FRP system that is marked unacceptable
will be repaired as per Section 7.4.

6.8 Load Tests

If specified in the contract documents, an
in-situ conventional load testing will be conducted
on the retrofitted structure.

6.9 Auxiliary Tests

If specified in the contract documents, aux-
iliary tests on witness panels will be carried out.
The most common is the tensile test following
ASTM D3039 on at least five withess panels for
each type of FRP system to measure strength, elas-
tic modulus, and ultimate strain. The measured
thickness of the FRP laminate will also be recorded.
The FRP system will be unacceptable if the aver-
age tensle strength and the lowest tensile strength
are more than 5% and 10% below that specified in
the contract documents, respectively.

7 REPAIR OF DEFECTIVE WORK

This section specifies the conditions and
types of defects that require repair and the accept-
able methods of repair. Defects are of different
types and may be generally classified as aesthetic,
short-term critical, or long-term critical. Repair
procedure depends on the type, size, and extent of
defects. Repair procedures for any condition not
addressed in these specifications or in the contract
documents shall be submitted by the contractor and
approved by the engineer prior to proceeding with
the work.
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ing additional cores, the same samples from the
adhesion tests may be used for measurement of the
cured thickness. If possible, core samples should
not be taken from high-stress or lap splice areas.

C6.8 Load Tests

The owner may anticipate in the contract
documentsaload rating of the structure upon com-
pletion of the project.

C6.9 Auxiliary Tests

The owner may anticipate in the contract
documents additional tests for durability and accel-
erated aging of the FRP system with its protective
coating against moisture, chemicals, and ultra-
violet radiation. Other auxiliary tests may include
interlaminar shear strength of FRP systems fol-
lowing ASTM D3165 or D3528.

C7 REPAIR OF DEFECTIVE WORK
Defects in FRP systems may include
(2) voidsand air encapsul ation between concreteand
layers of primer, resin, or adhesive and within the
FRP system itself; (2) delaminations between lay-
ersof FRP system; (3) broken or damaged edges of
the FRP system; (4) wrinkling and buckling of fiber
and fiber tows; (5) discontinuities due to fracture of
fibers, breakage in the fabric, or cracks in precured
shells; (6) cracks, blisters, and peeling of the pro-
tective coating; (7) resin-starved areas or areas with
nonuniform impregnation or wet-out; (8) under-
cured or incompletely cured resin; and (9) incorrect
fiber orientation [Kaiser and Karbhari 2001a&b].
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SPECIFICATIONS

7.1 Repair of Protective Coating

Defects in protective coating can be of
three types: small hairline cracks, blistering, and
peeling. In al cases, moisture content of the sub-
strate should be below 0.05% before applying a
new coating. Prior to any repair of protective coat-
ing, the FRP system shall be examined visually or
otherwise to ensure that no defect exists within or
on the surface of the FRP. Defects in FRP, if
found, shall be repaired as per Sections 7.2—7.4. I
protective coating appears to show small areas with
cracks, the local surface shall be lightly sanded.
Then, anew coating with appropriate primer shall
be applied according to the manufacturer’ s recom-
mendations. At the minimum, the coating shall be
applied over an area extending 25 mm (1 in.) on
either side of the defect. If the protective coating
showssigns of blistering, the entire area of blisters
as well as the surrounding area to a distance of at
least 305 mm (12 in.) shall be carefully scraped
clean. In no case should a blistered surface be
recoated without complete removal of the existing
coating. The area shall be wiped clean and then
dried thoroughly. Oncedry, the areacan berecoated
after application of the primer coat if required by the
manufacturer. If the surface shows signs of exces-
sive pedling, the entire coating shall be scraped off
and the surface lightly sanded, wiped cleaned, and
thoroughly dried before applying anew coat accord-
ing to the manufacturer’ s recommendations.

7.2 Epoxy Injection of Small Defects

Small entrapped voids or surface disconti-
nuities no larger than 6.4 mm (Y4 in.) in diameter
shall not be considered defects and require no cor-
rective action unless they occur next to edges or
when there are more than five such defects in an
area of 0.9 m? (10 ft?). Small defects of size
between 6.4 and 32 mm (Y2 and 1Y2 in.) in diame-
ter shall be repaired using low-pressure epoxy
injection aslong as the defect islocal and does not
extend through the compl ete thickness of the lam-
inate in case of multiple-ply FRP systems. If any

COMMENTARY

C7.1 Repair of Protective Coating

Although primarily aesthetic in nature over
the short term, defects in protective coating may
cause long-term degradation of the FRP system
because of concentrated moisture ingress. Local
defectsin coatings are analogous to cracks or blis-
tering in the epoxy coating of steel bars. Surface
cracks may develop for avariety of reasons. They
are often nonstructural and may be due to exces-
Sive coating thickness, excessive shrinkage during
cure, or external abrasion. Sandblasting and rotary
water pressure should not be used to remove the
coating because they leave small pits and craters
that cause damage to the FRP system. Blisters are
caused when moisture passes through the outer-
most layer and then causes the development of
osmotic pressure from within. Blister is often a
sign of moisture entrapment, and hence all mois-
ture needs to be removed prior to applying another
coat to ensure that further damage is not caused
after recoating. Large localized blisters are often a
result of solvent softening of the coating. Spot
repairs should be conducted with atwo-part epoxy
only. Signs of excessive peeling indicate that the
origina coating was applied incorrectly and are
most often due to inappropriate surface prepara
tion of the FRP system. Applying a new coating
directly on top of the old peeling or any defective
coating encapsulates the defects and accelerates
internal degradation, which in turn causes rapid
deterioration of the new coating itself.

C7.2 Epoxy Injection of Small Defects

Defects at edges or regions of discontinu-
ity, no matter how small, can serve as stress risers
that lead to rapid delaminations and growth of
other types of defects. Care should be taken to
ensure that the internal pressure caused between
FRP layers due to injection does not cause further
delaminations. Large disbonds close to the edge
should not be injected but should be cut open and
patched.
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delamination growth is suspected between the FRP
pliesduetoinjection, the procedure shall be halted,
and repair shall follow Section 7.3.

7.3 Patching of Minor Damages

Minor defects are those with diameters
between 32 and 152 mm (1Y%, and 6 in.) and afre-
guency of less than five per any unit surface area
of 3-m (10-ft) length or width. The area surround-
ing the defectsto an extent of at least 25mm (1in.)
on all sides shall be carefully removed. The area
shall be wiped cleaned and thoroughly dried. The
area shall then be patched by adding an FRP patch
of the sametype asoriginal laminate and extending
at least 25 mm (1in.) on all sides of the removed
area. Repair can also be conducted using the pro-
cedure in Section 7.4.

7.4 Replacement of L arge Defects

Defectslarger than 152 mm (6 in.) in diam-
eter shall be carefully marked and scarfed out
extending to a minimum of 25 mm (1 in.) on all
sides. Scarfing shall be progressive through the lay-
ers in the case of multiple-ply FRP systems until
past the defective area. In case the defect extendsto
thefirst FRP ply adjacent to the concrete, the entire
thickness of the FRP and primer shall be removed.
The substrate shall be appropriately prepared and
primer reapplied after ensuring that the surface and
FRP are clean and dry. Application of a new FRP
system within the scarfed area shall follow proce-
dures for the origina FRP system, except that an
additional layer extending a minimum of 152 mm
(6in.) onal sides of the scarfed area shall be added
as apatch. Once cured, the protective coating shall
be applied over the entire area.

8 MEASUREMENT AND PAYMENT

8.1 Method of M easurement
Measurement shall be taken as follows:
* Substrate repair, including removal of
unsound concrete, sandblasting, cleaning of
reinforcement and concrete, furnishing and
placing new concrete, surface preparations,
and all other incidentals by lump sum;
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C7.3 Patching of Minor Damages

Minor damages to the FRP system may
include cracking, abrasion, blemishes, chips, and
cuts. The FRP patches should have the same char-
acteristics (e.g., thickness, fiber orientation, ply
stacking, and resin type) as the origina laminate
over the damaged area of which it will be bonded.
Extending the FRP patch on all sidesof theremoved
area helps with the load transfer.

C7.4 Replacement of L arge Defects

Large defects are generally indications of
significant debonding between layers, lack of adhe-
sion to the concrete substrate, or extended moisture
entrapment causing resin degradation. The defects
may include peeling and debonding of large areas
and nonlocal defects that may require full replace-
ment. Large defects should be carefully examined,
since they may be symptomatic of either signifi-
cant short-term degradation or poor quality of mate-
riasor installation. If the extent of thedefect islarge
andin areascritical to the structural integrity, it may
be advisable to completely remove and reapply the
entire FRP system.

C8 MEASUREMENT AND PAYMENT

C8.1 Method of Measurement

For small projects, the substrate repair may
be considered incidental to the FRP system. Often,
upon removal of concrete, additional deteriorated
areas may be delineated that warrant further under-
cutting and treating of the substrate or the rein-
forcement. The owner may requirethe contractor to
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» Crack repair by epoxy injection by the linear
meter (or linear foot) of the injected cracks;

* Furnishing and placing corrosion inhibitors
by the square meter (or square foot) of con-
crete surface;

* Furnishing and placing the wet lay-up FRP
system by the square meter (or square foot) of
each layer applied;

* Furnishing and placing the precured FRP sys-
tem by the square meter (or square foot) of
each layer applied, accounting for different
layer thicknesses,

» Furnishing and placing the near surface
mounted FRP system by the linear meter (or
linear foot) of each bar or strip; and

* Furnishing and placing the protective coating
for the FRP system by the square meter (or
sguare foot) of each layer of coating applied.

8.2 Basisof Payment
Payments shall be made as follows:

» Substrate repair as lump sum;

» Crack injection per linear meter (or linear
foot);

* Furnishing and placing the corrosion
inhibitors per square meter (or square foot);

* Furnishing and placing the wet lay-up FRP
system per square meter (or square foot);

* Furnishing and placing the precured FRP sys-
tem per square meter (or square foot);

» Furnishing and placing the near surface
mounted FRP system per linear meter (or lin-
ear foot); and

* Furnishing and placing the protective coating
per square meter (or square foot).

obtain approval from the engineer before extending
the limits of concrete removal from those clearly
identified in the contract documents. Crack injec-
tions may al so be measured as the number of loca-
tions, crew days, or lump sum.

C8.2 Basisof Payment

For small projects, the substrate repair may
be considered incidental to the pay item of the FRP
system. The owner may also place limits on the
substrate repair pay item by requiring the contrac-
tor to receive approval from the engineer on the
limits of the removal area.
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SECTION III:

PROCESS CONTROL MANUAL
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The primary objective of the process control manual is to
ensure that bonded repair and retrofit of concrete structures
using FRP composites are conducted in a manner that con-
forms to contractual and regulatory requirements. Confor-
mance of the contractor’ swork to the requirementsis verified
on the basis of objective evidence of quality. This document
supplements the construction specifications for bonded repair
and retrofit of concrete structures using FRP composites.

The process control procedures and the systems outlined
herein describe how the quality assurance (QA) program is
designed to ensure that all quality and regulatory requirements
are recognized and that a consistent and uniform control of
these requirements is adequately established and maintained.

The success of the QA program depends on (a) thorough
understanding of its aims and (b) its full implementation by
the owner’ s representatives.

1 QA POLICY AND PROGRAM OVERVIEW

1.1 QA Policy

The QA program has been devel oped to ensure that the proj-
ectiscarried out in aplanned, controlled, and correct manner.
It includes procedures for scheduling and assigning work;
recording, retaining and retrieving recordsfor all construction
activities; identifying and resolving deficiencies affecting the
work; and verifying compliance with the requirements of the
QA program.

The QA program can be modified, if necessary, to meet the
needs of individual projects or to comply with any specific
requirements or agreements. The program will implement
those requirements and agreements by applying them to spe-
cificactivitiesand will identify theitemsand servicesto which
the program applies.

The QA procedures (QAPs) define the organizational struc-
ture within which the program isto be implemented and delin-
eate the responsibility and authority of the various personnel
involved.

The QA program will be periodically reviewed, audited
and updated for improvement, as necessary.

1.2 QA—AnN Overview

1.2.1 Quality Definitions

* Quality Assurance (QA)—Established philosophy, pro-
grams and organization covering activities whose pur-

-1

poseisto ensurethat the overall quality control program
is being effectively implemented.

* Quality Control (QC)—A planned system of activities
whose purposeisto provide alevel of quality that meets
the needs of users.

1.2.2 QA/QC Goals

» Develop staff understanding and acceptance of QA phi-
losophy and procedures.

» Develop staff understanding of their particular rolesin
implementing QA/QC procedures.

» Meet the owner’s need for a quality product.

 Ensurethat appropriate procedures are followed at each
step of the process from the inspection of incoming raw
meaterialsto the application of thefinal coating to achieve
a specified performance.

1.2.3 Elements of QA Program

 Set out QA philosophy and QC procedures.

« Establish corporate and office QA staff functions.

* Host seminars on QA philosophy and QC procedures
and other aspects relating to high-quality services and
deliverables.

* Implement QA/QC procedures.

» Monitor adherence to policy and procedures.

» Monitor schedule adherence and check deliverables at
milestones.

* |dentify the type of contract to be signed and check for
unrealistic responsibilities, warranties, indemnifications
and ambiguous wording.

2 QA GUIDELINES FOR CONSTRUCTION
ACTIVITIES

2.1 Responsibilities
2.1.1 QA Manager

The QA manager isresponsiblefor the devel opment and the
implementation of the QA program and for ensuring adher-
ence thereto. The QA manager monitors and audits all project
activitieson asystematic basis, documentsthefindingsin proj-
ect audits, and reports the findings to the unit manager, the
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project manager, or technical department managers, asappro-
priate. The QA manager also identifies the corrective mea
sures for all noncompliances with the QA program. The QA
manager has the overall authority of initiating, redirecting or
terminating activities so that they are consistent with the QA
program. The QA manager may (@) initiate any activitiesthat
will ensure adherence to the QA program and (b) utilize the
personnel necessary to properly administer the QA program.
Specific duties of the QA manager include the following:

1. Developing, modifying, updating and implementing
the QA program.

2. Assisting the unit managersin implementing the provi-
sions of the QA program.

3. Assisting the project manager in establishing project-

specific QA requirements based on the owner’ s special

needs and the established standard procedures.

Instructing project personnel in using the QA procedures.

Monitoring adherence to the QA program.

Approving QA programs of contractors, subcontractors,

and consultants, where required.

7. Providing input for reports, specifications, and other
documents, where QA information is required.

o 0k

2.1.2 Project Officer

The project officer isresponsiblefor the preparation of let-
tersof interest and proposals and for assisting in negotiations
and finalizing the contract. Specific duties of the project offi-
cer during different phases include the following:

1. During the proposal phase:

a. Developing the project scope in conjunction with
the owner’s goals and objectives.

b. Determining QA program requirements and special
QA procedures to be followed in the work process.

c. Establishing the proposed project budget, schedule
and staffing requirements.

d. Directing the preparation of letters of interest, pro-
posals and contracts.

e. Participating in the negotiations.

f. Signing thelettersof interest, proposalsand contracts.

2. During the selection phase:

a. Selecting final prospective contractors, subcontrac-
tors and consultants.

. Establishing the work scope, schedulesand budgets.

. Assisting in contract negotiation.

. Drafting and finalizing the contract terms.

. Disseminating all proposal and contract information
to the project manager and other appropriate staff
members.

f. Establishing proposal budgets and schedulesand con-
trolling the costs during the precontract stage.

3. During the implementation phase of the project:

D OO T

a. Monitoring the project performance and the finan-
cial status.

b. Meeting with the project parties, as needed, to assess
work progress and address any possible concerns.

2.1.3 Project Manager

The project manager isresponsiblefor maintaining liaison
with different parties, aswell as overall responsibility for all
technical and administrative aspects of the project. The proj-
ect manager reports to the project officer and the unit man-
ager, as required. The project manager has the authority to
make modifications to the requirements of the QA program
inorder to comply with the owner’ s specia requirementsand
to suit objectives of aparticular job. The project manager will
also determine which QA procedures are to be followed and
will modify those procedures as necessary to suit specific job
requirements, all subject to the approval of the QA manager.
Specific duties of the project manager include the following:

1. Review the project scope, contract plans and specifica-
tions for construction-related services.

2. Stisfy the organizational needs, equipment and staffing
requirementsto adequately implement required QA pro-
gram activities.

3. Implement and monitor the QA program activities for
the project.

4. Monitor compliance with the provisions of the contract.

5. Maintain the relation between the owner and the
contractor.

6. Resolve errorsand omissionson construction plansand
specifications and assist in the solution of technical
problems.

7. Receive dl project information and properly dissemi-
nate it to the appropriate staff members.

8. Approve reports, specifications and drawings.

2.1.4 Resident Engineer

Responsibilities of the resident engineer include the
following:

1. Review construction plans and specifications and
review the contract for construction-related services.

2. Establish QA program activities, responsibilities, and
documentation requirements.

3. Implement and administer the day-to-day QA pro-
gram activities to verify conformance to the plans,
specifications and the referenced quality standards.
Expedite distribution of the QA program documents
and information.

4. Coordinate QA program activities with the project
manager, the design engineer, the contractor and its
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12.

13.

subcontractors. Receive and review staff comments
on the quality of the work and take action as required.
Advise the project manager of potential or existing
quality problems.

Review and evaluate all required inspections, noncon-
formances and audit reports. Ensure that reports are
timely, accurate, distributed and reconciled. Address
and resolve quality problems reported by the construc-
tion ingpectors. Verify that the contractor’s QC proce-
duresand reporting systems are adequately established,
accurate and current.

Assist the project manager in evaluating the staffing
requirements and qualifications of project personnel.
Verify individual qualifications.

Review technical information submitted by the con-
tractor to ensure conformance to the submittal require-
ments of the plans and specifications.

Direct al required inspections of the procured mate-
rialsfor incorporation in the project work. Monitor the
quality certifications, proper quantities, and required
identifications. Monitor inspection for, and documen-
tation of, any shipping and/or storage damages.
Review test reports of the materials to verify that the
specified tests have been performed in the required
number or frequency. Indicate conformance or non-
conformance with the plans and specifications and ref-
erenced quality standards.

Instruct and train the construction inspectors in their
particular duties pertaining to the current and upcom-
ing project work.

Review and evaluate claims, requestsfor change orders
and time extensionsin accordance with the provisions
of the plans and specifications. Make recommenda-
tionsto the project manager for resolution of any con-
tractual dispute.

Supervise all administrative services needed to docu-
ment the construction process.

Report work progress, schedule, tests and contractual
matters, as specified.

2.1.5 Office Engineer

Responsibilities of the office engineer include thefollowing:

1

Develop and maintain the QA program records sys-
tem and the project-filing index in cooperation with
theresident engineer. Monitor the activities of record-
ing clerks.

Receive, file and distribute to designated recipients
the QA program all documents produced by the con-
struction inspectors, the resident engineer, testing | ab-
oratories and the contractor.

Monitor and evaluate, under the direction of the resi-
dent engineer, the reporting of quality data.

10.

11
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. Assist the resident engineer in monitoring the contrac-

tor’s QC programs. Verify implementation of the con-
tractor’s QC documentation at all levels of inspection.

. Verify the quality documentation of furnished materi-

asand equipment upon arrival at the construction site.

. Review material test reports for adequacy, complete-

ness, and conformance to specifications and the refer-
enced quality standards.

. Provide accurate reporting of al QA program activi-

tiesto verify compliance with the plans and specifica-
tions. Assist construction inspectors with the produc-
tion of QA program records.

. Produce, or secure and maintain for use, a set of up-to-

date “as-built” or record drawings. Verify accuracy,
current revisions, and reproducibility of “design” draw-
ings and their certification. Verify the distribution of
up-to-date contract documentsto the field staff and the
contractor.

. Verify that materialsincorporated in the work areiden-

tified by dates, bulletin numbers, change order num-
bers, signatures and other pertinent data requirements.
Act, in the absence of the resident engineer, on mat-
ters concerning the QA program for the project.
Maintain the QA program filesto provideidentifiable,
retrievable and reproducible construction documents,
include contract drawings, specifications and records
of incorporated materials and equipment, tests and
inspection data.

2.1.6 Construction Inspectors

Responsibilities of the construction inspectorsinclude the

1

following:

Maintain daily contact with the resident engineer and
the office engineer, and assist in the implementation
of the QA program activities.

. Perform daily visual on-site inspections of construc-

tion quality and materials. Document project activi-
ties, payment quantities and QA program activities.
Prepare daily inspector’s reports (DIRS). Coordinate
inspection activities with the inspections of the con-
tractor, the materials test laboratory technicians, and
the owner’s representatives according to the sched-
uled QA program activities.

. Witnessall required field tests by the contractor. Ver-

ify that theindividual performing thetest signsthetest
documentation. Indicate witnessing the test where
applicable, date the document, and indicate concur-
rence with the results.

. Verify during preparatory inspection meetingswith the

contractor representatives that contract-required engi-
neering and quality-related documents have been sub-
mitted and approved prior to commencing the work.
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5. Advise the resident engineer of potential or existing
quality problems.

6. Record tests witnessed and inspections performed on
the DIR, and verify that the report istimely, accurate
and signed.

7. Review material test reports to verify that the speci-
fied tests are performed in adequate number and that
the results are in accordance with the contract plans,
specifications, and the referenced quality standards.

8. Assist during receiving inspections of materials and
equipment for proper quantity, identification of any
shipping damage, and conformance with the procure-
ment documents. Receive and file certificates of com-
pliance, shipping documents and logs.

9. Maintain testing equipment in working order. Arrange
for caibration of test equipment at required intervals.
Document calibration of test equipment.

10. Verify that work in the field is performed in accor-
dance with contract plans and specifications. Ensure
that plan setsissued for construction are current.

11. Coordinate with or assist survey crews to verify cor-
rect locations, alignments and elevations of ongoing
or completed work.

2.2 Preparation of a Project-Specific QA Plan
2.2.1 Project Sart-Up Considerations

An important QA element before starting a construction
project is becoming fully familiar with the intent and details
of the plans and specifications. Identifying any apparent
errors, omissions or ambiguities early in the project will help
ensure quality and will limit change orders and contractual
disputes. The project start-up duties for the project team
include the following:

1. Review the contract for the performance of
construction-related services and list those adminis-
trative, inspections, observation duties and proce-
duresfor which the contractor isresponsible. A sam-
ple of duties that the contractor is solely responsible
for includes the following:

a. Contractor’s means and methods for construction.
b. Safety of contractor’s work force.
¢. Contractor’s adherence to schedule, etc.

2. Assisted by the chief or senior construction inspector,
review the construction contract documents (plans and
specifications) between the owner and the contractor.
List dl administrative, procedural, ingpection, and field
testing responsibilities to be performed. At this stage,
any discrepancies and ambiguities in the duties and
responsibilities should be identified and resolved prior
to proceeding with the project.

3. Understand the impact of any imposed environmen-
tal, phasing or operational limitations or constraints
on the construction processes.

4. Review the proposed project staff and organization
for the following:

a. Adequacy of staff positions needed to cover thecon-
tractual obligations.

b. Required staff licensing and certification.

c. Technica qualifications and experience of assigned
personnel, contractors and its subcontractors for
specialty services.

d. Need for staff training in specific inspection pro-
cedures, safety awareness, and limitations in the
authority, relations with the contractor, its subcon-
tractors, the owner, and the public.

5. Review the physical aspects of the project work area
and adequacy of the facilities provided to house con-
struction site staff.

6. Verify theavailability of measuring and testing (M&T)
equipment and instruments needed to verify the quality
of components to be incorporated into the finished
work. Check that licenses needed to own, store, or
operate M& T equipment are onfile. Determinewhich
testing will be done in-house and which will be done
by an independent facility.

7. Ensure availability of all forms needed to document
the quality of the constructed project and its adminis-
trative processes.

2.2.2 Considerations Related to the Verification
of Quality of the Constructed Project

Review the contract agreement for the specific obligations
related to the following.

2.2.2.1 Document Control

Establish procedures for issuance and transmission of
design revisions and addenda to the plans and specifications,
shop drawings, staging and phasing plans, traffic control plans,
contractor’ s required submissions of work plans, schedules
and general correspondence.

2.2.2.2 Constructability Review
Following are important items to consider during the con-
structability review:

1. Check for redlistic scheduling of work activities. |den-
tify need for overtime and double-shift work and
unusually high-peak demand for machinery and con-
struction plant.

2. Check the proposed construction schedule for compat-
ibility with sequencing and phasing of the work, as
related to natural phenomena, such as high flood peri-
ods, hurricane seasons, high tides and general inclem-
ent weather periods.

3. Check for proper sequencing of operations. Identify
any operations that are on the critical path and that
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could cause delays and possible loss of aconstruction
season.

4, Check for adequate rights-of-way and access to the
construction areas. Verify adequacy of areas reserved
for contractor’s work, lay down and storage aress.

5. Check for interference with traffic, utilities and other
ongoing or sequential contract work by others.

6. ldentify long-lead itemsand the need for unusual con-
struction materials and equipment.

7. Check for use of appropriate materials and up-to-date
designs and technology. Identify the use of uncon-
ventional or highly specialized designs or expensive
materials, which could limit competition and result in
high bids. Verify that new materials are being used in
the manner intended by the manufacturer.

8. Check contract documents for ambiguities and incon-
sistencies that could lead to schedule delays, contrac-
tual disputes and possible legal actions. Verify that
details shown are adequate to ensure proper erection
and construction sequencing.

9. Check for community impacts such as noise, dust, and
release of toxic or otherwise unsafe materialsinto the
environment.

10. Check for conformance to all governmental regula-
tions that safeguard the environment, the work place
and the public.

11. Check that accessibility for maintenance, repair and
in-serviceinspection has been provided. Review main-
tenance, repair and inspection requirements and ver-
ify that the design shown on the drawing provides
adequate access for these activities.

12. Avoid duplication of datain the specifications and the
drawings by ensuring the following:

a. Dimensions are correct and consistent, and toler-
ances are appropriate.

b. Drafting practices conform to the standards specified.

c. Drawingsare legible.

d. Drawings reproduce satisfactorily.

2.2.2.3 Quality Aspectsof Construction
Specifications
Problems related to the specifications that may lead to
change orders, claims, arbitration and litigation are broken
down into the following categories in descending order of

frequency.

“Or Equal” Specifications

Toavoid problemswith “or equal” specifications, it isbest
to list those physical or functional properties of the name
brand product you wish to see duplicated in the “or equal”
product.

Constructability

Contract documents may be defective if the work shown is
not reasonably constructible. Remember the ordinary sequence
of tradesin the construction process, and |ook for bad phasing
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or details that require a succeeding trade to install something
before the preceding trade would normally arrive on the job.

In setting the tolerances, be sure that they follow industry
standards or are no more stringent than contained in standard
specifications. If more stringent tol erances are required, word
the specifications so that the contractor’s attention is aerted
tothisfact so that he/she can adjust hig’her normal work meth-
ods and pricing to achieve the results required.

Overly strict or literal interpretation of the specificationson
tolerances beyond the normal industry standards generally
results in change order decisionsin favor of the contractor.

Ambiguities and Typographical Errors

Ambiguities in the specifications are usually the result of
duplication, which isto be avoided. If there are two ways of
reasonably interpreting documents, the courts will usually
side against the preparer. The use of standard specifications
will help reduce this category of problems.

Conflicts Between Plans and Specifications

Specifications usually contain a clause in the genera pro-
visions establishing an order of precedence between the var-
ious contract document components:

. Signed contract

. Other provisions such as special conditions
. General provisions

. Plans

. Technical specifications

abrwpNPE

To minimize conflicts between plans and specifications, it
is important to avoid duplication. Avoid repeating the same
information in plans and specifications. If an entire specifica-
tions section is in the plans, that section should be omitted
entirely from the specifications. Construction contracts fre-
quently contain aclause that in effect saysthat anything men-
tioned in the specifications and not shown on the plans or
shown on the plans and not mentioned in the specifications
shall beinterpreted as being shown or mentioned in both. The
case of an item mentioned only in the specifications and not
shown on the plans can lead to change orders on the basis that
the contractor had adequate information asto quality, but was
unable to assess the cost of installing the item because its
physical relation to other project components was not defined
or was lacking. Leaving something out of the specifications
that is shown on the plans leaves open the possibility for the
contractor to supply the cheapest possible alternative.

Inspection Requirements

Overly restrictive tolerances have been discussed above.
Inspection or observation of the contractors' work invariably
creates someinterference with the performance of thework by
the contractor. Frequency of tests and observations should be
inlinewith the normal industry standards or the standard spec-
ifications. Failureto adhere to the industry normsmay produce
claims. Overzealous or inconsistent inspection, although not
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part of this general subject, also isafrequent causefor change
order claimsin this category.

Safety and Health Requirements
Failure to comply with local codes can result in lawsuits,
charge-backs, or awards against the design engineer.

2.2.2.4 Product Identification, Traceability and
Certification

1. Establish procedures for identifying materials and prod-
ucts, including documentation needed to verify the
quality of products and materials, such as batch plant
records, laboratory tests, catalog cuts and any other
documentation.

2. Comply with storage requirements to prevent deterio-
ration of materials and products at the work site, includ-
ing preventive maintenance while in storage.

3. Comply with requirementsfor identification, rejection,
or segregation of substandard or unacceptable materi-
als or products.

4. Comply with requirements for identification of certified
materials and identification of the status of tests and
ingpections for incorporated materials, including spec-
ified marking, tagging, and stamping and/or physical
isolation.

2.2.2.5 Process Control
Comply with requirementsin regard to specified construc-
tion processes.

2.2.2.6 Inspection and Testing

The contract plans and specifications should be checked
for any testing requirements, sampling frequency, acceptance
criteria and tolerances. Easy checklists should be devel oped
to assist the construction inspectorsin assessing conformance
to all testing requirements and to ensure proper record keep-
ing. Examples of checklists are provided in Section 2.2.7.
Following are the steps required to develop QC procedures
for testing and inspection:

1. Study the plansand specificationsto identify all testing
and inspection requirements for the project.

2. Assemblerelevant contract documents needed to deter-
mine standards to be met for each test or inspection.

3. Develop any necessary checklists and train inspection
staff.

4. Monitor for compliance to specified standards to be
met according to the plans and specifications for the
following:

a. In-process tests and inspections
b. In-plant tests and inspections

¢. Receiving inspections

d. Fina testing and inspections

5. Record results of required tests, inspections and obser-
vationsin atimely manner on standard forms.

2.2.2.7 Maintenance of Measuring and Testing
(M&T) Equipment

1. Establish acalibration and maintenance program for all
M&T equipment used at the work site under the con-
trol of thefield staff. The program may include specific
contractual requirements, industrial or national stan-
dards and guidelines, or M& T equipment manufac-
turer’ s recommendations.

2. Document actions taken to calibrate and maintain test-
ing equipment used and controlled by the work site
inspection staff.

3. Obtain acceptable calibration and maintenance docu-
mentation for testing the subcontractor’ sM& T equip-
ment.

2.2.2.8 Certification of Trade Workers

Monitor compliance for contractual requirements relat-
ing to the qualifications of trade workers performing proj-
ect work, such as specified licenses and certifications. Moni-
tor for compliance with mandated training programs for the
contractor’ s staff.

2.2.2.9 Identification of Nonconforming Work

1. Review for compliance with specified procedures for
identification and documentation of nonconforming
work.

2. Evaluate and resolve remedial actions according to the
options allowed in the plans and specifications such as
the following:

a. Reworking to meet requirements.

b. Acceptance of work with or without repair.

¢. Use of materials or products at an alternative appli-
cation or location.

2.2.2.10 Implementation of Corrective Actions
Initiate and monitor corrective actions as governed by the
applicable provisions of the plans and specifications:

1. Monitor corrective actions for effectiveness.

2. Proactively investigate causesfor nonconformance and
formulate remedial or alternative processes to prevent
recurrences.

3. Implement and document process changes resulting
from corrective actions.

2.2.3 Considerations Related to Performance and
Administrative Services

Review the plans and specifications for specific obliga-
tions related to the following categories.
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2.2.3.1 Claimsand Change Orders

1. Implement specified proceduresfor handling and resolv-
ing claims, requests for extra compensation, time exten-
sions and change orders.

2. Conduct atimely analysis of claims and change order
requests, and formulate clear and concise recommen-
dations for their resolution.

3. Identify early potential claimsand their impact on proj-
ect costs and schedule. Formulate strategies for limit-
ing claims.

2.2.3.2 Shop Drawings

Implement specified procedures for the handling of shop
drawings. Monitor and facilitate the timely review of these
documents by the proper party, including documentation of
the process.

2.2.3.3 As-Built or Record Plans

Monitor the performance of contractual requirements for
compiling and maintaining a current and updated record set
of contract drawings and specifications. The record set may
be compiled and produced by the contractor or by the owner’s
representative field staff, as contractually specified. Identify
the reason for field changes in a separate record, and docu-
ment any time or cost implications.

2.2.3.4 Coordination of Construction Activities

1. Schedule and conduct progress meetings, prepare agen-
dasfor meetings, and distribute memorandums of meet-
ings to al attending parties. Identify issues requiring
follow-up action. Designate the action party, and set
time limits for the requested action. Monitor coordina
tion of activities between the primary contractor and its
subcontractors.

2. Review the contractor’s work schedule. Identify any
schedule dlippage and review remedial actions proposed
by the contractor to meet the approved schedule.

3. Monitor coordination between the contractor and its
subcontractors and impacted agencies, companies and
jurisdictions.

2.2.4 Record-Keeping Considerations

Sufficient documentation and records shall be accumulated
to provide objective evidence that the construction process
was performed in accordance with accepted engineering prac-
tice and with contractual requirements. The documentation
should include not only the final design documents, such as
drawings and specifications, but also all construction records
and any communications, instructions and directives that
have a direct bearing on the project.

A record-keeping system should be established prior to
starting the project. The system, at a minimum, should be
able to do the following:
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1. Organize project files according to a mandated file
index system or one developed for the particular proj-
ect. Maintain the filing system to permit the timely and
accurate retrieval of documents.

2. Establish and maintain separate files for documents to
indicate the compliance with the QC system for the proj-
ect. Records that document adherence to the provisions
of the plans and specifications include the following:

a. Inspectionlogs, daily inspector’ sreportsand diaries
b. Test data, including mill tests and certifications

¢ Quadlification reports

d. Validation and calibration reports

e. Materia review reports

f. Batch plant records

3. Preparecorrespondence on atimely basis. Logincoming
and outgoing correspondence. Log general complaints
from the public, and document environmental issues
arising from the general public and governmental agen-
cies. Log pending or follow-up correspondence.

4. |dentify the receiving organization for project records
and files at completion of project. Establish aretention
time for project files.

5. Maintain at thework site’ srequired publications, doc-
uments and other materialsreferred to in the plans and
specifications needed to properly understand and carry
out the work scope and to comply with the requirements
of the owner and of those of regulatory entities and
standard-setting associations.

2.2.4.1 Retention of Records

Reportsand recordsto be retained shall be determined by
the project manager and/or the department managers. Rec-
ords designated for retention shall be legible, suitable for
reproduction, complete and adequately identifiable to the
item involved.

2.2.4.2 Subcontractor Records
Records of subcontractors shall be controlled and retained
in the same manner as records of the contractor.

2.2.4.3 Permanent Storage of Records
Permanent documents designated for storage shall be stored
in the project file.

2.2.4.4 QA/QC Records

A single file identified as “QA/QC Records’ containing
copies of all QA/QC documents shall be maintained in the
project files.

2.2.5 Elements of a Project-Spoecific QA Plan

In the absence of an owner-directed format and content
requirement, the following format and content is suggested:

Section 1 Organizations for Quality—Provide an orga-
nization chart and description of the quality
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process, who implements it, who monitors it

and who has the ultimate responsibility.

Quality Review—I dentify theinternal unit level

reviewer delegated to conduct primary QA

reviews, the schedule for such reviews, and
the format of the reviews.

» Thesuggested format of thereview isabrief
summary memorandum outlining the high-
lights of the review and any recommended
corrective actionsto betaken. The completed
checklistsareto be appended to the summary
review memorandum. The recipients (distri-
bution) of the QA reviews shall be listed.

» Define the implementations of corrective
actions to be taken and the required docu-
mentation needed to close out all listed cor-
rective actions.

QA Records—Define how the Project QA
reviews and documentation of any completed
remedial actions shall be maintained as a per-
manent part of the project files. Specify that
additional copiesshall befiled with theunit’s
construction service coordinator together with
the minimum retention period after project
close out.

Section 2

Section 3

2.2.6 Preparation of Project-Specific
QA Checklists

After the project-specific responsibilities and duties have
been identified, they can be subdivided into the following
broad categories:

Staffing and staff qualifications

Contract documents

Project files

Project start-up requirements

Miscellaneous contractual requirements
Claims and change orders

Schedule monitoring

Estimates and payments

Construction close-out

10. Daily inspection reports

11. Materias and materials certification: general
12. Materials and materials certification: specific

©CoOoNOOA~AWNPE

For each of the first 12 subdivisions, a pro-forma QAP
checklist has been prepared listing concerns generally of rel-
evance in assessing the quality of servicesthat the contractor
isproviding.

The resident engineer and the chief or senior construction
inspector in conjunction must review these draft QAP check-
listswith the contract documentsfor the construction-related
services. Any additional specific responsibilitiesimposed on
the contractor in these contract documents should be added

to the draft QAP checklist items listed under the appropriate
subdivision. Blank spaces have been provided in each subdi-
vision to customize the draft QAP checklist to the demands
of the specific project. Add sheets as needed.

The draft checklists for materials and materials certifica-
tion, in particular, are very general and are limited to just a
few of the standard technical construction specification divi-
sions. These checklists must also be augmented with the qual-
ity requirements for those materialsin the project’ s particul ar
contract specifications. Additional checklists should be pre-
pared for each of the major specification divisionsthat are part
of the particular contract and that require staff involvement in
certifying, observing, inspecting, testing or assessing results.

To allow further flexibility in the arrangement of check-
lists, the resident engineer may wish to reorgani ze the check-
listsin accordance with the applicable paragraphs of the gen-
eral and special provisions of higher particular job.

Someowners, mostly state DOTS, requiretheir construction
services providers to formulate their own QA plan. Such QA
plans are based on specific guidelines required by the owner
and are generally similar to the QAP checklists that follow.

2.2.7 QAP Checklists for FRP Construction

A comprehensive QA/QC program implemented and mon-
itored by the FRP material suppliersand the FRP installation
contractors should be maintained in order to ensure quality
repair. QC is the direct responsibility of the contractor and
should cover all aspects of the strengthening project depend-
ing on the size and complexity of the project at hand. QA dur-
ing construction is the responsibility of the owner and can
be achieved through a set of inspections, measurements, and
applicabletests as specified in the construction specifications.
The QAP checklists provided in this section address the most
important parametersin the application of FRP systems. These
checklists are offered as examples and are designed to assist
the owners in developing their QA requirements. They fol-
low the construction specificationsfor bonded repair and retro-
fit of concrete structures using FRP composites.

2.2.7.1 Project Start-Up Requirements
(QAPs 1 through 6)

Prior to starting construction, all contractor shop drawings
should be reviewed in light of the design plans and specifi-
cations to ensure adherence to the contract documents. Any
perceived conflicts should be resolved prior to starting the
work. The contractor should submit a material certification
and identification of all the FRP materials to be used. The
guantity, location and orientation of all FRP reinforcing
materials to be used should be specified. The owner should
ensure that the project is adequately staffed for the complex-
ity of the job and the approved construction schedule. The
qualification of contractor personnel should be evaluated to
ensure that personnel have the skills, ability and experience
necessary for FRP strengthening projects.
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2.2.7.2 Material Qualification and Acceptance
(QAP7)

The FRP materials should be qualified on the basis of the
plans and performance specifications requirements. The con-
tractor should provide information demonstrating that the
proposed FRP material meets all design and specifications
requirements such as tensile strength and modulus, durabil-
ity, bond strength, and glass transition temperature. Perfor-
mance tests on the supplied materials should be performed
according to the QC test plan and should meet the require-
ments specified in the engineer’ s performance specifications.
These tests may include measuring parameters such as the
tensile strength and modulus, glass transition temperature,
gel time, pot life, and the adhesive shear strength. Theresults
from independent tests of the FRP constituent materials and
laminates fabricated with them should be submitted by the
contractor for approval prior to starting the work. Material
property information supplied by the manufacturer or mate-
rial supplier could form the basis for acceptance of the FRP
materials if no testing requirements are stated in the con-
struction specifications.

2.2.7.3 Removal of Defective Concrete and
Restoration of Concrete (QAP 8)

The work under this section consists of restoring delami-
nated, or otherwise deteriorated, concrete on sel ected elements
using polymer- or latex-modified concrete. Concrete restora
tion shall include theremoval of al delaminated concretefrom
the areato berestored and an additional 1to 2 in. from behind
the reinforcement in delaminated areas. Any loose concrete
remaining in the damaged region must beremoved, leaving the
member with sound concrete. Surfaces where the carbon FRP
(CFRP) systemisto be applied must be sound. Concrete spalls
and delaminations must be repaired according to the procedure
identified in the plans and specifications.

2.2.7.4 Inspection of Concrete Substrate (QAP 9)

The concrete surface should be inspected before the appli-
cation of the FRP material. The surface should be prepared
in accordance with the engineer’s specifications. The con-
crete surface should be examined for surface smoothness or
roughness, holes, cracks, corners, and other imperfections.

2.2.7.5 Application Conditions (QAP 10)

The ambient temperature, concrete surface, and surface
dryness should conform to the engineer’ s specifications. FRP
application should be halted if rain appears to be imminent.
If rainisthreatening after starting the application process, the
contractor should be instructed to protect the installed areas
against contact with surface moisture.

2.2.7.6 FRP Application Process (QAPs 11 through 13)
Special care shall betaken to keep all records on the quan-
tity of mixed resin during a 1-day period, the date and time
of mixing, the mixture proportions and identification of all
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components, the ambient temperature, the humidity, and other
factorsaffecting theresin properties. Theserecords shall also
identify the FRP sheet used each day, its location on the
structure, the ply count and direction of application, and all
other useful information. Sample FRP plate specimens shall
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 conducted as needed.
The evaluation of the relative cure of FRP materials can be
performed (1) at the laboratory by testing sample plate speci-
mens or resin samples using ASTM Standard D3418 or (2) at
the construction site by physically observing resin tackiness
and hardness of work surfaces or retained resin samples.
Visual inspection of fiber orientation and waviness may be
required for specific FRP material systems, since poor orien-
tation infers misalignment of the entire system from the angles
specified in thedrawings. Fiber misalignments of more than 5°
from the specified angle (Y12 lope) may adversely affect the
provisional performance of the FRP reinforcement and should
be reported to the engineer. Noncompaction of fiber sheets
when multiple pliesare applied can result in significant voids,
sagging, and local areas of debonding, all of which will sub-
stantially affect the overall performance of the FRP system
and should be reported to the engineer. Additional informa-
tion is provided for precured and near surface mounted FRP
systems.

2.2.7.7 Identification of Defective Work (QAP 14)

The inspection program should cover such aspects as the
presence and extent of delaminations, the cure of the installed
system, adhesion, laminate thickness, fiber alignment and
material properties.

2.2.7.8 Postapplication—QC Tests (QAP 15)

Aninspection of the FRPrepair system should be conducted
after the full cure. Delaminations if detected should be evalu-
ated considering their size and number relative to the overall
application area, aswell astheir location with respect to struc-
tural load transfer. Theinspection methods may includevisual
assessment, acoustic sounding (i.e., hammer sounding), ultra-
sonics, and thermography. Tension adhesion testing of cored
samples should be conducted using known methods such as
those described in ACI 503R or ASTM D4541. The sampling
frequency should conform to the engineer’s specifications.
Cored samplesrequired for adhesion testing can also be used
to determine the laminate thickness or the number of plies.
Approved methods to repair FRP materials having some
delaminations may be used depending upon the size, num-
ber, and location of delaminations. These repairs should be
performed in accordance with the engineer’s specifications.
The laminate should then be reinspected following delami-
nation repairs, and the resulting delamination maps or scan
should be compared with that of theinitial inspection to verify
whether the repair was properly accomplished. All inspection
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records and test results related to the FRP materia should be
retained. It should include delamination repair, on-site bond
tests, anomalies and correction reports, and all physical test
results from the designated laboratories.

2.2.7.9 General Job Administration (QAPs 16

through 20)

QAPs 16 through 18 address general job administration
conditions such us claims and change, orders, schedule moni-
toring, estimates and payments, and DIRs.

The checklists at the end of this section are pro-forma and
must be modified to the particular project. The attached
diskette provides Word filesfor the checklists so that users can
modify the checklists.

3 IMPLEMENTING AND MONITORING
THE QA PROGRAM

3.1 Implementing the QA Program

The unit manager or his’her representative shall be respon-
sible for implementing the QA program. This may be done
by way of regularly scheduled project status meetings, QC
reviews, spot checks and interviews with staff, or other means
as determined by the unit manager. Any deficiencies, errors
or nonconformances detected shall be addressed and correc-
tive measures instituted.

The procedure for implementing the QA program is as
follows:

1. The unit manager shall review the work in progress,
design documents, records and project files for confor-
mance to established procedures and generally accepted
engineering practice. He/she may question staff regard-
ing their knowledge and implementation of the QA
program and shall provide instruction and assistancein
its proper applications.

2. Any deficiencies, errors or nonconformances that may
affect the quality of the work shall be immediately
brought to the attention of the project manager and/or

department managers. Deficiencies, errors, or noncon-
formances of aminor nature shall be brought to the atten-
tion of theindividua involved for corrective action.

3. Deficienciesin staff or facilities shall be addressed by
the unit manager or referred to the corporate staff for
assistance, as required.

3.2 Monitoring the QA Program

The QA manager shall be responsible for monitoring the
implementation of the QA program. This may be done by
way of periodic project audits, spot checks, interviews with
staff, or other means as determined by the QA manager. Any
deficiencies, errors or nonconformances detected shall be
reported and corrective measures instituted by the project
manager under the direction of the unit manager. Noncon-
formances should be reaudited to ensure compliance.

The procedure for monitoring the implementation of the
QA programis asfollows:

1. The QA manager shall periodically review projectsin
progress or recently completed. He/she shall review
design documents, records and project files for confor-
mance to the established procedures and general good
engineering practice. He/she may question staff regard-
ing their knowledge and implementation of the QA
program and shall provide instruction and assistancein
the program'’ s proper applications.

2. Any deficiencies, errors or nonconformances that may
affect the quality of the work shall be immediately
brought to the attention of the unit manager, project
manager and/or department managers. Deficiencies,
errors or nonconformances of a minor nature shall be
brought to the attention of the individual involved for
corrective action.

3. The QA manager shall review any corrective actions
that have been taken and shall report instances of inad-
equate action or unresponsiveness to the president for
appropriate action.
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FORM NO. QAP 1

Project Start-Up Requirements

Project Name:

YES

NO

N/A

Have the construction contract documents been preliminarily reviewed
for their overall completeness, obvious errors and omissions,
constructability, etc.?

a. Havethe provisions been reviewed with the field staff?

b. Have the design engineer and the owner been advised of
findings?
Have the contract documents for construction-related services between
the consultant and the owner been reviewed against the construction
contract documents to identify possible conflicts in imposed duties and
responsibilities?
a. Haveall perceived conflicts been resolved?

Has a preconstruction meeting been held?

a. Isthe agendafor the preconstruction meeting in accordance with
the owner’ s requirements?

b. Are minutes of the meeting in the files?
Has contractor submitted all required documents on time:

a. Insurance certificates?

b. Bonds?

c¢. Construction inspector qualifications?

d. Permits?

e. Equipment calibration?

f. Quality control plans?

g. Materia safety data sheets?

h. Schedules?

i. Certificate(s)?
Have accident and emergency reporting procedures and documentation
been established and reviewed with the field staff?
Are all forms needed to document the construction processes and quality
of the work on hand at the start of the project?
Isthe project fully equipped with necessary field measuring and testing
equipment?
I's the measuring and testing equipment periodically re-calibrated accord-

ing to the manufacturer’ s recommendation?
Are calibration documents on file?
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Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 2
Contract Documents

Project No: Project Name:

YES NO N/A

1. Isacomplete set of contract documents available?

a. Plans?

b. Specifications?

c. Other?

2. Areall design changes and amendments incorporated in these
documents?

3. Areal field changesincorporated in the documents?

4. Are“as-built” plans being updated to reflect field revisions?

5. Haveall design and field changes been signed and sealed by the design
engineer?

6. Haveall design and field changes been included and approved in the
change orders?

7. Are shop drawings being logged and tracked?

8. Areall support documents required or referenced in the construction
engineering and inspection contract available on site?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 3

Specifications Review Checklist

Project No: Project Name:

YES NO N/A

10.

11

Remarks:

Are the specifications complete and clear to the extent necessary to prop-
erly specify construction and performance requirements?

Have duplications or inconsi stencies between contract drawings and the
specifications been eliminated?

Are proper codes, standards, processes, etc., referenced?

Are requirements for shop drawings properly specified, as to both
content and timely submission?

Are new materials employed and installed in the manner approved by
the manufacturer?

|'s proper test and inspection documentation specified?

Are the acceptance criteriatests (tolerances, etc.) specified, and are they
adequate, realistic, and in line with the ordinary construction practice?

Are provisions made for the qualification and approval of special
construction processes and for the personnel performing these
processes?

Are measuring and testing equipment calibration requirements and
cleaning, storage and handling requirements properly specified?

Are the measurement units and the basis of payment properly specified?

Is nomenclature used in the specifications exactly asit is used on the
contract drawings?

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 4
Drawing Review Checklist

Project No: Project Name:

YES NO N/A

1. Isthe scope of the set of contract drawings satisfactory?

2. Do the structures, equipment or components satisfactorily meet the func-
tional needs and requirements?

3. Hasaccessihility for maintenance, repair and in-service inspection been
provided?

4.  Arematerials properly identified on the contract drawings?

5. Arethe items constructible as shown? Has the normal sequencing of
construction trades been followed?

6. Isconstruction phasing or staging clearly shown?

7. Aredimensions and tolerances correct and consistent?

8. Have duplications and redundancy of information, data and dimension-
ing been eliminated?

9. Arethe plans signed and sealed by a professional engineer?

10. Arethedrawings legible and reproducible?

11. Do thetitles and drawing numbers agree with the cover sheet list of the
drawings?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP S5
Staffing and Staff Qualification

Project No: Project Name:

YES NO N/A

1. Isthe project adequately staffed based on its complexity and the
approved construction schedule?

2. Areproject personnel on thejob site during contractor’ s operations?

3. Arethe staff members properly trained and informed regarding:

a. Authority, responsibilities and duties of the construction
inspector?

b. General rules of project safety?

¢. Hazard communication employee training program?

d. Specific technical inspection and testing requirements?

e. Emergency and accident procedures?

4.  Arethe names and qualifications of the contractor staff on file?

5. Do contractor staff members have required professional or technical
accreditation?

a. Hasthis been verified?

6. Doesthe contractor’s staff include a qualified provider of first aid
services?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 6
M iscellaneous Contr actual Provisions

Project No: Project Name:

YES NO N/A

1. Isacopy of the fully executed bid blank in the prime contractor’ s file?

2. Isthere an equal employment opportunity (EEO) compliance checklist
on file?

3. Havethe contractor’s EEO policy, affirmative action and disadvantaged
business enterprise (DBE) affirmative action plans been submitted?

4. Havethe monthly EEO reports been filed?

5. Have all needed permits been applied for by the owner?

a. By the contractor?

b. Are copies of al required permitsin the files?

c. Arethe conditions of each permit being adhered to?

6. Areenvironmental permits or environmental control plans required?
If yes, are they included in the submittal package?

7. Hasatraffic control plan been specified for this project?

8. Havelocal law enforcement agencies been notified by the contractor of
the provisions of the traffic control plan?

9. Hasthe contractor submitted names and telephone numbers of the
emergency contact personnel to all agenciesinvolved?

10. Hasthe contractor submitted evidence of required bonding and
insurance?

11. Aremeetings with the owner on a scheduled basis?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 7
Material Qualification and Acceptance

Project No: Project Name:

YES NO N/A

1. Haveall required samples been collected and submitted?

2. Areadl certified mill analyses and third-party test results on file?

3. Areall material acceptance requirements being met?

4. Arethe materials that have failed testing requirements disposed of
according to the contract requirements?

5. Are*"or equal” materials and equipment submitted by the contractor
approved by the design engineer?

6. Areal certified materials properly identified according to the contract
regquirements?

7. Haveall relevant documents that are needed to determine if the
standards are met provided to the inspection staff?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 8

Removal of Defective Concrete and Restor ation of Section

Project No:

Project Name:

YES NO

N/A

Remarks:

Have the perimeters of existing spalls been identified and sawcut to a
minimum depth of 3/4 of an inch to prevent feathered edges?
Arethe limits of concrete removal for each member identified in the
plans?

a. If yes, did the contractor remove any concrete beyond the

identified areas?
b. Did the contractor obtain the engineer’s approval to remove
concrete beyond the identified areas?

Have cracks within solid concrete greater than 0.25 mm (0.01 in.) been
epoxy injected?
After removal of al defective areas, did the contractor inspect and
clean the substrate from any dust, laitance, grease, oil, curing
compounds, wax, impregnations, foreign particles and other bond-
inhibiting materials?
Has all exposed steel been sandblasted clean to a near white appearance
prior to concrete placement?
Was mechanical anchorage of the repair material with the substrate
specified?

a. If yes, was the anchorage installed according to specifications?
Did the contractor apply a bonding and reinforcement protection to all
exposed reinforcement and concrete surface prior to concrete placement?
Did the contractor use the approved material and method of application
including manufacturer’ stechnical specifications and formulation if
applicable?

Reviewer/Date:

Resident Engineer/Date;
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Project No:

FORM NO. QAP 9

I nspection - Surface Prepar ation

Project Name:

YES NO

N/A

Remarks:

Is the restored concrete surface smooth, uniform and matching the
concrete component’ s original profile?

a. If no, were the deviations less than 0.8 mm (¥s2in.)?
Did the contractor remove form lines and sharp edges by grinding or
filling with putty?
Have all inside and outside corners and sharp edges been rounded or
chamfered to a minimum radius of 25 mm (1in.)?
Are there any voids or depressions with diameters larger than 12.7 mm
(¥21in.) or depths greater than 3.2 mm (¥s in.), when measured from a
305-mm (12-in.) straight edge placed on the surface?

a. If yes, have surface depressions and voids been filled and cured

according to specifications?

Have all cracksin the surface of concrete or the substrate wider than
0.25 mm (Yoo in.) been filled using pressure injection of epoxy in
accordance with the procedures outlined in the specifications?

a. Was any surface roughness resulting from crack injection

alleviated according to specifications?

Was the surface checked and cleaned of any dust, laitance, grease, ail,
curing compounds, wax, impregnations, surface lubricants, paint
coatings, stains, foreign particles, weathered layers and any other bond-
inhibiting materials?
Was the final preparation of all surfaces receiving FRP performed
according to the specifications?

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 10
Application Conditions

Project No: Project Name:

YES NO N/A

1. Isthe ambient temperature and temperature of concrete surface within
the range of 50-95°F, or as specified by the manufacturer?
2. Arethe contact surfaces completely dry at the time of installation of FRP
system?
a. Wasthe moisture level measured using a mortar moisture meter?
b. Wasthe moisture level less than 10% or the specified limit?
3. Doesrain appear to be imminent?
a. If yes, stop application of the material until dry conditions are
ensured.
4. If rainisthreatening after starting the application process, instruct the
contractor to protect the installed areas against contact with surface
moisture.

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 11
FRP Application Process (Wet L ay-Up Systems)

Project No: Project Name:

YES NO N/A

1. Resin Mix
— Istheresin prepared according to the mix ratio and procedures
recommended by the manufacturer until thorough mixing with
uniform color and consistency is achieved?
— Istheresin diluted with organic solvents? (NOT allowed)
— Isthe resin mixed in quantities sufficiently small to ensure its use
within the manufacturer-recommended pot life?
— Isthe excessresin disposed of when it exceedsiits pot life or begins
to generate heat or show signs of increased viscosity?
2. Primer and Putty
— Isthe primer applied uniformly to penetrate all surface pores of
concrete substrate where the FRP system is to be installed?
— Doesthe rate of application of primer follow the manufacturer’s
recommendations?
— Arethe ambient and concrete surface temperatures as specified in
the contract drawings and recommended by the manufacturer?
— Isthe excess primer disposed of when it exceedsits pot life?
— Isthe putty, if necessary, applied as soon as the primer becomes
tack-free or until non-sticky to the fingers?
— In case of delayslonger than 7 days, is the surface of primer cleaned
and prepared for the putty, if necessary?
— Does the applied putty meet the surface profile according to the
contract drawings?
— Isthe excess putty, if used, disposed of when it has exceeded its pot
life?
— Arethe surfaces of primer and putty protected from dust, moisture
and other contaminants before applying the FRP system?
3. Fabric Saturation and Placement
— Isthe saturant applied uniformly on all surface areas of concrete
where the FRP system is to be installed?
— Isthe viscosity of the saturant sufficiently low, according to the
manufacturer’s recommendations, to fully impregnate the fiber sheets?
— Doesthe rate of application of saturant follow the manufacturer’s
recommendations?
— Arethe ambient and concrete surface temperatures as specified in
the contract drawings and recommended by the manufacturer?
— Isthe excess saturant disposed of when it exceedsits pot life?
— Isthefiber sheet cut to the length specified in the contract drawings
(typically in segments shorter than 4.6 to 6.1 m [15 to 20 ft])?
— Isthefiber sheet placed properly and pressed gently onto the wet
saturant within its pot life?
— Isany entrapped air between fiber sheet and concrete released?
— Isrolling done in the fiber direction for unidirectional fiber sheets?
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— Isrolling donein thefill direction end to end, and then the warp
direction, for bidirectional fiber sheets?

— Isthere excessive force or sharp metal rollersinvolved that could
damage the fibers? (NOT allowed)

— Issufficient saturant applied on top of the fiber sheet as overcoat to
fully saturate the fibers?

— Isthere any interruption in the application of undercoat, fiber sheets,
and overcoat?

— Isthe above sequence repeated properly for each additional fiber
sheet, with an overcoat resin 15-20% greater than asingle ply?

— Iseach new fiber sheet applied before the onset of complete
gelation of the previous layer?

— Does the number of plies applied in asingle day follow the contract
drawings and the manufacturer recommendations?

— In case of several days of delay between plies, is the surface of
previously cured layers of the FRP system prepared properly before
applying new fiber sheets?

Slice and Overlap

— Arelapjoints constructed when there is an interruption in the
direction of the fibers?

— Arelap splice lengths as specified in the contract drawings, but at
least 152 mm (6in.)?

— Arelap splices staggered on multiple plies and adjacent strips, unless
permitted in the contract drawings?

— Areadl lap jointsin the fiber directions made in asingle day?

— Isthereany lap joint in the transverse direction, if specified in the
contract drawings?

Fiber Orientation

— Arethefibers aligned on the structural member according to the
contract drawings?

— Isthere any deviation in fiber alignment more than 5°? (NOT allowed)

— Arefibersfree of kinks, folds and waviness?

Anchoring of FRP Sheets

— Isanchorage for the FRP sheets installed according to the contract
drawings, and in such away to avoid damage to fibers or concrete?

Stressing Applications

— Are stressing hardware and procedures according to the contract
drawings and the manufacturer’ s recommendations?

— Isthe grouting pressure according to the contract drawings?

Curing and Final Coating

— Isthe FRP system allowed to cure according to contract drawings

and the manufacturer’ s recommendations?

Isthe resin chemistry field modified for rapid curing? (NOT allowed)

Does the elevated temperature that is used for curing follow the

contract drawings and manufacturer’ s recommendations?

Isthe FRP system protected until it isfully cured?

Isthe FRP system under full load beforeit is fully cured?

I's continuous pressure applied, if necessary, for the cure of FRP

system?
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— Isthe surface of FRP system prepared according to the contract
drawings and the manufacturer’ s recommendation to receive coating?

— Are solvent wipes used for surface cleaning? (NOT allowed)

— |If abrasive cleaning is necessary, isthe air pressure at the nozzle
limited to avoid any damage to fibers?

— Isthe thickness of protective coating for the FRP system as specified
in the contract drawings and specifications?

— Doesthe final appearance match the color and texture of the adjacent
concrete?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 12
FRP Application Process (Precured Systems)

Project No: Project Name:

YES NO N/A

1. Application of Adhesives
— Isthe adhesive prepared according to the mix ratio and procedures

recommended by the manufacturer until thorough mixing with
uniform color and consistency is achieved?

— Isthe adhesive applied uniformly on all surface areas of concrete
substrate where the precured FRP system is to be applied?

— Doestherate of application of adhesive follow the manufacturer’s
recommendations?

— Arethickness and viscosity of the adhesive layer according to the
manufacturer’ s recommendations?

— Arethe ambient and concrete surface temperatures as specified in the
contract drawings and recommended by the manufacturer?

— Isexcessresin that has exceeded its pot life disposed of ?

2. Placement of Precured System

— Isthe precured FRP system clean?

— Isthe precured FRP system cut to the length specified in the contract
drawings?

— Are manufacturer’ s recommendations on the timing and sequence
of stacking, overlap and banding, horizontal and vertical joints,
staggering of splices and overlap and butt joints followed?

— Isthe precured FRP system placed in the wet adhesive within its pot
life?

— Isentrapped air between laminate and concrete released?

— Isexcess adhesive between laminate and concrete removed?

— Isthe FRP system left undisturbed until the adhesive fully cures?

3. Anchoring of Precured System

— |s permanent anchorage for the FRP system properly installed
according to the contract drawings?

— Aretemporary clamping and shoring for the FRP system properly
installed according to the contract drawings?

4. Grouting of Precured Shells

— Isthe precured FRP shell around the concrete column grouted at |east
24 hours after installation?

— Does pressure grouting follow the contract drawings and the
manufacturer’ s recommendations?

— Doesthe grout have a shrinkage strain of less than 0.0005 and a
compressive strength greater than 27.6 MPa (4,000 psi)?

5. Stressing Applications

— Isstressing hardware according to the contract drawings and the
manufacturer’ s recommendations?

— Arethe stressing procedures followed according to the contract
drawings and the manufacturer’ s recommendations?
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Remarks:

Curing and Final Coating
— Isthe FRP system allowed to cure according to contract drawings

and the manufacturer’ s recommendations?

Isthe resin chemistry field modified for rapid curing? (NOT allowed)
Does the elevated temperature that is used for curing follow the
contract drawings and manufacturer’ s recommendations?

Isthe FRP system protected until it isfully cured?

Isthe FRP system under full load beforeit is fully cured?

I's continuous pressure applied, if necessary, for the cure of the FRP
system?

Is the surface of FRP system prepared according to the contract
drawings and the manufacturer’ s recommendation to receive coating?
Are solvent wipes used for surface cleaning? (NOT allowed)

If abrasive cleaning is necessary, isthe air pressure at the nozzle
limited to avoid any damage to fibers?

Is the thickness of protective coating for the FRP system as specified
in the contract drawings and specifications?

Does the final appearance match the color and texture of the adjacent
concrete?

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 13
FRP Application Process (Near Surface M ounted Systems)

Project No: Project Name:

YES NO N/A

1. Application of Embedding Paste
— Isthe embedding paste prepared according to the mix ratio and

procedures recommended by the manufacturer until thorough mixing
with uniform color and consistency is achieved?

— Areall grooves, where the FRP system isto be placed, half filled with
the paste?

— Arevoids between concrete substrate and the embedding paste
removed?

— Arethe ambient and concrete surface temperatures as specified in the
contract drawings and recommended by the manufacturer?

— Isthe excess paste disposed of when it exceedsits pot life?

2. Placing FRP Reinforcement

— Isthe FRP bar or strip clean?

— Isthe FRP bar or strip cut to the length specified by contract
drawings?

— Isthere any shearing of FRP bar or strip? (NOT allowed)

— Isthe FRP bar or strip placed at mid-depth of the groove and lightly
pressed to force the paste to flow around it?

— Isthe grove fully filled with additional paste and then leveled?

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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Project No:

FORM NO. QAP 14

| dentification of Defective Work

Project Name:

YES NO

N/A

Remarks:

Did you find any voids and air encapsulation between the concrete and
the layers of primer, resin and/or adhesive, and within the composite
itself?

Are there any delaminations between layers of composite fabric?

Are there any broken or damaged edges of the composite?

Is there any wrinkling and buckling of fiber and fiber tows?

Are there any discontinuities due to fracture of fibers, breaksin the
fabric, or cracksin prefabricated material ?

Arethere any cracks, blisters or peeling of the surface coating?

Arethere any resin-starved areas or areas with nonuniform
impregnation/wet-out?

Isthere any undercured or incompletely cured polymer?

Arethere any incorrectly placed reinforcement configurations?

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 15
Postapplication - Quality Control Tests

Project No: Project Name:

YES NO N/A

1. Inspection for Debonding
Perform surface inspection for any swelling, bubbles, voids or
delaminations after at least 24 hours for initial resin cure.

Is the presence of voids and air pockets suspected?

If yes,

— Perform an acoustic tap test with a hard object to identify delaminated
areas by sound.

— Mark al voids and assess them in terms of size.

— Repair voids in accordance with the procedures established in the
contract drawings and specifications.

2. Inspection for Adhesion
Perform direct pull-off test according to ASTM D4541 or ACI 503R-93
after at least 24 hours for initial resin cure.

Aretest locations representative and on flat surfaces?

Isthe number of tests performed in accordance with the number
established in the contract drawings and specifications?

I's the observed failure mode of the core specimen cohesive within
concrete? Failure at the bond line at tensile stress below 1.38 MPa
(200 psi) is unacceptable.

Repair concrete area after bonding test according to the procedures
established in the contract drawings and specifications.

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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Project No:

YES NO

N/A

Remarks:

FORM NO. QAP 16

Claims and Change Orders

Project Name:
1. Haveany clamsbeen made to date?
2. Hasthe contractor provided written notification of all claims?
3. Did the notifications include specifics of the claims?
4, Didtheresident engineer acknowledge each claim?
5. Isaseparate file maintained for each claim?
6. Iseach claim being processed and tracked according to the
reguirements of the specifications?
7. Hastheresident engineer reviewed each claim, documented findings,
and made a recommendation for resolution?
8. Have change orders been issued for satisfactorily resolved claims?
Number Est. Vaue $
9. Does any resolved change order affect the scope of work or lengthen
the contract time?
10. Arethereany currently unresolved claims?
Number Est. Vaue $
11. Arethere any anticipated claims?
12.  Arethere any resolved change orders as aresult of field conditions?
Number Est. Vaue: $
13. Arethere any pending change orders as a result of field conditions?
Number Est. Vaue $
14.  Arethere any change orders related to the extra work authorized by the

owner?
Number Est. Vaue: $

Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 17
Schedule M onitoring

Project No: Project Name:

YES NO N/A

1. Hasthe contractor’ s work schedule been approved?

2. Doesthe contractor’ s work plan match the established schedule?

3. Istheresident engineer meeting with the contractor on aregular basisto
verify and update the work plan and schedule?

4. What isthe current status of the contract?
Contract Time Used: %, as of Date:
Work Completed: %.

5. Wasthe “Notice to Proceed” issued in accordance with stipulations of
the specifications?

6. Hasthe contractor asked for time extensions to the contract?

a. Aretime extensions anticipated?

7. Aretime extension requests being processed according to the provisions
of the specifications?

8. Aretime extension requests based on weather delays in accordance with
documented weather conditions in the daily inspector’ s reports?

9. Isthere aschedule slippage?

a. Hasthe owner been advised?

b. Isthere an impact on the schedule and cost?

¢. Hasthe contractor formulated a *back-on-schedule” plan?

d. Havetime extensions been granted?

Number
Total time days

Remarks:

Reviewer/Date:

Resident Engineer/Date:
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Project No:

FORM NO. QAP 18

Estimates and Payments

Project Name:

YES NO

N/A

Remarks:

I's there back-up documentation for all pay items?
Are monthly payments for quantities in agreement with the engineer’s
estimate of quantities for that month?
Areitems being paid for according to the method of measurement and
basis for payment called for in the specifications?
I's the mobilization item being paid according to the provisions of the
specifications?
Is there a separate payment item for stockpiled material s?
Are stockpiled materials reverified in the following month to reconcile
quantities with materials incorporated into the work?
Do the records indicate when the stockpiled materials are incorporated
into the work?
a. Was adeduction made for any partial payment amount
previously issued?
b. Are equipment and material storage conditions noted on
daily inspector’s reports?

Reviewer/Date:

Resident Engineer/Date:
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Daily I nspectors Reports (DIR)

11-33

Project No: Project Name:
YES NO N/A
1. Aredaily inspector’s reports (DIRS) current?
a. Are contractor’s equipment and labor force clearly
documented on DIRs?
b. Are contractor’s hours of work logged?
2. Isthe contract day/date correctly listed on the DIRS?
3. Istheowner’s project number listed correctly?
4. IsthereaDIR for each construction inspector on site?
5. Istheparticular operation or location of work clearly identified?
6. Areall work quantities shown for the work performed each day?
7. Arethe subcontractor’s activities clearly documented on respective
DIRs?
8. Isthereaseparate DIR for each utility, force account crew, or
disadvantaged business enterprise (DBE) working on the project?
9. Isthe DBE contractor identified as DBE on the DIR?
10. Areweather conditions and delays adequately noted?
11. Isthe DIR signed and dated by the responsible supervisor?
12.  AreDIRswritten in a concise, understandable and |egible manner?
13. Aredelays on the project being specifically accounted for?
14. Areaccidents, injuries and damages described on the DIRs?
15. Areunusual conditions noted (high water, lane closures, icing, etc.)?
16. Aredisputed items of work listed on the DIR?
Remarks:
Reviewer/Date:

Resident Engineer/Date:
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FORM NO. QAP 20

Construction Close-Out

Project No: Project Name:
YES NO N/A
1. Haveitemsonthefinal “punch list” been accepted and closed out?
2. Hasthefinal estimate been prepared, including pending change orders?
3. Haveall pay item quantities on the final estimate been cross-referenced
from source documents?
4. Havethefinal record plans been completed in accordance with contrac-
tual requirements?
5. Areall incorporated materials and equipment tested and certified accord-
ing to the requirements of the contract?
6. Haveall contractual incentive/disincentive provisions been correctly
applied and administered?
7. Hastheresident engineer followed all contractual requirementsin
accepting the project?
8. Hasthe owner’s staff completed any required inspections prior to final
acceptance?
9. Areall project files reviewed before transfer to the required receiver?
Remarks:
Reviewer/Date:

Resident Engineer/Date:
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Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials
AASHTO  American Association of State Highway and Transportation Officials

APTA American Public Transportation Association
ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

ATA American Trucking Associations

CTAA Community Transportation Association of America
CTBSSP  Commercial Truck and Bus Safety Synthesis Program
FAA Federal Aviation Administration

FHWA Federal Highway Administration

FMCSA Federal Motor Carrier Safety Administration

FRA Federal Railroad Administration

FTA Federal Transit Administration

IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers

NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration

NTSB National Transportation Safety Board
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board

U.S.DOT  United States Department of Transportation

Copyright National Academy of Sciences. All rights reserved.
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