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SECTION 1:

INTRODUCTION

Full document details: AASHTO FRPS-2-2023

1.1—SCOPE

These Guide Specifications are intended for
the repair and strengthening of reinforced and
prestressed highway bridge structures using
externally bonded fiber reinforced polymer (FRP)
composite systems. These Guide Specifications
supplement the AASHTO LRFD Bridge Design
Specifications, Ninth Edition, 2020 (AASHTO
LRFD). Except where specifically provided below,
all provisions of AASHTO LRFD shall apply.

These Guide Specifications state only the
minimum requirements necessary to provide for
public safety and are not intended to supplant proper
training or the exercise of judgment by the Engineer
of Record. The Owner or the Engineer of Record
may require the structural design or the quality of
materials and construction to exceed the minimum
requirements.

These specifications employ the Load and
Resistance Factor Design (LRFD) methodology,
in which the load and resistance factors have been
developed from structural reliability theory based
on current probabilistic/statistical models of loads
and structural performance.

Seismic design shall be in accordance with
either the provisions in the appropriate sections of
AASHTO LRFD or the provisions in the A4SHTO
Guide Specifications for LRFD Seismic Bridge
Design.

Except where specifically provided below,
all provisions of the AASHTO LRFD Bridge
Construction Specifications shall apply.

1.2—FRP SYSTEMS

In general, procedures for the installation of FRP
systems are developed by the manufacturer and can
vary between the available systems. Two optional
typesofexternallybonded FRPsystemsareavailable.
The first type consists of dry fiber-fabric sheets
saturated with an epoxy resin. The second type of
system consists of precured laminates (manufacturer
fabricated), in the form of plates, shells, and rods.

The dry fiber-fabric sheets are commonly
applied using a wet-layup process, where the fiber-
fabric sheets are saturated using an impregnating
resin on site. Prepreg systems, where the fiber-
fabric sheets are saturated off-site but cured

1-1

C11

This Article discusses the scope of these
Guide Specifications, their applicability, and their
limitations. This Article is analogous to the opening
articles, Articles X.1, of each of the Sections of
AASHTO LRFD.

The commentary is not intended to provide a
complete historical background concerning the
development of these or previous specifications, nor
is it intended to provide a detailed summary of the
studies and research data reviewed in formulating
the provisions of the specifications. However,
references to North American and international
guidelines (ACI 440.2R, CSA S806-12, 2017; fib
technical report bulletin 90, 2019; CNR-DT 200 R1,
2013; Technical Report No. 55, 2012; JSCE, 2001;
and AFGC, 2003) as well as relevant research data
dealing with externally bonded FRP reinforcement
for reinforced and prestressed concrete structures
are provided for those who wish to study the
background material in depth.

NCHRP Report 609 presents recommended
construction specifications concerning the use
of externally bonded FRP reinforcement for
strengthening concrete structures.

The commentary directs attention to other
documents that provide suggestions for carrying
out the requirements and intent of these Guide
Specifications. However, the commentary and
references herein are not part of these Guide
Specifications.

C1.2

The wet-layup system is the more versatile of
these systems because the fabric/cloth is flexible
and can conform to most shapes in the field.
Installation procedures may also vary depending
on the type and condition of the structure to be
strengthened. The application of FRP systems
will not stop the ongoing corrosion of existing
steel reinforcement. The cause of corrosion to
internal steel reinforcement should be addressed
and corrosion-related deterioration should be
repaired prior to application of any FRP system.

NSM FRP systems are advantageous as they
are less prone to delamination and environmental
degradation, and allow for effective inspection
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in place by heating or by other methods are also
available. Pre-cured laminate plates and rod
panels are bonded to the concrete surface with an
adhesive resin. In near-surface mounted (NSM)
FRP systems, small diameter pre-cured rods
and plates/strips are installed and bonded into
grooves on the concrete surface using adhesive
resin. Pre-cured shells are applied around
columns to provide confinement. Pre-cured
systems comprising sheets and grids with multi-
directional fiber reinforcement are also available.

1.3—SUBSTRATE REPAIR AND SURFACE
PREPARATION

All repairs to the concrete substrate shall be
carried out according to applicable specifications
prior to FRP application. Externally bonded FRP
strengthening shall not be applied on concrete
suspected of containing corroded reinforcement.
Corroded reinforcement shall be cleaned, and
the surrounding contaminated concrete shall
be removed (ICRI 310.1R-08 and ACI 440.2R).
Concrete removal shall extend along the reinforcing
steel until there is no further delamination, cracking,
or corrosion and the reinforcing steel is well bonded
to the surrounding concrete (ICRI 310.1R-08). Any
other defective concrete within the FRP application
area shall be removed according to ICRI 310.1R-08.
Replacement of concrete shall be carried out with
material conforming to ICRI 320.2R-18. The repair
material shall have a compressive strength equal to
or greater than the original concrete, but not less
than 4.5 ksiand 5.5 ksi at 7 and 28 days, respectively.
Cracks wider than 0.01 in. and with spacing less
than 1.5 in. or cracks wider than !/, in. shall be
filled using epoxy injection (NCHRP Report 609).

The concrete surface shall be prepared to a
minimum concrete surface profile (CSP) 3 as
defined by the ICRI-surface-profile chips (ICRI
310.2R-13, NCHRP Report 609). Localized out-of-
plane variations (suggested to be taken as any 6 in.
by 6 in. section) throughout the concrete surface
where the FRP system is applied, including form
lines, shall not exceed !/, in., or the tolerances
recommended by the FRP system manufacturer,
whichever is smaller. Holes and voids shall be filled
with a compatible epoxy paste (thickened epoxy/
putty). It is recommended that surface preparation
be accomplished using abrasive or water-blasting
techniques. All laitance, dust, dirt, oil, curing
compound, existing coatings, and any other matter

of concrete surfaces compared to the wet-layup
system. NSM FRP systems have a greater anchoring
or bond capacity compared to the surface bonded
FRP systems, and may be more suitable for cases
in which the concrete surface requires significant
surface preparation.

C1.3

The bond behavior of the FRP system is highly
dependent on a sound concrete substrate and on
the workmanship of the installation; either one or
both can significantly influence the integrity of the
FRP strengthening system. Proper preparation and
profiling of the concrete substrate is necessary to
achieve optimum bond strength. Improper surface
preparation can lead to premature debonding or
delamination.
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that could interfere with the bond between the FRP
system and concrete substrate shall be removed.
When fibers are wrapped around corners,
the corners shall be rounded to a minimum
'/-in. radius to prevent stress concentrations
in the FRP system and voids between the FRP
system and the concrete. Rough edges shall
be smoothed by grinding or with putty prior
to FRP application. The substrate repair,
including any crack injections, and surface
preparation shall be inspected by a licensed
engineer or qualified inspector knowledgeable
in FRP systems prior to FRP installation.

1.4—INSTALLATION OF FRP

Unless approved by the Engineer of Record,
externally bonded FRP shall not be applied if
rain, snow, or dew point condensation is expected.
Primers, putty, saturating resin, or adhesives shall
not be applied on cold, frozen, damp, or wet surfaces.
Ambient and concrete surface temperature shall be
between 50-90 degrees F unless specified by the
manufacturer. Enclosures and external heat sources
may be utilized to meet the required environmental
conditions.

Mixing of all resin, primer, and putty shall
be carried out at the manufacturer-specified
temperature range, mix proportions, and mix
durations. Any resin that exceeds its pot life or
shows sign of increased viscosity shall not be used.

1.4.1—Wet Lay-Up FRP Systems

A primer coating shall be applied if required
for the FRP system. The saturating resin shall
ensure full impregnation of the fabric sheet.
Manufacturer recommendations shall be followed
for impregnating the fabric. The saturated fabric is
placed on the concrete substrate and rolled in the
direction of the fibers to remove entrapped air. An

C1.4

When concrete and atmospheric temperatures
exceed 90 degrees F, difficulties may be experienced
in application of the epoxy compound owing to
acceleration of the reaction and hardening rates.
If ambient temperatures above 90 degrees F are
anticipated, work should be scheduled when the
temperature is lower, such as in the early morning
hours. If it is necessary to apply epoxy compounds
at temperatures exceeding 90 degrees F, the work
should be supervised by a person experienced
in applying epoxy at high temperatures. Epoxy
systems formulated for elevated temperature are
available.

At low temperatures, difficulties may occur due
to deceleration of the reaction rates. Manufacturer-
recommended substrate temperatures or a
minimum temperature of 50 degrees F and
rising is recommended during installation. With
manufacturer approval, specialized devices, such as
warming blankets, may be used. The presence of
frost or ice crystals may also be detrimental to the
bond between the FRP and the concrete.

NCHRP Report 609 and ICRI 330.2-16 provide
specifications for the installation of externally
bonded FRP reinforcement for strengthening
concrete structures.

Cl.4.1

The primer may be applied by a clean roller or
brush. When applied uniformly, the bond between
concrete substrate and FRP system is improved. Ifa
primer is not required, a first coat of saturating resin
should be applied as an undercoat to all locations of
the concrete surface where the FRP is to be applied.
The rate of coverage for the primer and saturating
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additional saturating resin coating shall be applied
over the top of the fabric to ensure full saturation of
the fibers. The fabric sheets shall be aligned with
the fibers in the direction indicated on the design
drawings or other contract documents. For multi-
ply applications, the steps shall be repeated for each
additional fabric sheet. The installed fibers shall be
free of kinks, wrinkles, and waviness.

1.4.2—Pre-Cured FRP Systems

For pre-cured FRP laminate plates, depending
on manufacturer specifications, the adhesive resin
shall be applied to the required thickness on the
concrete substrate, the FRP laminate, or both. The
laminate shall be pressed on to the concrete using a
hard rubber roller or similar tool until any entrapped
air is released and excess adhesive resin is forced
out on both sides. The manufacturer-specified bond
thickness shall be maintained during the installation
of pre-cured FRP laminates.

For FRP rod panels, the adhesive resin is applied
on to the concrete surface to the manufacturer-
specified thickness. The rod panels are pressed into
the adhesive resin until the FRP rods are covered by
the resin. Excess resin is spread uniformly over the
rod panels.

1.4.3—NSM FRP Systems

In NSM FRP, pre-cured FRP rods/bars or plates/
strips are installed into pre-cut or ground grooves
in the concrete. The grooves shall be cleaned prior
to FRP installation to remove all laitance that would

resin is listed in the system specifications or data
sheet. Special equipment, such as saturators, may be
used on large projects to evenly impregnate the
fabric and to speed up the process.

A “dry” lay-up, where a first coat of saturating
resin is applied on to the substrate and the
fabric is installed without pre-impregnation
(unsaturated) can be carried out when applying a
single “thin” fiber sheet. Here, it is important to
apply sufficient coating of saturating resin over
the installed fabric to fully impregnate the fibers.
The Engineer of Record should approve the use of
dry lay-up prior to installation.

In multi-ply applications, each new ply should
be supported by the previously-applied system
and be applied prior to the gelation of the previous
layer. If the previous layer has cured, new plies of
fabric sheets may only be applied after surface
preparation per manufacturer instructions. Too
many plies applied in a single day could result
in slippage or separation due to self-weight of
the saturated fabric sheets (NCHRP Report 609).
Fiber misalignment can affect strength of the
FRP system. Anchors such as U-wraps and FRP
spike anchors will provide anchorage against
premature delamination of the FRP system.

C1.4.2

The adhesive resin may be applied using a spatula
or any other suitable method. Splicing of pre-cured
FRP laminate plates using a splice plate is not
recommended. FRP rod panels facilitate modular
construction suitable for locations with limited
access and can be spliced using a finger joint.

C1.4.3

NSM FRP systems allow for strengthening
in negative moment regions without exposure to
mechanical or abrasion damage. Compared to
other externally bonded FRP systems, NSM FRP
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prevent sufficient bonding with the FRP. The
groove shall be half-filled with adhesive resin for
NSM FRP, and the FRP rod or strip is pressed into
the groove to force the resin to flow around it and
completely fill the space between the FRP and sides
of the groove. The groove shall then be fully filled
with additional adhesive resin and the surface is
leveled.

1.5—INSPECTION, EVALUATION, AND
ACCEPTANCE

FRP strengthening is performed on structurally
deficient or damaged reinforced or prestressed
concrete bridge elements. Before a strengthening
procedure is implemented, the extent of
deficiency and suitability of FRP strengthening
shall be evaluated. Systems considered for FRP
strengthening shall be inspected by a licensed
engineer or qualified inspector knowledgeable
in FRP systems and installation procedures.
The following shall be recorded at the time of
installation:

» date and time of installation;

+ ambient temperature, relative humidity, and gen-
eral weather observations and surface tempera-
ture of concrete;

» surface dryness, surface preparation methods,
and resulting profile using the ICRI-surface-pro-
file chips;

» qualitative description of surface cleanliness;
» type of auxiliary heat source, if applicable;
+ widths of cracks not injected with epoxy;

 fiber-fabric sheets or pre-cured laminate batch
number(s) and approximate locations in the
structure;

* batch numbers, mixture ratios, mixing times, and
qualitative descriptions of the appearance of all
mixed resins, including primers, putties, satur-
ants, adhesives, and coatings mixed for the day;

» observations of progress of cure of resins;
» conformance with installation procedures;
* locationandsize ofany delaminations or air voids;

» general progress of work;

systems also have better durability under long-term
environmental exposure.

C1.5

Evaluation of moisture content or outgassing
of the concrete should be done by determining if
moisture will collect at bond lines between old
concrete and epoxy adhesive before epoxy has
cured. This may be accomplished by taping an
18 in. x 18 in. polyethylene sheet to the concrete
surface. If moisture collects on the underside of
the polyethylene sheet before epoxy would cure,
then allow concrete to dry sufficiently to prevent
the possibility of a moisture barrier between old
concrete and new epoxy (ASTM D4263).

During installation, sample cups of mixed resin
should be prepared according to a predetermined
sampling plan and retained for testing to determine
level of curing in accordance with ASTM D2583.
The relative cure of the resin can also be evaluated
on the project site by physical observation of resin
tackiness and hardness of work surfaces or hardness
of retained resin samples.

For bond-critical applications, tension adhesion
testing of cored samples should be conducted
using the methods in ACI 503R or ASTM D7522/
D7522M. The sampling frequency should be
specified. Tension adhesion strengths should exceed
200 psi and exhibit failure of the concrete substrate
(ACI 440.2R).

The necessary evaluation criteria for repair
of existing concrete structures and post-repair

evaluation criteria are well established in the
following documents:

* ACI 201.1R: Guide for Conducting a Visual In-
spection of Concrete in Service

o ACI 224.1R: Causes. Evaluation, and Repair of
Cracks in Concrete

* ACI 364.1R: Guide for Assessment of Concrete
Structures Prior to Rehabilitation
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+ level of curing of resin in accordance with ASTM
D2582; and

+ adhesion strength.

1.6—REPAIR OF DEFECTS

The repair of defects highlighted herein is
applicable only to wet-layup FRP systems. Repair
of other FRP systems shall be submitted for
approval by a licensed engineer. Small defects no
larger than '/, in. diameter do not need corrective
action unless they occur next to edges or when there
are more than five such defects in an area of 10
ft*. Small voids between '/, in.—1'/, in. in diameter
shall be repaired in accordance with ICRI 330.2 by
epoxy injection, provided the defect does not extend
the entire thickness of the laminate in multi-ply
applications.

Defects larger than 1!, in. in diameter are
considered large defects. An area of at least 1 in.
beyond the defect shall be carefully removed and
covered using an FRP patch of similar material.
The substrate shall be prepared in accordance
with Article 1.3 and the FRP material applied in
accordance with Article 1.4.1, except the patch
shall extend the lap length for the FRP material
or a minimum of 6 in. on all sides of the removed
area. These repairs are only applicable to defects in
a single ply application. Unless repair is approved
by the Engineer of Record, full replacement of FRP
system shall be carried out if large defects are found
in multi-ply FRP systems.

* ACI 440.2R: Guide for the Design and Con-
struction of Externally Bonded FRP Systems for
Strengthening Concrete Structures

* ACI 503R: Use of Epoxy Compounds with Con-
crete

* ACI 546.3: Guide to Materials Selection for
Concrete Repair

* ICRI 310.1R: Guide for Surface Preparation for
the Repair of Deteriorated Concrete Resulting
from Reinforcing Steel Corrosion

* ICRI 320.2R: Guide for Selecting and Specifying
Materials for Repairs of Concrete Surfaces

¢ NCHRP Report 609: Recommended Construc-
tion Specifications Process Control Manual for
Repair and Retrofit of Concrete Structures Us-
ing Bonded FRP Composites

Relevant specifications and guidelines provided
by FRP manufacturers should also be carefully
reviewed prior to the design of any strengthening
system.

C1.6

Based on NCHRP Report 609, defects in FRP
systems may include:
+ voids between the concrete and the FRP system,

* delamination or voids within layers of the FRP
system,

» broken or damaged edges of the FRP system,
» wrinkling or buckling of fibers and fiber tows,
 fracture of fibers, breakage in fabric,

» cracks, blisters, and peeling of the protective
coating,

 resin-starved areas with non-uniform impregna-
tion,

* under-cured or incompletely cured resin, and
* incorrect fiber orientation.

Large defects, such as debonding between
layers of multi-ply FRP systems, may require full
replacement. Depending on the size of the defect and
whether the area is critical to structural integrity, it
may be advisable to remove and re-apply the entire
FRP system (NCHRP Report 609).
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SECTION 2:

DEFINITIONS & NOTATIONS

2.1—DEFINITIONS

Definitions and terms related to the use of fi-
ber-reinforced polymeric (FRP) materials in bridge
engineering, rehabilitation, and retrofit shall be as
stipulated in ASTM D3878. Terms related to adhe-
sives shall be as specified in ASTM D907.

Definitions and terms related to highway bridge
design shall be as stipulated in AASHTO LRFD.

2.2—NOTATIONS

Variables used throughout the Guide Specifications are listed alphabetically below:

A, = area of section calculated using the gross composite concrete section properties of the
girder and the deck and the deck-to-girder modular ratio (in.?) (5.4.1)
4, = area of FRP reinforcement (in.?) (5.4.1) (5.5.2.3) (6.3.2)
A " = total cross-sectional area of the FRP spike anchors (in.?) (5.5.3.2) (6.3.4)
e = total area of FRP U-wraps for continuous anchoring from the center of flexural FRP

reinforcement toward one end (in.?) (5.5.3.1)

4, = total area of FRP U-wraps for anchoring one end of the flexural reinforcement (in.?)
(5.5.2.3)(5.5.3.1)

4, = gross area of section (in.2) (7.3.1)

Aps = area of prestressed steel tension reinforcement (in.2) (5.4.1)

A, = area of non-prestressed steel tension reinforcement (in.?) (5.4.1)

A/ = area of steel compression reinforcement (in.?) (5.4.1)

A, = total area of longitudinal steel reinforcement (in.?) (7.3.1)

a = depth of equivalent rectangular stress block (in.) (5.2.2)

b = width of the compression face of the member (in.) (5.4.1); smaller dimension of the rect-
angular member (in.) (7.3.2.1)

b, = effective web width (in.) taken as the minimum web width within the effective depth, d,
6.3.2)

. = web width (in.) (5.4.1)

c = distance from compression face to the neutral axis (in.) (5.2.2) (5.4.1)

c, = clear distance between the groove edge and beam edge for NSM FRP rods or strips
(in.) (5.5.5)

¢, = clear spacing between grooves for NSM FRP rods or strips (in.) (5.5.5)

D = external diameter of the circular member (in.) (7.3.2.1)

DC = force effects due to components and attachments (3.1.4)

D, = equivalent confined circular core diameter (in.) (7.3.2.2)

Dw = force effects due to wearing surfaces and utilities (3.1.4)

d/. = distance from compression face to the centroid of FRP reinforcement (in.) (5.4.1)
(5.4.2.1) (6.3.2)

d/s- = spike anchor diameter (in.) (5.5.3.2) (6.3.4)
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d/.v = effective depth of FRP measured from the top of FRP reinforcement to the centroid
‘ of the longitudinal reinforcement (in.) (6.3.2) (6.3.4) (6.4.2)

d, = distance from compression face to the centroid of prestressed tension reinforcement
(in.) (5.4.1) (5.4.2.1)

d, = distance from compression face to the centroid of nonprestressed tension reinforcement
(in) (5.4.2.1)

d’ = distance from compression face to the centroid of compression reinforcement (in.)
4.2

d = diameter of NSM rod (in.) (5.5.5)

d, = effective shear depth (in.) (5.5.2.3) (5.5.2.4) (6.3.3.3)
E, = modulus of elasticity of the concrete (ksi) (5.4.1)
E,

= modulus of elasticity of FRP reinforcement (ksi) (5.2.1) (5.3.2) (5.5.2.3) (6.3.2) (6.4.2)
(7.3.2.2) (7.5.2)

Efs = modulus of elasticity of FRP spike anchor (ksi) (5.5.3.2) (6.3.4)

e = eccentricity of prestressing steel (in.) (5.4.1)

f = stress in concrete at strain, ¢, (ksi) (5.2.2) (5.3.1) (7.3.2.3)

I = compressive strength of concrete for use in design (ksi) (3.1.2) (4.3.1) (5.2.1) (5.2.2)
(5.3.1) (6.3.3.3) (7.3.1)

L. = compressive strength of confined concrete (ksi) (7.3.1)

S = effective stress in FRP reinforcement (ksi) (5.4.1) (5.4.2.1) (5.5.1) (5.5.5) (6.3.2)

Srus = ultimate tensile strength of FRP spike anchor (ksi) (5.5.3.2) (6.3.4)

f = confinement pressure due to FRP strengthening (ksi) (7.3.2.2)

fps = average stress in prestressing steel at the time for which the nominal resistance of

member is required (ksi) (5.4.1)

/. = stress in the steel tension reinforcement at development of nominal flexural resis-
tance (ksi) (5.4.1) (7.3.2.3)
S = stress in the steel compression reinforcement at development of nominal flexural

resistance (ksi) (5.4.1)
7, = specified minimum yield strength of steel reinforcement (ksi) (5.3.1) (7.3.1) (7.3.2.3)
h

= overall thickness or depth of a member (in.) (C5.4.1); larger dimension of the rectan-
gular member (in.) (7.3.2.1)

h = compression flange depth (in.) (5.4.1)

h = FRP spike anchor depth (in.) (5.5.3.2) (6.3.4)

h = groove depth for NSM FRP rods or strips (in.) (5.5.5)
h = height of NSM FRP strip (in.) (5.5.5)

M = dynamic load allowance (3.1.4) (3.4)

k, = strength reduction factor applied for unexpected eccentricities (7.3.2.2)
L, = development length (in.) (5.5.1)

L, = development length for NSM FRP rods (in.) (5.5.5)

L, = development length for NSM FRP strips (in.) (5.5.5)

LL = force effects due to live loads (3.1.4)

lﬁ = splay length of spike anchor (in.) (5.5.2.4) (5.5.3.2) (6.3.4)

l, = unbraced length (in.) (7.3.2.1)

M, = cracking moment (kip-in) (5.5.2.1)

M = live load moment during FRP system application and cure (kip-in.) (3.4)
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= nominal flexural resistance (kip-in.) (5.4.2)

M, = nominal FRP flexural resistance (kip-in.) (5.4.2)

M, = nominal flexural resistance of member prior to application of FRP system (kip-in.)
34

M, = factored flexural resistance (kip-in.) (5.4.2) (5.4.2.1)

n = number of layers of FRP (5.2.1) (5.5.2.3) (6.3.2) (6.4.2) (7.3.2.2) (7.5.2)

n = number of FRP spike anchors in each row along the width of the flexural FRP
(5.5.3.2)

P, = effective prestressing force (kip) (5.4.1)

P = factored axial load resistance (kip) (7.3.1) (7.4.1) (7.5.2)

Py = spacing between FRP spike anchors along the width of the flexural reinforcement
(in.) (5.5.3.2)

R, = factored resistance of the unstrengthened member (kip-in.) (3.1.4)

r, = radius of gyration of gross cross section (in.) (5.4.1)

s, = center-to-center spacing of FRP (in.) (6.3.2) (6.3.4)

S = longitudinal spacing of spike anchors (in.) (5.5.2.4)

s = maximum permitted spacing of transverse reinforcement (in.) (6.3.3.3)

T, = nominal strength in torsion provided by the externally bonded FRP system (kip-in.)
(6.4.1) (6.4.2)

Tg = glass transition temperature (degrees F) (C4.2.5.1)

TMaxDesign = maximum design temperature (degrees F) (4.2.5.1) (4.2.7.1)

T = nominal torsional resistance (kip-in.) (6.4.1)

T = factored torsional resistance (kip-in.) (6.4.1)

2 = thickness of a single layer of FRP reinforcement (in.) (5.2.1) (5.5.1) (5.5.2.3) (6.3.2)
(6.4.2) (7.3.2.2) (1.5.2)

V. = nominal shear resistance of the concrete (kip) (5.5.2.2) (6.3.1)

v, = nominal shear strength provided by the externally bonded FRP system (kip) (6.3.1)

v = nominal shear resistance (kip) (6.3.3.2)

Vp = component of the prestressing force in the direction of the shear force (kip) (6.3.1)
(6.3.3.2)

V. = factored shear resistance (kip) (6.3.1)

4 = shear resistance provided by transverse reinforcement (kip) (6.3.1)

v, = factored shear force (kip); factored shear force at end of flexural FRP reinforcement

(kip) (5.5.2.2) (6.3)
v = shear stress (ksi) (6.3.3.3)

w, = width of FRP reinforcement (in.) (5.5.2.3) (5.5.3.2) (6.3.2) (6.3.4) (7.5.2)

w, = groove width for NSM FRP rods or strips (in.) (5.5.5)

w = thickness of NSM FRP strip (in.) (5.5.5)

X, = lesser dimension of the member (in.) (6.4.2)

Y, = larger dimension of the member (in.) (6.4.2)

() = U-wrap FRP properties (5.5.2.3)

o = stress block factor when concrete compressive strain is less than 0.003 in./in. taken

as the ratio of equivalent rectangular concrete compressive stress intensity to the
compressive strength of concrete used in design (5.2.2) (5.4.1)
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o, = angle of inclination of FRP with respect to the longitudinal axis of the member
(degrees) (6.3.2)

o = splay angle of spike anchor (degrees) (5.5.3.2) (6.3.4)

B = spike anchor installation angle (degrees) (6.3.4)

g, = compression strain in concrete (in./in.) (C5.4.1)

€, = failure strain of concrete in compression (in./in.) (5.4.1)

€ = strain in FRP reinforcement (in./in.) (C5.4.1)

€, = effective strain in FRP reinforcement (in./in.) (5.3.2) (5.5.2.3) (6.3.2) (7.3.2.2) (7.5.2)

g, = strain at FRP—concrete interface (in./in.) (5.2.1) (5.5.2.3)

€, = FRP ultimate strain (in./in.) (5.2.1) (5.3.2) (6.4.2) (7.3.2.2) (7.5.2)

g, = strain in concrete substrate at time of FRP installation (in./in.) (5.4.1)

€, = effective strain in prestressing steel (in./in.) (5.4.1)

€, = initial strain in prestressing steel (in./in.) (5.4.1)

€, = net tensile strain beyond decompression in the prestressing steel (in./in.) (5.4.1)

€, = strain in prestressing steel (in./in.) (5.4.1)

€, = specified ultimate tensile strain of prestressing steel (in./in.) (5.4.1)

g, = strain in non-prestressed steel reinforcement (in./in.) (C5.4.1)

g/ = strain in compression steel reinforcement (in./in.) (C5.4.1)

€, = yield strain of non-prestressed steel reinforcement (in./in.) (C5.4.1)

n = strain limitation coefficient that is less than unity (5.3.2)

n, = load modifier specified in AASHTO LRFD Article 1.3.2 (3.1.4)

P, = FRP shear reinforcement ratio (6.3.2)

T, = average bond strength (ksi) (5.5.5)

T, = interface shear transfer strength (ksi) (5.5.1)

= resistance factor specified in AASHTO LRFD Article 5.5.4.2 (3.2.2) (5.4.2) (6.3.1)

(6.4.1) (7.3.1) (7.5.2)

o, = 0.75, material resistance factor for concrete (7.3.2.2)

b = environmental reduction factor for FRP material (4.2.4.2) (5.4.1) (6.3.2) (6.4.2)
(7.3.2.2)

o, = environmental reduction factor for FRP—concrete bond (4.3.2.2) (5.4.1) (6.3.2) (7.5.2)

0, = FRP resistance factor (3.2.2) (5.4.2.1) (6.3.1) (6.4.1) (7.3.2.2) (7.5.2)

2.3—REFERENCES

AASHTO. AASHTO LRFD Bridge Design Specifications, 9th Ed. LRFDBDS-9. American Association of State
Highway and Transportation Officials, Washington, DC, 2020.

ASTM. D3878, Standard Terminology for Composite Materials. ASTM International, West Conshohocken, PA.

ASTM. D907, Standard Terminology of Adhesives. ASTM International, West Conshohocken, PA.
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SECTION 3:

GENERAL RE UIREMENTS
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31—DESI N ASIS

3.1.1—D (0]

Bridge elements strengthened with externally
bonded reinforcement shall be designed to achieve
the obectives of constructability, safety, and
serviceability, with regard to issues of inspectability,
economy, and aesthetics, as stipulated in AASHTO
LRFD Article 2.5.

3.1.2—M C r Sr

The provisions of these Guide Specifications
are limited to concretes with specified compressive
strength, /', not exceeding 10 ksi. For applications
on existing concrete bridge elements with a
compressive strength greater than 10 ksi, the
analysis shall be based on limiting the concrete
compressive strength to 10 ksi.

313—FR D r r

FRP samples shall be tested according to
ASTM D3039/D3039M standard practice. The

3-1

C3.1.1
The resistance criteria in these Guide
Specifications were developed using modern

principles of structural reliability analysis, which
are consistent with those on which AASHTO LRFD
is based. Structural reliability analysis takes the
uncertainties in concrete, steel, and FRP material
strengths and stiffnesses into account using
rational statistical models of these key engineering
parameters. The factored resistance and factored
loads used in these checks are consistent with
those found in customary engineering practice to
facilitate their use in practice and to minimi e the
likelihood of misinterpretation.

These Guide Specifications are intended to apply
onlytoconcrete bridge elements and components that
have minimum strength requirements established
in Article 3.1.4 prior to strengthening by externally
bonded FRP reinforcement. If such a minimum
cannot be shown by analysis or test to exist, the
behavior of the strengthened member will depend
almost entirely on the performance of the FRP
reinforcement; if the field application of the FRP is
deficient or if the bridge is accidentally overloaded,
damage or failure may occur without warning. The
limitation on strength prior to strengthening is
intended to minimi e the likelihood of occurrence
of such damage or failure.

C3.1.3

The gross FRP system area should be used
in determining the design tensile properties
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design value of the strength or the failure strain of
the FRP reinforcement used for strengthening shall
be computed in accordance with ASTM D7290
standard practice. For wet-layup FRP systems,
the average ply thickness of the test specimens, as
calculated according to ASTM D3039/D3039M,
shall be used as the design FRP thickness.

3. —Sr R r

The provisions of these Guide Specifications
shall apply to concrete bridge elements for which
the factored resistance satisfies the following
requirement:

R 2n,[(DC+DW)+(LL+IM)] (.1.4-)

where:

DC = force effects due to component and
attachments

DW = force effects due to wearing surfaces and
utilities

IM = dynamic load allowances

LL = force effects due to live loads

R = factored resistance of the unstrengthened
member calculated in accordance with
AASHTO LRFD Section 5 and these
Guide Specifications

n, = load modifier specifiedin AASHTO LRFD
Article 1.3.2

3.2— IMIT STATES

Structural members shall satisfy AASHTO
LRFD Equation 1.3.2.1-1 for each limit state, unless
otherwise specified.

The load factor, ,in AASHTO LRFD Equation
1.3.2.1-1 shall be as defined in AASHTO LRFD
Tables 3.4.1-1, 3.4.1-2, and 3.4.1-3.

321—Sr S

Structural members shall satisfy AASHTO
LRFD Equation 1.3.2.1-1 for the applicable
combinations of factored force effects, as specified
at each of the following service limit states:

when tested according to ASTM D3039/D3039M
specifications.

C3.1.

In cases where FRP is being considered for
concrete bridge elements that may be sub ected
to force effects in addition to those identified in
Equation 3.1.4-1 (e.g., Hori ontal Earth Pressure
EH , Vertical Earth Pressure EV ), consideration
should be given to determine reasonable strength
requirements for the unstrengthened bridge element
prior to FRP application.

C3.2

These Guide Specifications apply to Strength
limit states I, II, III, IV and V; Service limit states
I, 111, and IV; Extreme Event limit states I and II;
and the Fatigue limit state, as defined in AASHTO
LRFD Article 3.4.

C3.21

Service limit states customarily are defined by
restrictions on stress, deformation, and crack width
under regular service conditions. Compression in
prestressed concrete components and tension in
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* Service —Load combination relating to the
normal operational use of the bridge with a 70-
mph wind and all loads taken at their nominal
values.

» Service [II—Load combination for longitudinal
analysis relating to tension in prestressed
concrete superstructures with the objective of
crack control and to principal tension in the webs
of segmental concrete girders.

» Service [V—Load combination relating only to
tension in prestressed concrete columns with the
objective of crack control.

3.2.2—Strength Limit States

Structural members of a bridge shall satisfy
AASHTO LRFD Equation 1.3.2.1-1 for the
applicable combinations of factored extreme force
effects, specified as follows:

» Strength [—Basic load combination relating to
the normal random vehicular use of the bridge
without wind.

» Strength II-—Load combination relating to the
use of the bridge by Owner-specified special
design vehicles, evaluation permit vehicles, or
both without wind.

» Strength III-—Load combination relating to the
bridge exposed to the design wind speed at the
location of the bridge.

» Strength [V—Load combination emphasizing
dead load force effects in bridge superstructures.

» Strength V—Load combination relating to
normal random vehicular use of the bridge with
wind of 80 mph velocity.

The resistance factors, ¢, shall be as defined
in AASHTO LRFD Article 5.54.2. The
FRP resistance factors, ¢, shall be taken as:

prestressed bent caps are investigated using the
Service I load combination. The Service III limit
state load combination is used to investigate tensile
stresses in prestressed concrete components.

The AASHTO LRFD Service II limit state load
combination is not applicable to concrete bridge
structures reinforced with FRP systems as it is only
applied to steel structures.

The live load specified in AASHTO LRFD reflects
current exclusion weight limits mandated by various
jurisdictions. Vehicles permitted under these limits
were in service for many years prior to 1994, when the
first AASHTO LRFD Bridge Design Specifications
were published. For longitudinal loading, there is
no nationwide evidence that these vehicles have
caused cracking in existing prestressed concrete
components. The 0.80 factor on live load in the Service
III combination reflects the fact that the event is
expected to occur about once a year for bridges
with two traffic lanes, less often for bridges with more
than two traffic lanes, and about once a day for bridges
with a single traffic lane. The Service I limit state load
combination should be used for checking tension related to
transverse analysis of segmental concrete girders.

C3.2.2

Design for strength limit states ensures that local
and global strength and stability are provided to
resist the specified load combinations that a bridge
is expected to experience in its design life. The
background for the load combination requirements
in AASHTO LRFD is presented in Nowak (1993).
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For tension-controlled reinforced or prestressed
concrete sections: 1.00

For shear in reinforced or prestressed concrete
sections: 0.85

For torsion in reinforced or prestressed concrete
sections: 0.65

For compression-controlled sections with spirals
or ties: 0.65

For axial tension in reinforced concrete sections:
0.50

323—E r E S

Structural members of a bridge shall satisfy
AASHTO LRFD Equation 1.3.2.1-1 for the
applicable combinations of factored extreme force
effects as specified at each of the following:

Extreme Event [—Load combination including
earthquake.

Extreme Event [I—Load combination relating
to ice load, collision by vessels and vehicles,
check floods, and certain hydraulic events with a
reduced live load other than that which is part of
the vehicular collision load.

3.2. —F S

Structural ~ members, connections, and
components of a bridge shall satisfy AASHTO
LRFD Equation 1.3.2.1-1 for the Fatigue I limit-state
load combination, the load combination related to
infinite load-induced fatigue life.

C3.2.3

Consideration of extreme event limit states is
aimed at ensuring that the bridge structure survives
a ma or earthquake or flood, collision from a vessel
or heavy vehicle, ice floe, or possible foundation
scour.

C3.2.

The fatigue limit states place restrictions on
stress range resulting from a single design truck
occurring at the number of expected stress range
cycles. Concrete bridge structures are designed to
provide a theoretically infinite fatigue design life.

The load factor for the Fatigue 1 load
combination applied to a single design truck having
the axle spacing specified in AASHTO LRFD
Article 3.6.1.4.1 reflects load levels found to be
representative of the maximum stress range of the
truck population. The Fatigue II limit state load
combination is not applicable to concrete bridge
structures reinforced with FRP systems as it is not
generally applicable to concrete components and
connections.
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3.3—LOADS AND LOAD COMBINATIONS
3.3.1—Loads

The loads defined in AASHTO LRFD Article
3.3.2 and characterized in AASHTO LRFD Articles
3.5 through 3.15 shall be applied for designing
reinforced and prestressed concrete highway bridge
members strengthened with externally bonded FRP
reinforcement.

3.3.2—Load Combinations

The load combination requirements shall be
determined in accordance with AASHTO LRFD
Article 3.4.

3.3.3—Bridge Load Ratings and Evaluation

Bridge evaluations shall be performed using
the evaluation criteria stipulated in the AASHTO
Manual for Bridge Evaluation, Third Edition, 2018
(MBE). MBE Equation 6A.4.2.1-1 shall be used in
determining the load rating of each component and
connection subjected to a single force effect (i.e.,
axial force, flexure, or shear).

The load rating shall be carried out for each
applicable limit state with the lowest value
determining the controlling rating factor. Limit
states and load factors for load rating shall be
selected from MBE Table 6A.4.2.2-1. Interaction
of load effects (e.g., axial-bending interaction or
shear-bending interaction) shall be considered in
developing the rating as provided in the MBE under
the sections on resistance of structures.

C3.3.1

The loads required for the design and evaluation
of concrete bridge structures reinforced with FRP
systems are classified in AASHTO LRFD as
permanent and transient loads.

C3.3.3

Bridge load ratings are performed for specific
purposes, such as NBI and BMS reporting, local
planning and programming, determining load
posting or bridge strengthening needs, and overload
permit review. Live load models, evaluation criteria,
and evaluation procedures are selected based upon
the intended use of the load rating results. Live load
models used in evaluation are comprised of the
design live load, legal loads, and permit loads.

Strength is the primary limit state for load rating;
service and fatigue limit states are selectively
applied in accordance with the provisions of the
MBE. Live load models for load rating include:

* Design Load—HL-93 design load per AASHTO
LRFD

* Legal Loads—(1) AASHTO legal loads, as
specified in MBE Article 6A.4.4.2.1a, and (2) the
notional rating load as specified in MBE Article
6A.4.4.2.1b or state legal loads.

e Permit Load—Actual permit truck

Bridges that do not satisfy the HL-93 design
load check should be evaluated for legal loads in
accordance with the provisions of MBE Article
6A.4.5 to determine the need for load posting
or strengthening. Legal loads for ratings given
in MBE Article 6A.4.4.2.1a that model routine
commercial traffic are the same family of three
AASHTO trucks (Type 3, Type 3S2, and Type
3-3) used in current and previous AASHTO

© 2023 by the American Association of State Highway and Transportation Officials.

Full document details: AASHTO FRPS-2-2023

All rights reserved. Duplication is a violation of applicable law.

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aashto-frps-2-2023
http://www.avadocuments.com/doc/aashto-frps-2-2023

GuipE SPECIFICATIONS FOR DESIGN oF BoNDED FRP SysteEms FOR REPAIR

3-6

AND STRENGTHENING OF CONCRETE BRIDGE ELEMENTS, SEconDd EbiTion

3. — 1T E OAD IMITS D RIN FR
A ICATION AND C RE

The maximum permissible live load moment
during FRP flexural strengthening application and
cure is limited to 0.5M .

The bridge or traffic lane over which the FRP
flexural strengthening system is being applied, need
not be closed or posted if the following condition is
satisfied:

evaluation manuals. The single-unit legal load
models given in MBE Article 6A.4.4.2.1b represent
the increasing presence of Formula B multi-axle
speciali ed hauling vehicles in the traffic stream in
many states.

C3.

The limits are based on studies by Barnes and
Mays (2001), Reed et al. (2005) and Wang et al.
(2013). If the live load limit of Equation 3.4-1 is
not satisfied, especially in the case of girders, the
following options may be investigated: (a) bridge
closure, (b) lane closure over member being
retrofitted, (c) load post bridge/lane, (d) brace or

support member being retrofitted.

0.5M,, >(1+IM)M,,, (3.4-1)

where:

IM = dynamic load allowance
M,, =live load moment during FRP system
application and cure (kip-in.)
M = nominal flexural resistance of member prior
C to application of FRP system (kip-in.)
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MATERIAL & BOND REQUIREMENTS

Full document details: AASHTO FRPS-2-2023

4.1—SCOPE

This Section defines the requirements for
externally bonded FRP composite material systems
intended for use for repair and strengthening of
concrete bridge elements.

4.2—MATERIAL REQUIREMENTS
4.2.1—Material Acceptability

The contractor shall submit for approval evidence
of acceptable quality control procedures followed
in the manufacture of the composite reinforcement
system. The quality control procedure shall
include, but not be limited to, specifications for
raw material procurement, the quality standards for
the final product, in-process inspection and control
procedures, test methods, sampling plans, criteria
for acceptance or rejection, and record keeping
standards.

4.2.2—Material Content

The contractor shall furnish information
describing the fiber, matrix, and adhesive systems
intended for use as reinforcing materials that is
sufficient to define their engineering properties.
Descriptions of the fiber system shall include
the fiber type, percent of fiber orientation in each
direction, fiber volume, and fiber surface treatments.
Where required by the Engineer of Record, the
matrix and the adhesive shall be identified by their
commercial names and the commercial names
of each of their components, along with their
weight fractions with respect to the resin system.

4.2.3—Material Testing

The contractor shall submit for approval test
results that demonstrate that constituent materials
and the composite system are in conformance
with the physical and mechanical property values
stipulated by the Engineer of Record. These
tests shall be conducted by a testing laboratory
approved by the Engineer of Record. For each
property value, the batches from which test
specimens were drawn shall be identified and the
number of tested specimens from each batch, the
mean value, the minimum value, the maximum

© 2023 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.

4-1

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aashto-frps-2-2023
http://www.avadocuments.com/doc/aashto-frps-2-2023

GuiDE SPECIFICATIONS FOR DESIGN oF BoNDED FRP SysteEmS FOR REPAIR

42

AND STRENGTHENING OF CONCRETE BRIDGE ELEMENTS, Seconp Ebition

value, and the coefficient of variation shall be
reported. The minimum number of tested samples
shall be ten.

The environmental exposure category of the
FRP material shall be determined as follows:

Environmental ~ Exposure Category  A:
Environmental Exposure Category A shall
apply to overpass bridges and bridges over dry
surfaces. Exposure to periodic rain or seasonal
de-icing agent spray fall in this category.

Environmental ~ Exposure  Category  B:
Environmental Exposure Category B shall apply
to bridges that are continuously or frequently in
contact with water or located in high moisture
environments. Bridges located in coastal regions,
over waterways, or near water bodies fall in this

category.
2. 2—E r R d
F r rFR M r

For non-bond-critical FRP retrofit designs, the
ultimate stress and strain for the FRP material shall
be modified by the FRP material environmental
reduction factor, ¢, ,, provided in Table 4.2.4.2-1.

For bond-critical designs, the environmental
reductions factors based on the FRP—concrete bond
are provided in Article 4.3.2.

T 2. 21—E r Rd
F r rFR M r
¢EM
FRP Material Environmental
Exposure Category
A B
CFRP Fabric 0.85 0.80
CFRP Pultruded Laminate 0.95 0.90
GFRP Fabric 0.75 0.65

The environmental exposure categories and the
corresponding environmental reduction factors,
¢,,, in Table 4.2.4.2-1, are based on statistical
analysis of experimental tests conducted on test
specimens in accordance with ASTM D3039/
D3039M or similar standard tests (NCHRP Report
20-07/Task 428).

Environmental Exposure Category A is for
bridges in relatively moisture-free environments
while Environmental Exposure Category B is for
bridges in relatively high-moisture environments.

When FRP material is continuously sub ected
to more specific environmental exposures (e.g.,
different chemicals, free ing) in addition to the
ones listed in Article 4.2.4.1, material tests should
be performed to determine the environmental
reduction factors.

C .2. .2

The strength of GFRP fabric has been found to
degrade when exposed to Alkaline environments
(NCHRP Report 20-07/Task 428). If GFRP fabric
is used in an Alkaline environment, it should be
considered as a separate environmental exposure
category with ¢, = 0.20 (NCHRP Report 20-07/
Task 428).

Other environmental exposures and reduction
factors are presented in NCHRP Report 20-07/
Task 428, such as a ¢,,, = 0.55 for CFRP fabric
continuously exposed to moisture and susceptible
to free ing or free e—thaw.
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4.2.5—Other Material Requirements

When cured under conditions identical to those
of the intended use, the composite material system
as well as the adhesive system, if used, shall
conform to the following requirements.

4.2.5.1—Glass Transition Temperature

The characteristic value of the glass transition
temperature of the composite system, determined
in accordance with ASTM E1640, shall be at least
40degreesF higher than the maximum design
temperature, 7 defined in Article 3.12.2.2 of

MaxDesign’

AASHTO LRFD.

4.2.5.2—Moisture Equilibrium Content

The average value and coefficient of variation
of the moisture equilibrium content determined
in accordance with ASTM D5229/D5229M shall
not be greater than two percent and ten percent,
respectively. A minimum sample size of ten shall
be used in the calculation of these maximum values.

4.2.5.3—Additional Requirements

The FRP strengthening system should retain 85
percent of its strength following exposure to the
conditions identified in Table 4.2.5.3-1, when tested
according to ASTM D3039/D3039M.

C4.2.5.1

The glass transition temperature, T, is the
approximate temperature value or temperature
range at which the matrix changes from a glassy to
arubbery state. Above T, the composite softens and
loses its mechanical properties (Zureick and Kahn
2001). In addition, it is to be noted that Tg decreases
as the moisture content in the composite increases.

C4.2.5.2

The diffusion of moisture into organic polymers
results in pronounced changes in mechanical,
chemical, and thermophysical properties of
practically all composite reinforcing systems. All
organic matrix systems and organic reinforcing
fibers absorb moisture to a certain degree. While
both glass and carbon fibers are considered to be
impervious to moisture absorption, aramid fibers
absorb more moisture than many matrix systems.
In all cases when moisture migrates through the
matrix system and ultimately reaches the fiber—
matrix interface, adhesion of the matrix system to
the fibers becomes weak and the structural integrity
of the composite system degrades.

C4.2.5.3

The physical and mechanical properties of FRP
materials and of the concrete structure reinforced
with an externally bonded reinforced system are
sensitive to various environmental conditions that
can affect one or more of the following:

* Chemical or physical changes in the polymeric
matrix, or both.

» Loss of bond at the fiber—matrix interface and at
the FRP—concrete interface.

o Strength and stiffness degradation of the
reinforcing fibers.

The durability requirements in Article 4.2.5.3
are based on those developed for CALTRANS
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Table 4.2.5.3-1—Environmental Test (Steckel et al., 1999; Hawkins et al., 1999), for
Requirements GDOT (Zureick, 2002) and those recommended by

Exposure | Specifi- | Test Condition | Test ICRI'330.2 (2016) and AASHTO M 337.
Condition cation Dur- Cycle No. 1 UV exposure condition uses UV
ation A-340 lamps that simulate direct solar radiation
Water ASTM 100% RH at 3,000 and have negligible UV output below 300nm,
D2247, | 100+3degreesF | hours considered to be the “cut-on” wavelength for
ASTM terrestrial sunlight.
E104
Saltwater ASTM Immersed at 3,000
C581, 73+2degreesF | hours
ASTM
D1141
Alkali ASTM Immersed 3,000
C581 in a solution hours
of calcium
hydroxide
(pH ~12) at
73+3 degreesF
Dry heat ASTM 140+ 5degreesF | 3,000
D3045 hours
Ultraviolet ASTM Cycle 1 (UVA- | 3,000
light G154 340 lamp): hours
8hUV at
140+5degrees F
with
4 h condensation
at
122+ 5degrees F
Cyclic ASTM Cycle 5: 375
weathering G153 4hlight at cycles
145+ 5 degrees F
with 4hlight and
water spray
Freeze— AASHTO Lower 3,000
thaw T 161 temperature of | cycles
(ASTM | specimens from
C666) 40 to O degrees F
and raise it from
0 to 40 degrees F
in not less than
2 nor more than
5 h.
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4.2.6—Impact Tolerance

Where impact tolerance is stipulated by the
Engineer of Record, the stipulated impact tolerance
shall be determined by ASTM D7136/D7136M.

4.2.7—Adhesive Requirements

When adhesive material is used to bond the FRP
reinforcement to the concrete surface, the following
requirements shall be met.

4.2.7.1—Adhesive Glass Transition
Temperature

After conditioning in the environments
stipulated in Article 4.2.5.3, the characteristic value
of the glass transition temperature of the adhesive
material determined in accordance with ASTM
E1640, shall be at least 40 degrees F higher than the

maximum design temperature, 7’ MaxDesign’ defined in

AASHTO LRFD Article 3.12.2.2.

4.3—BOND REQUIREMENTS

4.3.1—Adhesive Bond Strength

After conditioning in the environments
stipulated in Article 4.2.5.3, the bond strength (ksi),

determined by tests specified by the Engineer of

Record, shall be at least 0.2 ksi or 0.065 /f ,
c

whichever is greater. For NSM FRP, the bond strength
shall be at least 1.0 ksi.

4.3.2—Environmental Exposure

4.3.2.1—Environmental Exposure
Categories

Environmental Exposure Categories A and B
for FRP—concrete bond shall be determined in
accordance with Article 4.2.4.1.

C4.2.6

Impact tolerance may be stipulated for members
subject to impact, e.g., floating debris impacting
a river pier or pile strengthened with externally
bonded FRP.

C4.3.1

The bond strength limit of 0.065 \/70 is based
on tests conducted by Naaman (1999) on reinforced
concrete beams strengthened with externally
bonded FRP reinforcement.

Pull-off tests, such as ASTM D7522/D7522M,
should be applied to surface bonded FRP material.
For NSM FRP, pull-out testing on specimens similar
to the one developed by De Lorenzis et al. (2002),
or as recommended by the Engineer of Record,
should be carried out. The bond strength limit of 1.0
ksi is based on the review of published research by
Hassan and Rizkalla (2003).

C4.3.2.1

The environmental exposure categories and the
corresponding environmental reduction factors, ¢,
in Table 4.3.2.2-1 are based on statistical analysis of
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322—E r Rd
F r r FR C r d

The environmental reduction factor for the FRP—
concrete bond, ¢, is applicable to the interface
strain for bond-critical FRP applications. The
effective strain at the FRP—concrete interface shall
be modified using the environmental reduction
factor for the FRP—concrete bond, ¢, provided in
Table 4.3.2.2-1.

T 3221—E r Rd
F r rFR C r d
o
FRP material Environmental
Exposure Category
A B
CFRP Fabric/Prepregs 0.75 0.60
CFRP Pgltruded 0.65 0.45
Laminate
GFRP Fabric 0.75 0.60
Epoxy
NSM Adhesive 0.90 0.80
FRP | Cementitious
Adhesive 0.50 0.50

For environmental exposures other than the
ones in Article 4.3.2, the Engineer of Record shall
stipulate the value of ¢, based on experimental data
for the materials specified, and this value shall be
provided in the contract documents.

. —REFERENCES

experimental tests conducted on beam specimens,
and single- and double-lap shear specimens
(NCHRP Report 20 07/Task 428).

When FRP-concrete bond is continuously
sub ected to more specific environmental exposures
(e.g., different chemicals, saturated at elevated
temperatures, continuous free ing) in addition to
the ones listed in Article 4.2.4.1, bond tests should
be performed to determine the environmental
reduction factors.

C 3.2.2

Other environmental exposures and reduction
factors are presented in NCHRP Report 20-07/
Task 428, such as a ¢, = 0.45 for specimens
exposed to hygrothermal conditions where they are
continuously submerged in a liquid medium (water/
saltwater/alkaline solution) at elevated temperatures
greater than or equal to 104 degrees F. A ¢, = 0.45 is
also derived for exposures to free ing temperatures
where CFRP fabric specimens are continuously
sub ected to temperatures less than or equal to 0
degrees F.

AASHTO. AASHTO LRFD Bridge Design Specifications, 9th Ed. LRFDBDS-9. American Association of State
Highway and Transportation Officials, Washington, DC, 2020.
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SECTION 5:

MEMBERS UNDER FLE URE

.1— ENERA RE IREMENTS

The factored resistance of structural members
sub ected to flexure shall equal or exceed the
required strength calculated for the factored loads
and forces in combinations stipulated by these
Guide Specifications.

Except where specifically provided below, all
provisions of AASHTO LRFD shall apply.

.2—DESI N ASS M TIONS

The calculation of the strength of reinforced
concrete members externally reinforced with
FRP materials shall be based on the following
assumptions:

The distribution of strains over the depth of
the member is linear and conditions of force
equilibrium and strain compatibility are satisfied.

Perfect bonding exists between the reinforcing
steel and the concrete, and the FRP reinforcement
and the concrete.

The contribution of tension stresses in the
concrete to flexural strength is neglected.

The stress—strain behavior for FRP reinforcement
is linear-elastic to the point of failure.

The stress—strain behavior of steel reinforcement
is bilinear, with elastic behavior up to yielding
and perfectly plastic behavior thereafter.

The maximum usable compression strain in the
concrete is equal to 0.003 (in./in.).

20FR C r I r Sr

Depending on the type of FRP reinforcement
application, the maximum usable strain at the FRP—
concrete interface, € shall be taken as:

Externally bonded FRP fabric and precured FRP
laminate

o,<¢g.<0.6¢
fT Ju (5.2.1-1)

The strength in flexure of a reinforced concrete
member that has been additionally reinforced by
an externally bonded FRP plate is derived from
the classic Bernoulli—-Navier hypothesis that plane
sections remain plane and perpendicular to the
neutral axis during flexure. The stresses on the
section can be determined from the constitutive
relations for the concrete, reinforcing steel, and
FRP reinforcement, and the flexural strength at any
section is determined from requirements for axial
force and moment equilibrium at that section.

C .21

The minimum strains depend on the type of FRP
reinforcement, and are conservative estimates based
on failures observed in experimental test data.

The use of FRP U-wraps and FRP spike anchors
to anchor flexural FRP reinforcement, such as
externally bonded FRP fabric and precured FRP
laminates, has been shown to increase the strain at
which failure occurs at the FRP—concrete interface.

The maximum strain limits are based on
experimental data where, depending on the type of
FRP strengthening, rupture failure was observed at
values less than those predicted by material testing.
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; Equation 5.2.1-2 is a modified form of the

/.

e . =0.045 (5.2.1-2) one proposed by Teng et al. (2003) and provides
ﬁ . . . . .
nkE ft ; conservative failure load estimates based on
experimental test data.
in which: The limit on the axial stiffness per unit width
(Equation 5.2.1-3) of 1,900 kip/in. is based on a
nk ¢, 1,900 kip/in. limited set of experimental data (NCHRP Report

(5:2.1-3) 20-07/Task 428).

The FRP properties should be based on test
data in accordance with ASTM D3039/D3039M
as outlined in Articles 3.1.3 and C3.1.3. For wet-
layup FRP systems, the average ply thickness of the
test specimens, as calculated according to ASTM
D3039/D3039M, should be used as the design FRP
thickness.

In order to reach the strain limits provided in

0.004 in./in. for partial or no anchors - i
Equation 5.2.1-4, anchoring of the flexural FRP

o, = 10.006 %n./?n. for U-wrap . anchors should be carried out as detailed in Article 5.5.3.
0.007 in./in. for FRP spike anchors Use of anchors less than those stipulated under
(5.2.1-4) Article 5.5.3 should be considered as partial
anchors.
NSM FRP rods

0.006 in./in. 30.88}””
0.40¢ ;, <0.008 in./in.
(5.2.1-5)

€, = larger of

NSM FRP strips
0.007 in./in. <0.8¢,

&, = larger of o
0.45¢ ;, <0.009 in./in.

(5.2.1-6)
where:
E, modulus of elasticity of FRP reinforcement
(ksi)
f.' = compressive strength of concrete for use in
design (ksi)
n = number of layers of FRP
t, = thickness of a single layer of FRP
reinforcement (in.)
¢, = strain at FRP-concrete interface (in./
‘ in.)
g, = FRP ultimate strain (in./in.)
5.2.2—Concrete Stress Distribution C5.2.2
When concrete compressive strain is 0.003 (in./ The nominal resistance of FRP-strengthened
in.) under conditions of force equilibrium, it is concrete members will most likely be governed by
permitted to model the distribution of concrete stress debonding of FRP at the FRP—concrete interface
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in compression as having a uniform stress of 0.85
/., over a depth a = B¢, in which c is the distance
from compression face to the neutral axis and B, is
the stress block factor specified in AASHTO LRFD
Article 5.6.2.2.

When concrete compressive strain is less than
0.003 (in./in.) under conditions of force equilibrium,
the concrete compression stress distribution shall be
modeled according to the following equations:

fc:a1ffc‘

(5.2.2-1)
in which:

a,, =0.75 for 2.5 ksi < £ <5ksi (5.2.2.-2)

a, =0.75-0.05x( £, -5)

, (5.2.2-3)
for 5 ksi <f, <10 ksi
where:
Jf, = stress in concrete (ksi)
o, = stress block factor when concrete

compressive strain is less than 0.003 in./in.
taken as the ratio of equivalent rectangular
concrete compressive stress intensity to
the compressive strength of concrete used
in design

5.3—SERVICEABILITY AND FATIGUE
LIMIT STATES

5.3.1—Serviceability Stresses

Subjected to the Serviceability load combination
specified in Article 3.4.1 of AASHTO LRFD, the
compressive stress in the concrete, f, and the tensile
stress in the steel reinforcement, f,, of reinforced
concrete members shall meet the following
requirements:

£<06f

(5.3.1-1)

£, <08/,

(5.3.1-2)

prior to the concrete compressive strain reaching
0.003 (in./in.) in the outermost concrete fiber in
compression. When the compressive strain in the
extreme fiber of the concrete is less than 0.003
(in./in.) at force equilibrium, the AASHTO LRFD
equivalent rectangular concrete compressive
stress block (AASHTO LRFD Article 5.6.2.2)
may no longer describe the compression resultant
in the concrete accurately, and a more exact
representation of the distribution of concrete
stress in the compression zone is required.

The stress block represented in Equations
5.2.2-1, 5.2.2-2, and 5.2.2-3 is able to represent
the concrete stress distribution when the
compressive strain in the extreme fiber of the
concrete is less than 0.003 in./in. It has a uniform
compressive block that extends from the neutral
axis (zero strain) to the outermost concrete fiber in
compression, and is applicable to both rectangular
sections as well as T-sections. The validation of
the concrete stress block is presented in NCHRP
Report 20-07/Task 428.

As per AASHTO LRFD Article 5.6.2.2, for
sections that consist of a beam with a composite
slab of different concrete strength, and the
compression block includes both types of concrete,
it is conservative to assume the composite beam to
be of uniform strength at the lower of the concrete
strengths in the flange and web. If a more refined
estimate of flexural capacity is warranted, a more
rigorous analysis method should be used.

Cs5.3.1

Limiting the stress of the steel reinforcement
under service load to 80 percent of the yield
stress, and the compressive stress of concrete to
0.6/ is equivalent to the recommendation of ACI
Committee 440 (ACI 440.2R). The limitation in
steel stress is based on the analytical work of El-
Tawil et al. (2001).

Service stress checks for prestressed concrete
members should be carried out as prescribed in
Article 59.2.3.2 in AASHTO LRFD, and any
variations approved by the Engineer of Record.
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5.3.2—Fatigue Stresses

Subjected to the fatigue load combination
specified in Article 3.4.1 of AASHTO LRFD, the
stress in the FRP reinforcement, ff, shall meet the
following requirements:

T]E € U

S, <lesser of S (5.3.2-1)
ke,

where:
E, = modulus of elasticity of FRP reinforcement
' (ksi)

g, = effective strain in FRP reinforcement (in./

‘ in.)

g, = FRP ultimate strain (in./in.)

= strain limitation coefficient that is less
than unity

The Engineer of Record shall stipulate the value
of n based on experimental data for the materials
specified, and this value shall be provided in the
contract documents. In the absence of such data,
a value of n = 0.55, 0.30, and 0.20 shall be used
for carbon, aramid, and glass fiber reinforcement,
respectively.

5.4—STRENGTH LIMIT STATES

The following assumptions may be used for
normal-weight concrete with design compressive
strength up to 10 ksi.

5.4.1—Stress in Reinforcement at Nominal
Flexural Resistance

For rectangular or flanged sections with bonded
tendons utilizing seven-wire low relaxation
prestressing strands subjected to flexure about one
axis, where the approximate stress distribution in
Article 5.2.2 is used, and for which fpe is not less
than O.SfPu, the average stress in the prestressing
steel may be taken as:

For 270 ksi strand:

28,500¢ , fore, <0.0086

= 0.04
fps 270 -———— fore > 0.0086
g, —0.007 7

(5.4.1-1)

C5.3.2

Stress limits on the FRP reinforcement are
placed to avoid creep-rupture of the reinforcement.
Polymer composites reinforced with carbon
fibers are less susceptible to creep-rupture than
those reinforced with glass or aramid fibers. The
recommended strain reduction factors of 0.55, 0.30,
and 0.20 are based on the recommendation of the
ACI Committee 440 (ACI 440.2R).

As the design is often governed by the service
limit state, FRP strains at the Service I load
combination are sufficiently low that creep-rupture
of the FRP is typically not of concern.

The effective strain in the FRP reinforcement
should be based on Equation 5.4.1-6.

C5.4.1

The information provided for prestressed
components with bonded tendons utilizing seven-
wire low relaxation prestressing strands is based
on the PCI Bridge Design Manual (2014). For
bonded high-strength bars and unbonded sections,
the appropriate stress—strain relationship should be
used.
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For 250 ksi strand:

28,500¢ , fore, <0.0076
.04
250— 0.0

g, —0.0064

I = fore, > 0.0076

(5.4.1-2)

The strain in the prestressing steel, €0 is
determined using strain compatibility.

2
e
e
1+r—2 +8pn

c ¢ g

8ps=8pe+

(5.4.1-3)

The depth to the neutral axis, ¢, is determined
using the following equation:

For T-section behavior:

c= Apsfps + Asf; + Afffe _A;f: B alfﬂ(b _bw)hf
a‘lff;’bmf
(5.4.1-4)

For rectangular section behavior, b  shall be
taken as b in Equation 5.4.1-4.

The internal strain and corresponding stress
distribution within a prestressed T-section under
flexure at the ultimate limit state is shown in
Figure C5.4.1-1.

T-Section

airf, ds
> )
T
% |
C 7 aiffe (b- bw) by
C,=aiffebe
) Tp.v: j:ns Apx
T= 1 4s
Strain Stress Force

Figure C5.4.1-1—Internal strain and stress distribution within a prestressed T-section under flexure at

the ultimate limit state

The effective stress in the non-prestressed
reinforcement shall be taken as defined in Article
5.6.2.1 of AASHTO LRFD.

The effective stress in the FRP reinforcement
shall be taken as:

Jr=Esey (5.4.1-5)
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in which the effective strain in the FRP
reinforcement is given by:

g, = lesserof ¢ ¢, | ———-¢

AC

b, O.6afu
(I)Eisfi

(5.4.1-6)

where:

= Area of section calculated using the gross

composite concrete section properties of
the girder and the deck and the deck-to-
girder modular ratio (in.?)

= area of FRP reinforcement (in.?)

The effective strain in the FRP reinforcement is
governed by either the strain at the FRP—concrete
interface at debonding from the concrete substrate,
the strain in the FRP at concrete crushing, the strain
at which the FRP ruptures, or the strain in the FRP
at prestressing steel rupture.

For Grade 270 ksi and 250 ksi seven-wire low
relaxation prestressing strands, €, should be taken
as 0.035 in./in. This is based on an ACI Committee
440 recommendation (ACI 440.2R).

The environmental reduction factors for the FRP
material and FRP—concrete bond are defined in
Articles 4.2.4 and 4.3.2, respectively.
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A; =area of prestressed steel tension
reinforcement (in.?)

A, area of non-prestressed steel tension
reinforcement (in.?)

Al area of steel compression reinforcement
(in.%)

b width of the compression face of the
member (in.)

b, = web width (in.)

¢ = distance from compression face to the
neutral axis (in.)

d/ distance from compression face to the
centroid of FRP reinforcement (in.)

dp distance from compression face to
the centroid of prestressed tension
reinforcement (in.)

E, modulus of elasticity of the concrete
(ksi)

e = eccentricity of prestressing steel (in.)

f. = effective stress in FRP reinforcement
(ksi)

fm average stress in prestressing steel at the
time for which the nominal resistance of
member is required (ksi)

/. stress in the steel tension reinforcement at
development of nominal flexural resistance
(ksi)

f, stress in  the steel compression
reinforcement at development of nominal
flexural resistance (ksi)

h, = compression flange depth (in.)
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= effective prestressing force (kip)

r, = radius of gyration of gross cross section
(in.)
o, = stress block factor when concrete

compressive strain is less than 0.003 in./in.
taken as the ratio of equivalent rectangular
concrete compressive stress intensity to
the compressive strength of concrete used
in design (defined in Article 3.2.2)

¢, = failure strain of concrete in compression
(in./in.)

€, = FRP ultimate strain (in./in.)

., = strain in concrete substrate at time of FRP

installation (in./in.) (5.4.1)

€, = effective strain in prestressing steel (in./
in.)

£, = initial strain in prestressing steel (in./
in.)

g, = net tensile strain beyond decompression in
the prestressing steel (in./in.)

£, = strain in prestressing steel (in./in.)

= specified ultimate tensile strain of
prestressing steel (in./in.)
¢,,, = environmental reduction factor for FRP
material
¢,, = environmental reduction factor for the
FRP—concrete bond

pu

5.4.2—Factored Flexural Resistance

The calculation of the factored flexural
resistance in rectangular and flanged sections shall
be carried out in accordance with AASHTO LRFD
Article 5.6.3.2. The approximate concrete stress
distribution in Article 5.2.2 is used to determine the
flexural resistance, M , taken as:

M, =oM,+¢,M, (5.4.2-1)
where:

M, = nominal flexural resistance (kip-in.)

M, = nominal FRP flexural resistance (kip-

in.)

¢ = resistance factor defined in AASHTO
LRFD Article 5.5.4.2

¢f = FRP resistance factor equal to 1.0 for
flexure

C5.4.2

The factored resistance is in line with the
design strength determination in accordance with
AASHTO LRFD Article 5.6.3.2 and is written
so that the design strength for a concrete flexural
member is simply augmented by the contribution of
the externally bonded FRP reinforcement. The FRP
resistance factor ¢ =10 is based on NCHRP Report
20-07/Task 428, where the combined effect of the
lower bound strain limits in Article 5.2.1 and the
environmental reduction factors in Article 4.3.2.2
yield conservative values for the nominal flexural
resistance.
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AND STRENGTHENING OF CONCRETE BRIDGE ELEMENTS, Seconp Ebition

. .21—F ds

The factored flexural resistance, M, of a concrete
T-section strengthened with FRP reinforcement
externally bonded to the beam tension surface,
where the compression flange depth is less than the
neutral axis depth (A f ¢), shall be taken as:

C
Apsfps (dp _Ej

M, = | +4.1, (ds -gj-A;f; (d; —5)

2
) 02 C
—Otlff(, (b—bw)hf ?—E
Af.|d =<
0,4 S| dr =5
(54.2.1-1)
where:
d/. = distance from compression face to the
‘ centroid of FRP reinforcement (in.)
dp = distance from compression face to

the centroid of prestressed tension
reinforcement (in.)

d = distance from compression face to
the centroid of nonprestressed tension
reinforcement (in.)

d' = distance from compression face to the
centroid of compression reinforcement
(in.)

h ;= compression flange depth (in.)
. .22—R rS

The nominal flexural resistance, M, of a
concrete rectangular section strengthened with
FRP reinforcement externally bonded to the beam
tension surface, may be determined using Equation
5.4.2.1-1, where b_ shall be taken as b.

..23—0 rCr S

For cross sections other than rectangular or
flanged sections, the factored flexural resistance,
M , shall be determined by an analysis based on the
assumptions specified in Article 5.2.
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