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The use of composite materials in the strengthening, rehabilitation, and repair industry
has been gaining popularity due to their ability to promote the safety and sustainability of
civil infrastructure. Fabric reinforced cementitious matrix (FRCM) systems have recently
emerged as a viable repair alternative for restoring the integrity of damaged or structurally
deficient reinforced concrete (RC) short of replacing it. The success of FRCM has been
driven by its proven structural performance, inherent heat resistance and excellent
compatibility with the concrete substrate. Due to the novelty of FRCM technology, the full
potential of FRCM has yet to be experimentally validated and as a result, technical
literature is limited. Accordingly, the experimental and numerical evaluation of a
polyparaphenylene benzobisoxazole (PBO) fabric based FRCM system was undertaken
and presented through three interrelated studies, where an introductory chapter presents a
detailed review of FRCM systems. The first study investigates the effect of multiple layers
on FRCM material properties and performance, by means of conducting direct tension and
bond tests. The study also investigates the early-age bond strength of a system applied to
concrete, over a 28-day period. The second study entails the analysis and experimental
investigation of impact-damaged prestressed concrete (PC) bridge girders strengthened

with FRCM and was also expanded to include FRP as a repair system. The third study



investigates the experimental performance of FRCM strengthened RC beams subjected to
static and fatigue loading where parameters such as ultimate strength, applied stress range,
fatigue life, failure modes, and residual strength were observed. The global objective is to
experimentally and numerically validate FRCM’s potential as a repair system for
transportation infrastructure as a means to expand the current knowledge of FRCM
systems. Overall, the PBO-FRCM exhibited favorable mechanical behavior and structural
performance. Through the use of effective methods of technology transfer, the results and
observations serve to bridge the gap between applied research, design literature and

structural application in order to promote the use of sustainable repair materials.
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CHAPTER 1

Introduction

In the last thirty years, there have been significant developments in composite materials
used for the repair, retrofit, and rehabilitation of civil infrastructure. A composite system
consists of two or more materials that possess different properties, but when combined they
form a material that exhibits properties superior to its individual components. In many
cases, a composite is comprised of a matrix and a reinforcing fiber. Composite materials
used for structural application have been developed in an attempt to promote the safety and
sustainability of civil structures. In the life of a structure, there may come a time when
repair or demolition is required. The latter of which is typically the least attractive option
due to cost and inconvenience. Among the many composite systems used specifically for
the repair of reinforced concrete (RC) and masonry, fabric reinforced cementitious matrix
(FRCM) and fiber reinforced polymer (FRP) have shown promising research based
performance and are considered viable strengthening alternatives to traditional methods
such as steel plates and post-tensioning.

FRP is comprised of fibers embedded into a polymeric resin matrix. The great success
of FRP composites is driven by their high strength-to-weight ratio (lightweight), high
tensile strength, and non-corrosive properties. The use of FRP in the repair industry has
had an increasing momentum due to the many studies that have been conducted and
reported, in order to understand the properties of FRP systems and their optimal uses.
Despite all of these advantages, FRP has some limitations: poor behavior at increased

temperatures, inability to bond to a wet surface, lack of vapor permeability, and UV



degradation. And while the use of FRP is more established, a recently emerged FRCM
system is gaining the “spotlight” in the area of composites for structural application. FRCM
recognizes the shortcomings of FRP and compensates for these drawbacks with its inherent
heat resistance and excellent compatibility with the concrete substrate. FRCM consists of
an inorganic cement-based matrix reinforced with a continuous arrangement of fibers
commonly known as a fabric. FRCM is a system that combines novel (fabric) and
traditional (cement) materials, where the use of cementitious materials dates back to the
Roman era and continues to be one of the most widely used materials in construction (i.e.,
concrete).

There have been many advances in the mechanical characterization and structural
evaluation of FRCM. FRCM systems exhibit favorable tensile behavior, bond properties,
and durability performance, which are essential for the success of a repair system.
Technical literature reports significant improvement in the flexural, shear, and axial
behavior of RC and masonry components strengthened with FRCM (De Caso y Basalo et
al. 2012, Babacidarabad et al. 2014, Al-Salloum et al. 2012). There is no doubt that FRCM
systems have proven mechanical and structural performance. However, due to the variety
of fibers (from low to high modulus) and fabric weights (low to high equivalent thickness)
in addition to the ability of having multi-fabric construction, there is still a large demand
for experimental and theoretical research to validate mechanical effectiveness (Nanni
2012). FRCM has undeniable potential as a repair system, but because it is a relatively new
material, its full potential has yet to be validated. In particular, FRCM has abundant
capabilities in the area of RC repair/rehabilitation of transportation infrastructures, which

is a recurring challenge in civil engineering. Traditional repair methods have proven to be



partially satisfactory in restoring and/or improving ultimate strength to damaged or under-
designed bridge components, while FRP materials have shown great success in this area
and in a sense have “paved the way” for the deployment of FRCM (Di Ludovico et al.
2006). FRCM systems have shown excellent performance in terms of increasing flexural
strength of RC beams in small-scale application (Triantafillou 2007, D’Ambrisi and
Focacci 2011, Babaeidarabad et al. 2014), but no literature has reported on the investigation
of FRCM applied to full-scale bridge elements. Furthermore, it is crucial that a repair
system used for bridge structures exhibit favorable long-term performance during the
remaining service-life of a structure. A repair method may be effective in restoring
capacity, but if the material does not exhibit favorable long-term performance, the repair
itself will be short-lived. Accordingly, FRP has shown excellent long-term behavior when
subjected to repetitive loading typically seen in bridges due to vehicular traffic (Kim and
Heffernan 2008, Barnes and Mayes 1999, Dawood et al. 2007, Ekenel 2006). And while
little to no studies on the long-term performance of FRCM-strengthened RC have been
reported, the great success of FRP suggests that FRCM will follow in its path.

The objective of this dissertation is to expand the existing knowledge of FRCM and to
investigate its un-discovered potential as a strengthening technique for transportation
infrastructure. The investigation is divided into three interrelated studies: the aim of the
first study is to experimentally investigate the material properties of a synthetic fabric-
based polyparaphenylene benzobisoxazole (PBO) FRCM system used for RC
strengthening. In this study, experimental tests are performed in accordance with
established acceptance criteria to investigate the effect of multiple fabric layers on FRCM

material performance. The following parameters are investigated: direct tension, FRCM-



concrete bond, and matrix mortar compression strength. Understanding the influence of
multiple plies (layers) on material behavior is necessary for the design of FRCM systems
as it is very likely that multiple layers of reinforcement will be used for structural
application. In addition, this study will experimentally investigate the early age FRCM-
concrete bond strength development. For bridge-type structures undergoing structural
repair, the strength development versus time relationship is an important parameter that
can be used to reduce traffic closure time that is typically associated with the FRCM curing
period (28 days). The second study entails the analysis and experimental investigation of
impact-damaged prestressed concrete (PC) bridge girders strengthened with FRCM. This
study was also expanded to include FRP as a repair system in order to provide a better
validation of the FRCM technology. Material properties from the first study were used in
conjunction with design literature to determine theoretical capacities observed in the
experimental tests. A separate analysis was performed using the same literature to
determine design capacities using nominal material properties. The analytical,
experimental, and design values obtained in this study aim to validate structural
performance and ultimately increase the number of tools available for emergency repairs.
Finally, the third study aims to investigate the long-term performance of FRCM
strengthened RC beams. RC specimens are subjected to both static and cyclic (fatigue)
loading where the following parameters are investigated and discussed: amount of
supplemental reinforcement, ultimate strength, applied stress range, fatigue life, failure
modes, and residual strength. Results are used to develop a stress ratio vs. number of cycles
(S-N) curve with the objective of defining the endurance limit of the FRCM strengthened

beams that can be used for design.



The results and observations from the aforementioned studies confirm FRCM’s ability
to optimize the performance of RC specifically for transportation infrastructure. Given the
limited amount of FRCM literature reported to date, a successful attempt has been made to
establish preliminary design guidelines that best reflect the behavior of FRCM systems.
However, the progression of such design guidelines is at the mercy of the quantity and
quality of available research. Accordingly, this work is intended to enhance the amount of
FRCM literature, which subsequently can be used to expand and fine-tune the design
criteria established by government organizations such as The American Concrete Institute
(ACI), Department of Transportation (DOT’s), American Association of State Highway
and Transportation Officials (AASHTO) that are used by practicing design professionals.
Technology Transfer

It is not uncommon for engineers in practice to exhibit a sense of uncertainty when
faced with the design of a new material system such as FRCM. Ironically, this reluctance
inhibits the evolution of the repair industry which has a consistent demand for sustainable
materials used for structural repair. The work presented herein is intended to bridge the gap
between applied research, design literature, and structural application, which is achieved
through the use of effective methods of technology transfer. Technology transfer in the
form of presentations, conference proceedings, technical papers and reports, promotes the
growth and evolution of the repair industry. The following literature has been submitted to
expand the knowledge of material and structural performance of FRCM composites:
Technical Papers and Reports
e “Performance of FRCM Strengthened RC Beams Subject to Fatigue” — Paper

submitted for review to the ASCE Journal of Composites for Construction.



“Repair of Damaged PC Girder with FRCM and FRP Composites,” Publication No.
00042134-04, Grant No. DTRTI13-G-UTC45, USDOT RE-CAST University
Transportation Center, 88, 2015.

“Evaluation of Repair Techniques for Impact Damaged Prestressed Girders,”
FHWA/VTRC Report, June 2015.

“Repair of Damaged Prestressed Concrete Girders with FRP and FRCM Composites”

— Paper submitted for review to the ASCE Journal of Composites for Construction.

Conference Proceedings

Long Term Performance of FRCM Strengthened RC Beams Subject to Fatigue” - Paper
accepted for presentation at the Sustainable Construction Materials and Technologies
(SCMT4) Convention in Las Vegas, NV, August 2016.

“Repair of Damaged Prestressed Concrete Girders with FRP and FRCM Composites”
— Paper accepted for presentation at the International Conference on Advanced
Composite Materials in Bridges and Structures (ACMBS) in Vancouver, British

Columbia, Canada, August 2016.

Presentations

“Material Characterization of FRP and FRCM Systems for the Strengthening of
Prestressed Concrete Girders” — Paper accepted for presentation at the International
Conference on Advanced Composite Materials in Bridges and Structures (ACMBS) in
Vancouver, British Columbia, Canada, August 2016.

“Long Term Performance of FRCM Strengthened Beams Subject to Fatigue”
Presentation given to the Center for Integration of Composites into Infrastructure

(CICI) Industrial Advisory Board (IAB) Meeting in Miami, FL, February 2016.



e “Long Term Performance of FRCM Strengthened Beams Subject to Fatigue” —
Abstract submitted and presentation given to the American Concrete Institute (ACI)
Concrete Convention and Exposition in Milwaukee, W1, April 2016.

Background
In current literature, there are several terms used to describe FRCM composites. These

terms include textile reinforced mortar (TRM) and textile reinforced concrete (TRC),

mineral based composites, or fiber reinforced cement (FRC) which are a subset of a larger

category of cement-based composites called ferrocement. Ferrocement is comprised of a

cementitious matrix and a reinforcement, where the bond between the two materials is what

determines the effectiveness of the composite. The American Concrete Institute defines
ferrocement as “a type of thin wall reinforced concrete commonly constructed of hydraulic
cement mortar reinforced with closely spaced layers of continuous and relatively small size
wire mesh. The mesh may be made of metallic or other suitable materials”. The use of
ferrocement dates back to the 1960°s where woven steel wire mesh was originally used as
the reinforcement mechanism. During this time, a valid attempt was made to incorporate
other types of reinforcement such as natural and polymeric meshes, but their success was
short lived due to their low elastic modulus compared to steel. In the mid-1980’s the
development of polymeric meshes using high performance fibers such as carbon, glass,
and Kevlar were available for ferrocement applications (Namaan 2012). The use of these
high strength, high modulus materials expanded and optimized the performance of
ferrocement in structural application. It was also discovered that the cementitious matrix

properties can be enhanced with the addition of discontinuous fibers. The added fibers



increase the tensile and compressive strength of the matrix while also improving

interlaminar and vertical shear resistance.
Fabric Reinforced Cementitious Matrix (FRCM)

FRCM systems consist of one or more layers of dry fabrics made of carbon, glass,
aramid, or polyparaphenylene benzobisoxazole (PBO) fabrics (Figure 1) that are
sandwiched between layers of cementitious mortars. FRCM is typically externally bonded

to the tension face of a concrete member (Figure 2) and acts as supplemental reinforcement.
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Figure 1 — Types of FRCM Fabric: AR-Glass (left), Carbon (middle), PBO (right)
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Figure 2 — Schematic Representation of FRCM for Concrete Strengthening

The fabrics are comprised of fibers that are bundled into yarns or rovings, that can be
woven, knitted or bonded as shown in Figure 3. Fabrics are typically comprised of dry
fibers that are coated with a polymeric resin, but are not bonded together or impregnated

by such resin. The term “dry fibers” implies that the fibers are not fully impregnated by the



matrix, contrary to FRP systems. The cementitious matrix is typically Portland cement
based and contains less than 5% by weight of dry polymers. The matrix which exhibits

high compressive strength but low tensile strength, protects and transfers the load to the

Figure 3 — Different Types of Fabric: woven (left), kitted (middle), bonded (right)

fabric. Therefore,the fabric is the primary tensile load carrying mechanism. The properties
of a fabric can be described according to the direction of the yarns and fiber density. The
warp direction is defined as the primary fabric direction along the length of the fabric that
carries the tensile load, while the weft direction describes the yarns that (typically) run
perpendicular to the warp. A balanced fabric network indicates that the fiber density in
both the warp and weft directions are equal. An unbalanced network indicates different
fiber densities, where the warp direction contains a higher density. An example of an un-
balanced fabric network is given in Figure 4. FRCM’s replace the organic binder seen in

FRP, with an inorganic cementitious binder that possesses favorable material properties

Weft

Figure 4 — Un-balanced PBO Fabric
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including: inherent resistance to heat and excellent compatibility with the concrete
substrate (i.e., can be applied on a wet surface and allow vapor permeability). Other
advantages include excellent durability performance, ease of installation, and ease of
reversibility (can be removed without damaging the structure). The behavior of FRCM is
determined by a variety of different factors including: material properties of the fibers and
mortar, layers of fabric, fabric-matrix bond, fabric orientation, and mortar penetration
between mesh openings. A brief review of FRCM materials is presented in the following
subchapters.
FRCM Material Compliance and Design Literature

FRCM systems are specifically designed by a manufacturer to provide a unique
combination of fabric and matrix that exhibits optimal workability, (chemical/mechanical)
bond and performance. FRCM systems should not be produced by randomly selecting and
mixing commercially available materials. In order to validate the material system and
provide accurate and safe design guidelines, the mechanical properties of the composite,
the bond resistance to substrate, and understanding durability performance of the material
is needed (Carozzi and Poggi 2015). When a FRCM system is developed, it must undergo
various tests and meet certain criteria in order to be considered for structural application.
The ICC Evaluation Services (ICC-ES) created a document titled “Acceptance Criteria for
Masonry and Concrete Strengthening Using Fabric-reinforced Cementitious Matrix
(FRCM) Composite Systems (AC434)” which defines the test methods and establishes
acceptance criteria to be performed by an accredited laboratory in order to produce a
product research report (Figure 5). The International Building Code (IBC) (Section

104.11.1) requires a product research report stating that FRCM evaluation and
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characterization is compliant with AC434 guidelines in order for the system to be used in
structural design. The following parameters are evaluated: material properties, axial,
flexural and shear capacity, durability (environmental exposure) performance, fire

performance, and structural design procedures. In particular, AC434 Annex A outlines the

ACI 549.4R-13

Guide to Design and Construction
of Externally Bonded Fabric-
Reinforced Cementitious Matrix
(FRCM) Systems for Repair and
Strengthening Concrete and
Masonry Structures

Raporied by ACI Commities 540

-
@i" v American Concrete Institute®

Figure 5 — AC434 (Left) and ACI 549.4R-13 (Right)

test procedure and data analysis which yields the tensile material properties of FRCM. The
tensile testing of FRCM is a critical component of this research; therefore, Annex A of
AC434 is included in Appendix B of this dissertation.

Another useful tool, which was developed for the use of licensed design professionals,
is a document titled: ACI 549.4R-13 “Guide to Design and Construction of Externally
Bonded Fabric Reinforced Cementitious Matrix (FRCM) Systems for Repair and
Strengthening Concrete and Masonry Structures” (ACI 549.4R 2013). This document was
developed by the American Concrete Institute (ACI), and contains all necessary tools for
the effective design and construction of FRCM system (Figure 5). It covers the many
aspects of FRCM including: background information, installation guidelines, field
applications, material properties for different systems, system qualifications, design

guidelines (axial, flexural, and shear capacities), reinforcement details, and design
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examples. The material properties determined from AC434 are used in accordance with
ACI 549.4R-13 to effectively design externally bonded FRCM systems for strengthening
RC and masonry structures. Furthermore, the design methodology provided in ACI 549.4R
is fundamental for study 2 and study 3 of this dissertation where FRCM systems are
designed for the strengthening of RC beams and PC bridge girders.
FRCM Installation

ACI549.4R-13 outlines the provisions for a suitable FRCM installation to concrete and
masonry. FRCM installation shall be performed by a licensed contractor that has received
training from the manufacturer or an authorized training agent. It is important for the
concrete surface to be properly prepared in order to avoid possible stress concentrations,
debonding, or delamination. Surface preparation can vary depending on the FRCM system,
but common preparation methods include: sandblasting, roughening, grinding, or
hydrojetting. Putty fillers and mortars can also be used, per manufacturers’
recommendations, to fill any voids or discontinuities in the substrate material. The
substrate surface should be continuous, clean from dust and debris, and any corners should
be rounded to a radius of at least 12.7 mm in order to avoid possible stress concentrations.
The ideal temperature range for FRCM application is between 6°C and 35°C. Temperatures
greater than 35°C may affect the workability of the mortar while temperatures less than
6°C may retard the setting time. Prior to installation, the concrete substrate shall be
maintained saturated-surface-dry. The mortar matrix is normally mixed and prepared in
accordance with the manufacturer’s instructions where the mortar shall be applied during
its plastic life state. A thin layer of mortar is applied uniformly and directly to the

strengthened member, normally using a trowel (Figure 6a). The dry fabric is then gently
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pressed onto the matrix, with the trowel (Figure 6b), where the primary direction of the
fabric is specified by a license design profession and is typically orientated in the direction
of the tensile loading. A final layer of mortar is applied over the fabric in order to create
the “sandwich” (Figure 6b). Successive layers of mesh and mortar are applied to achieve a
multiple layer configuration (Figure 7). The fiber shall be placed in order to maintain

straightness and avoid bends, kinks, or folds.

" a) b B
Figure 6 — Specimen Preparation a) First Layer of Mortar b) Placing Mesh c) Layer

of Mortar (Sandwich)

Figure 7 — Multiple Layers of FRCM

The placement of FRCM is dependent on the type of structural member that requires
repair. For beams and slabs that require flexural strengthening, the system is typically
externally bonded to the tension face where the primary fabric direction is in the direction
of applied tensile stresses. Shear strengthening of RC beams is achieved by a U-wrap

configuration or by completely wrapping the beam at shear-critical locations where
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additional capacity is warranted. Whereas confined columns require helical wrapping
around the member in order to resist the radial stresses associated with axial loading. And
masonry walls that require the use of a balanced fabric network placed on one or both wall
faces depending on the loading type (in-plane or out of plane).
Mechanical Behavior of FRCM

The structural design of FRCM requires an understanding of its mechanical behavior
(Arboleda et al. 2015). Due to the fact that FRCM is typically applied to the tension face
of reinforced concrete, the tensile behavior is an important parameter that is determined
through experimental tests. Many have performed uniaxial tensile tests to evaluate the
stress-strain behavior of different FRCM systems, where tensile behavior is influenced by
several factors including: load transfer mechanism, strain measurement instrumentation
and specimen preparation (Arboleda et al. 2015). The most common load transfer
mechanisms reported in literature are the clamping grip and the clevis grip. The clamping
grip consists of utilizing compressive stress to clamp the two extreme ends of a rectangular

specimen (Figure 8 left), where the lower grip allows for torsional rotation of the specimen.

T l/Shacklc
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Figure 8 — Different Test Setups: Clamping Grips (left), Clevis Grips (right)
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FRP tabs are applied to the end of each specimen in order to ensure a more homogeneous
stress distribution (Carozzi and Poggi 2015). The latter load transfer mechanism, a clevis
grip, consists of two steel plates that are adhesively bonded to each end of the tensile
coupon. The tensile load is transferred as a shear stress by the adhesive bond between steel
plates glued to the specimen ends (Figure 8 right). A pin is threaded through the ends of
the bonded plates, where a shackle engages the pin and applies a tensile load.

A typical tensile stress-strain behavior for a clamping test setup can be represented as

a tri-linear curve as shown by Arboleda et al. 2015 in Figure 9. The initial part of the curve
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Figure 9 — Typical Stress Strain Curve for FRCM (Arboleda et al. 2015), Left;

Typical TRC Response (Mechtcherine 2013), Right

corresponds to the uncracked linear elastic behavior of the specimen where the stiffness of
the system is approximately equal to the stiffness of the cementitious matrix and is slightly
enahanced by the presence of the reinforcing fibers. In the second phase, the curve exhibits
a significant loss of stiffness due to matrix crack initiation and formation, described by
relatively fine cracks, where the length of this portion is dependent on the quality of the
matrix-fabric bond and the number of fabric layers of the specimen. The third portion is

defined as the crack-widening region, where existing cracks continue to widen and
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eventually failure occurs due to tensile rupture of the fabric or slipping of the fabric within
the matrix, or a combination of the two modes. In the third phase, the matrix contributes
very little to the tensile resistance which is provided mainly by the fabric. This concept is
reflected in the stress-strain curve of where the slope runs parallel to the slope of a stand-
alone fabric. Note that the transition from one phase to another is known as the transition
zone, T. Mechtcherine 2013 beautifully illustrates the tensile behavior of a TRC specimen
with respect to the idealized stress-strain curve previously described. The combined
microcracking and cracking mechanisms observed in the tensile specimens results in an
advantageous pseudo-ductility. Accordingly, for a clevis-type test setup, the slope of the
third stage is almost indistinguishable from the second stage and a bilinear curve best
represents the stress-strain behavior as shown in curve c) of Figure 9 (Arboleda et al. 2015).
A detailed summary and description of uniaxial tensile behavior can be found in Arboleda
et al. 2015.

AC434 Annex A recommends that a clevis-type connection be used to ensure the load
is transmitted directly from the matrix to the fabric which simulates actual conditions in
the field. As opposed to the clamping grip mechanism that causes the fibers to be
constrained and experience compressive concentrations at the ends, which does not
simulate field conditions (Arboleda 2014). In addition, flexural tests performed on RC
beams strengthened with externally bonded FRCM indicate that the tensile capacity of the
fibers is never reached and failure occurs due to slipping of the fabric within the matrix,
FRCM delamination, or any combination of the two modes (D’ Ambrisi and Focacci 2011;
Babaeidarabad et al. 2014). This further justifies the use of a clevis-type mechanism. While

there are many forms of technology that allow for the observation of specimen deformation
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(strain gauges, extensometers, LVDT’s), an extensometer having a minimum gauge length
of atleast 50 mm is typically used to ensure inclusion of at least one crack within the gauge
length (AC434).

AC434 Annex A outlines the tensile testing procedure for FRCM specimens and
defines the stress-strain behavior as a bilinear curve as shown in Figure 10, which also
describes curve c¢) Figure 9. According to AC434, the tensile test results shall be analyzed

to determine material properties necessary for material specification and structural analysis

Tensile stress, f;

E &y Efy

Tensile strain, g;

Figure 10 — Typical Stress Strain Curve for a FRCM Tensile Specimen (AC434

Annex A), Left; Tensile Test with Clevis Grips, Right

and design (ICC-ES 2013), where the following material properties are obtained: tensile
modulus of elasticity of the uncracked specimen, E/*, transition stress, f;, and transition
strain, €, corresponding to the transition point, 7, between the uncracked and cracked state,
tensile modulus of elasticity of the cracked specimen, E, ultimate tensile stress, f5, and

ultimate tensile strain, g5. A detailed description of the methodology and equations used
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to determine these properties is presented in AC434 Annex A, which has been included as
a part of this dissertation in Appendix B.
FRCM Bond

The fact that FRCM incorporates a “dry fabric” combined with the granularity of the
mortar, prevents the matrix from fully impregnating and bonding to each individual fiber
(Ombres 2010). The bond between matrix and fibers occur only along the external
perimeter fibers directly in contact with the matrix (D’Ambrisi et al. 2012) which makes
the material susceptible to slipping and debonding. This concept can be modeled as a yarn

bundle containing a sleeve and a core as shown in Figure 11. The bond between the mortar
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Figure 11 — Illustrative Model of a Fabric Bundle Failure (Brameshuber 2006)

and the external yarns (sleeve) as well as the frictional bond between the internal fibers
(core) greatly influences the behavior of FRCM where two types of mechanisms are
observed: slippage between the fibers and the mortar (debonding) or slippage between the
internal core fibers. Fiber-mortar slipping (debonding) is associated with the mortar’s lack
of ability to completely impregnate the fibers, debonding at the fiber-mortar interface, or
chemical incompatibility and occurs as a fracture mode. Slipping within the internal fibers

is attributed to a telescopic slipping mode caused by the low friction between the fibers as
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well as the bond between the external and internal fibers as shown in Figure 11 (Arboleda
etal. 2015).

Published technical literature reporting on the material characterization and
experimental analyses of RC strengthened with FRCM observed two critical failure modes:
fabric slippage within the matrix and FRCM delamination, or a combination of the two

modes (Figure 12). Fabric slipping within the matrix is described as the combination of

FRCM Shippage

FRCM Delmmination
b)

Figure 12 — FRCM Failure Modes: a) Fabric Slipping b) Delamination

(Babaeidarabad et al. 2014)

gradual fiber-mortar slipping and slipping within the internal fibers. While FRCM
(interlaminar) delamination consists of a more sudden fiber-mortar slipping mechanism
with little to no slipping within the internal fibers. The term FRCM delamination is

described as the debonding of one material from another. Two types of FRCM
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delamination can occur: interlaminar delamination and surface delamination. Interlaminar
delamination consists of FRCM fabric debonding from the matrix mortar which was
described previously, while surface delamination is described as the debonding of the
FRCM from the concrete substrate. Surface delamination occurs when the bond capacity
between the concrete and FRCM matrix is reached and fracture occurs at the concrete-
mortar interface. Typically a combination of both surface and interlaminar delamination is

observed.

It is well-established that the bond behavior of FRCM is largely dependent on the load
transfer mechanism occurring at the concrete-matrix interface as well as within the FRCM
material at the fabric-matrix interface and within the internal fibers (Ombres 2015). Other
factors affecting FRCM bond include: material properties of the fibers and the mortar,
volume fraction, and fabric roving orientation respective to the direction of loading.
Another bond mechanism that has yet to be investigated experimentally is the bond
performance of FRCM systems subjected to fatigue loading due to the limited amount of

research available on the fatigue behavior of FRCM applied to concrete members.

FRCM Structural Performance

The effectiveness of FRCM systems as supplemental reinforcement to RC members
has been evaluated with several studies performed to investigate confined columns
(Triantafillou 2007, De Caso y Basalo et al. 2012, Di Ludovico et al. 2010), and beams
tested in both flexure ( D’ Ambrisi and Focacci 2011, Babaeidarabad et al. 2014) and shear
(Triantafilloui and Papanicolaou 2006, Al-Salloum et al. 2012). Results from experimental
analyses indicate that the structural performance of RC strengthened with FRCM is largely

dependent on the matrix and fabric design. FRCM confined columns exhibited an increase



21

in compressive strength and deformation where failure occurred due to fiber fracture or
debonding. For FRCM strengthened RC subjected to flexure, literature consistently reports
a significant increase in load-carrying capacity and deformation, with an observed pseudo-
ductility. Reported failure modes include: concrete cover delamination, fabric slippage
within the matrix, surface delamination at the concrete-matrix interface, and interlaminar
delamination, or any combination of these mechanisms. Failure was observed in the area
of maximum moment which typically occurred at or near midspan for three and four-point
bending tests. RC Beams tested in shear also exhibit a noticeable increase in strength and
ductility with similar FRCM failure modes. For all axial, flexural, and shear tests, there is
an observed increase in strength associated with added number of reinforcement layers.
However, when increasing the number of FRCM layers, it is essential to ensure that the
resulting change in stiffness of the system does not adversely affect the load sharing which
can result in premature delamination. In this event, mechanical anchorages have been
shown to reduce the occurrence of premature delamination (Al-Salloum et al. 2012).
Durability

In addition to FRCM performance under certain loading conditions, it is required for
the system to demonstrate good durability performance when exposed to extreme
conditions including: weathering action, repeated loading, chemical attack, abrasion, or
any other process of deterioration. The material must resist the affects of these conditions
and maintain it’s original physical and structural integrity throughout its lifetime. The
durability of FRCM is related to the quality, design, and manufacturing process of its
constituents as well as material application, service environment, and service loading

(Arboleda 2013). AC434 provides guidelines for the evaluation of FRCM performance
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under accelerated environmental exposures including: freezing and thawing, water vapor,
alkali, saltwater, and fuel exposure. Arboleda 2013 performed a durability study on two
FRCM systems from the same manufacturer, each consisting of PBO fabric and Carbon
fabric mesh. Specimens were subjected to the aforementioned environmental exposures
where no significant degradation in strength was observed. However, other types of fabrics
such as those comprised of glass fibers may exhibit material properties that are susceptible
to long-term durability effects. The use of alkali-resistant glass fibers with cementitious
mortars has been successfully implemented provided they are designed to account for any
long-term changes in material properties. In general, FRCM systems demonstrate good
durability performance. Nevertheless, the durability performance of one FRCM system
does not reflect the characteristics of another system with different or even similar
constituent. Therefore, every FRCM system should be evaluated separately and
independently.
Field Application

There have been a number of commercial projects involving the strengthening/repair
of concrete and masonry structures with FRCM systems which demonstrate its potential.
A RC tunnel located along the Egnatia Odos Mortorway in Greece was strengthened with
FRCM in a successful attempt to repair a structural deficiency (Figure 13a). The base
support of a trestle railway bridge located in New York was wrapped with FRCM to
provide confinement to the member which was severely cracked and deteriorated (Figure
13b). This application required the use of a porous material that allows for vapor
permeability to the substrate material. Additionally, several RC bridge piers located in

Novosibirsk, Russia exhibited excessive cracking where epoxy injections proved to be
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partially satisfactory in preventing crack propagation. Thus, FRCM strengthening was
chosen to strengthen and prevent further crack formation. The strengthening of masonry
structures has also been conducted. A school located in Karystos, Greece contained shear-

deficient masonry walls and RC slabs with steel reinforcement that was severely corroded.

Figure 13 — FRCM Strengthening of a) RC Tunnel Lining and b) Bridge Base

Confinement c) R Slab d) Masonry Wall (ACI 549.4R-13)

FRCM was used to increase flexural capacity in the RC slabs and shear capacity in the
unreinforced masonry walls (Figure c&d). Additional examples of successful FRCM field
applications can also be found in ACI 549.4R-13.

A detailed review of FRCM’s mechanical behavior, design and testing criteria, system
installation, structural performance, and field application has been presented. This was
done to give the reader a general prerequisite to the material, experimental and design

parameters that are presented in the following three chapters.



CHAPTER 2

Study 1 - FRCM MATERIAL CHARACTERIZATION: INVESTIGATION OF
MULTI-PLY BEHAVIOR

The use of FRCM materials is gaining momentum in the repair, retrofit and
rehabilitation industry where its success is dependent on various factors including optimal
structural design, service performance, and strength and durability. FRCM is
distinguishable from FRP systems with its inherent heat resistance, compatibility with the
substrate, vapor permeability, and workability. FRCM composites are also considered to
be a sustainable repair alternative for transportation infrastructures because they are easy
to install and can extend the structure’s service life. While technical literature reports that
FRCM systems have proven mechanical, bond, and durability performance (Arboleda et
al. 2015, Carozzi and Poggi 2015, Ombres 2015), experimental and theoretical research is
still needed to fully characterize FRCM and quantify its mechanical effectiveness.

The work conducted in this study aims to investigate the effect of multi-ply behavior
on the mechanical performance of a polyparaphenylene benzobisoxazole (PBO)-FRCM
system. Material characterization tests specified in AC434 were performed for FRCM
specimens with several fabric layers. These tests include direct tension and bond pull-off
tests. Direct tension tests investigate FRCM load-deformation behavior when subjected to
tensile stresses and bond tests investigate FRCM bond performance.

The FRCM system under evaluation has been previously investigated by Arboleda
(2014) following AC434 provisions for a one layer fabric configuration. Results
determined the mechanical properties and durability performance with no significant

degradation in strength. Results from this previous study were used to certify the material
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system which has been successfully implemented as a RC repair method. In addition, the
material properties were included in ACI 549.4R-13 as a tool for the design of PBO-FRCM
systems.

Accordingly, this study intends to build on the previous work and develop an
understanding of how the FRCM system behaves when the fabric plies were increased to
yield multiple layer configurations. To date, there have been little to no studies
investigating the effect of multiple fabric layers on FRCM mechanical performance, which
is critical considering the likelihood of multiple layers used for structural application.
Another important parameter in RC repair specifically for transportation structures is the
curing time required to develop substantial FRCM bond strength. Typically, bridge
operations are ceased for in-service bridges needing repair/rehabilitation due to the repair
time and associated curing times. As a result, this study also investigates the early age
FRCM bond strength development within hours of installation throughout a 28-day period.
Results from this study can be used by government organizations such as Departments of
Transportation (DOTs) to estimate bridge closure time when structural repairs are
warranted.

FRCM Material System

The FRCM system under evaluation consists of two main elements, a stabilized
inorganic cementitious mortar that is Portland cement based and contains a low dosage of
dry polymers (less than 5%), and a polyparaphenylene benzobisoxazole (PBO) fiber fabric.
PBO fibers exhibit great impact tolerance, creep and fire resistance, energy absorption
capacity, and chemical compatibility with the cementitious mortar matrix (Ombres 2015).

The PBO fabric is an unbalanced network made of 10 and 20 mm spaced fiber rovings.
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The free space between the rovings is roughly 5 and 15 mm, respectively, and the nominal
thickness in the two fibers directions is 0.046 mm in the primary direction and 0.01 mm in
the secondary direction (Figure 14d). The area per unit width in the primary and secondary
direction is 45.72 and 12.95 mm?*/m, respectively. The cementitious matrix contains short
disperse fibers, protects and transfers the load to the fabric. The FRCM system is typically
used for concrete flexural and shearing stress reinforcement. Figure 14 illustrates the
FRCM constituent materials and geometric properties. The fabric, fiber, and matrix
material properties as reported by the manufacturer are given in Appendix A. Two types
of FRCM test specimens were prepared: rectangular coupons and bond specimens.

Rectangular tensile coupons were prepared for the direct tension tests and the bond

20

Weft (Secondary)

— L5

arp (Primary)
¢) d)

Figure 14 — FRCM Material System a) Fabric Roll b) Matrix ¢) Fabric Grid d)

Fabric Geometry
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specimens were prepared by means of applying FRCM to RC slabs. Table 1 shows the test
matrix outlining the test type, number of FRCM layers, and number of replicates.

Table 1 — Test Matrix for Direct Tension and FRCM Bond Tests

Test Layers Replicates
FRCM One 5
Direct Two >

Tension Three 3
Four 5

One 5

FRCM Bond Two 5
Four 5

Specimen Preparation

Preparation of FRCM samples begins with the preparation of the inorganic matrix
mortar by mechanical mixing. The preparation initiates by adding the dry cementitious
powder to 90% of the water needed, and mixing until a homogeneous paste was attained.
The remaining 10% water was then mixed with the homogeneous paste. Once the matrix
was formed, a first layer of matrix was applied with a trowel onto the substrate or panel
with a thickness of 3 to 4 mm (Figure 15a). The precut fabric was placed on top of the
matrix layer with the appropriate fiber orientation and pressed with the bottom of the trowel

to embed the fabric in the matrix (Figure 15b). A second layer of matrix was

b)

Figure 15 — FRCM Specimen Preparation a) First Layer of Mortar b) Placing

Fabric ¢) Layer of Mortar
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applied with the trowel to cover the fabric with a thickness of 3 to 4 mm (Figure 15¢). For
multiple layers, an additional layer of fabric and matrix layer was added until the desired
numberof layers is reached. The direct tension specimens were cut from rectangular FRCM
panels shown in Figure 15. The panels were made using a flat mold with a non-adhesive
surface surrounded by rectangular aluminum rods to control the overall thickness of the
panel. The bond test specimens were prepared by applying FRCM to a RC concrete slab

as shown in Figure 16. Prior to FRCM application, the concrete slab surface was cleaned

c)
Figure 16 — FRCM Application to Concrete Substrate b) Surface Preparation a)

First Layer of Mortar ¢) Mesh Impregnation

with high pressure water where the substrate was maintained saturated surface dry. The
early age bond specimens were prepared in a more complex manner which will be
described in the respective sub-chapter. Specimens were prepared in an environment with

a temperature range between 5 and 35 °C. All concrete specimens were conditioned prior
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to testing under laboratory ambient conditions at room temperature 23 = 3°C and 60 £5%
relative humidity, for at least 28 days.
FRCM Direct Tension

FRCM panels were cut with a circular diamond blade saw to prepare rectangular
coupons as shown in Figure 17. Continuous two, three, and four layer specimens were cut

with 410 x 560 mm (length x width) dimensions and had nominal thicknesses of 11, 12,

and 13 mm, respectively. Fiber alignment was set in the 0° direction along the length of

N

Figure 17 — FRCM Coupon Saw Cutting (left), Cut Coupons (Middle and Right)

the coupon. Steel metal tabs with clevis openings were bonded to each end of the specimen

with bonded tab lengths of 150-mm (Figure 18). The tensile load is transferred as a shear

Figure 18 — Tab Installation
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stress by the adhesive bond between steel plates glued to the specimen ends. Tensile
coupons were tested according to AC434 Section 4.2.3 for Tensile Strength and Annex A
Tensile Testing of FRCM Composite Specimens (AC434 2013), which is included in
Appendix B of this document. Uniaxial tension load was applied to the tensile coupons.
Testing was performed using a screw driven Universal Test Frame with a maximum
capacity of 130 kN. Axial deformation was measured using a clip on extensometer with a
100 mm gauge length, placed mid-length of the specimen. The gripping mechanism used
was a double clevis connection (Figure 19), giving maximum degrees of freedom and
allowing the fabric to slip within the matrix. This gripping mechanism most accurately
represents boundary conditions exhibited in field applications. All data was gathered using
Instron’s Bluehill software and data acquisition system. The test was performed under
displacement control at a rate of 0.25 mm/minute. An initial pre-tension load of 0.10 kN,
less than 5% of the anticipated failure load, was applied to engage the specimen and clevis

grip setup. The applied load and extensometer strain was recorded. The stress was

Socket Cup Screw

Bolt with Nut and Washer | B o

Spacer
Clevis Pin (.5"¢)
Clevis Hairpin

Shackle

Figure 19 — Specimen Test Set-Up with Clevis Grip and Extensometer
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determined by dividing the load by the cross sectional fabric area and a stress vs. strain
curve was developed for each specimen. As per AC434 Annex A, the stress-strain behavior
is expected to be bi-linear (Figure 20). The initial branch of the curve corresponds to the
un-cracked state, followed by a second branch with a reduced slope, corresponding to the
cracked specimen. The intersection point of the two branches is the known as the transition

point, 7. The ultimate stress, f, is the maximum stress carried before failure. To determine
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Figure 20 — Expected Stress vs. Strain Curve

the modulus of elasticity of the cracked specimen, Ej, attention is given to the segment of
the response curve corresponding to cracked behavior after the transition as defined in
AC434 A7.2. Two points are selected on the experimental curve at a stress level equal to
0.90f7, and 0.60f7 where the slope of the line that connects these two points represents the

cracked modulus:

o A 0907, -060f,
f = —= .
Ae €r@ovo g ~ € r@o.60 fu

The strain values &sa0.905 and enao.60p: are taken as the strain values that correspond to

0.90f7, and 0.60fs, on the curve. The y-intercept of the line that defines Eris determined as
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Vine = 0'60ffu —E € q060 i
Determination of the modulus of elasticity of the uncracked specimen, E, *, is achieved

by selecting two points from the uncracked linear segment of the curve. These points must
form a line that closely follows the trend and slope of the curve in the uncracked region
(AC 434 Annex A). The transition point (7) is then determined to be the stress and strain
corresponding to the intersection between the initial and secondary branch of the response
curve.
Direct Tension Test Results

Five replicates of two, three, and five ply (15 total) specimens were tested in direct
tension and exhibited a bilinear stress vs. strain behavior as predicted. In addition, the
results from tests conducted for one ply coupons by Arboleda (2014) are presented for
comparison purposes which also demonstrate an equivalent bilinear trend. The initial linear
phase represents the specimens in the un-cracked state which is controlled by the
cementitious matrix properties. During this phase, the coupons were loaded until the tensile
strength of the matrix mortar was reached and the first crack occurred. The specimens then
experienced a loss of stiffness due to further crack formation and propagation which
denotes the start of the second phase (line). With each new crack, the load is redistributed
within the system. Micro-cracks result in low levels of load distribution. Macro-cracks
release larger amounts of energy which is immediately transferred to the fabric bridging
the cracks, and is then redistributed to the system. The large amount of energy released by
macro-cracks can result in stress concentrations in other parts of the specimen, which in
turn causes further macro-cracking, fabric-matrix debonding, and fiber slipping within the

fabric bundles. The curve resumes linearity during the second stage as crack propagation
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ceases. Crack widening initiates, and the resistance is provided primarily by the fabric-
matrix bond and the friction between the internal fibers. As the load is increased,
progressive fabric-matrix debonding, internal fiber slippage, and fiber breakage occur
which results in specimen failure due to a loss in strength from slipping of the fabric within
the matrix and/or interlaminar delamination.

For one ply specimens, Arboleda (2014) observed a typical failure mode to be slipping
of the fabric within the matrix after multiple cracking. The crack patterns spanned the entire
width of the specimen and propagated completely through the thickness along with fabric
slippage (Figure 21a). The two ply specimens exhibited a failure mode consisting of
interlaminar delamination and fabric-matrix slipping with a different damage progression
mechanism (Figure 21b). Cracks initially spanned the entire width on each side of the
specimen and attempted to propagate through the specimen thickness. Upon reaching the
next fabric layer, the cracks changed direction and propagated along the fabric-matrix
interface, parallel to the length of the specimen as interlaminar delamination occurs. As a
result, the length over which the load is transferred is reduced and the cracks then shifted
inward in the thickness direction and converge towards each other where fabric slippage
occurs resulting in specimen failure. This phenomenon suggests that the load is transferred
from the outer most layers towards the inner layers. The two ply specimens exhibited a
failure more from fabric slippage than interlaminar delamination. Accordingly, there was
a noticeable transition between the two versus three and four ply failure modes. Specimens
with three and four plies exhibited a failure mode due to interlaminar delamination with
minimal fabric slippage (Figure 21c/d). There were considerably less visible cracks in

comparison to the behavior observed for the one, two and three ply tests. Initially the cracks
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Figure 21 — Typical Failure Modes for a) One b) Two ¢) Three d) Four Ply

Specimens

formed on the outer surface of the specimen and propagated inward. Once the next fabric
layer was reached, the cracks changed direction and propagated either along the fabric-
matrix interface or in a diagonal direction along the thickness as progressive interlaminar
delamination occurred within one or multiple layers. Crack propagation continued along
this interface(s) until the effective bond length was reduced at which point failure occurred
due to a sudden interlaminar delamination. The effective bond length is defined as the
minimum bonded length required to sustain the maximum load in the system. These results
indicate that an increase in fabric layers causes a shift in crack propagation as well as a
shift in failure mode. One ply failure was defined by fabric-matrix slipping and three and
four ply failure was caused by interlaminar delamination, while two plies exhibit a hybrid
combination of both failure types. Figure 23 demonstrates the crack propagation modes

based on number of fabric layers for the direct tension specimens.
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a) b) ©) d)
Figure 22 — Typical Crack Propagation Modes for a) One b) Two c¢) Three d) Four

Ply Specimens

The stress- strain curves for one, two, three, and four ply specimens are shown in
Figure 23, Figure 24, Figure 25, and Figure 26, respectively. For each specimen, the
stress-strain data was analyzed per AC434 Annex A.The un-cracked and crack modulus
of elasticity (Ef* Ey), ultimate tensile stress and strain (fs,€5), and the transition point
(fen) were determined. Table 2, Table 3, Table 4, and Table 5 contain the summarized
tabulated values for each fabric ply and Appendix C presents the values determined for

each specimen.
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Table 2 — Summarized Tensile Strength Results for 1 Ply Coupons (Arboleda 2014)

Description Symbol Units Mean STD COV
Modulus of elasticity of the uncracked specimen Eg* GPa 1,806 452
Modulus of elasticity of the cracked specimen Er GPa 128 15 12%
Tensile stress corresponding to the transition point  f MPa 375 82
Tensile strain corresponding to the transition point ¢  mm/mm 0.00017  0.00004
Ultimate tensile strength S MPa 1,664 77 5%
Ultimate tensile strain ¢,  mm/mm 0.0176  0.0013 8%

Table 3 — Summarized Tensile Strength Results for 2 Ply Coupons

Description Symbol Units Mean STD COV
Modulus of elasticity of the uncracked specimen Eq* GPa 621% 208
Modulus of elasticity of the cracked specimen Er GPa 49 8 16%
Tensile stress corresponding to the transition point  f5 Mpa 726 226
Tensile strain corresponding to the transition point ¢z mm/mm 0.0027  0.00348
Ultimate tensile strength T Mpa 1,933 215 11%
Ultimate tensile strain en  mm/mm 0.0277 0.0039 14%

*One specimen was omitted for the calculation of this value

Table 4 — Summarized Tensile Strength Results for 3 Ply Coupons

Description Symbol Units Mean STD COV
Modulus of elasticity of the uncracked specimen Eq* GPa 1,613 770
Modulus of elasticity of the cracked specimen Er GPa 46 11 5%
Tensile stress corresponding to the transition point  f5 MPa 717 52
Tensile strain corresponding to the transition point ¢4 % 0.0005  0.00022
Ultimate tensile strength T MPa 1,921 105 5%
Ultimate tensile strain Efu % 0.0283 0.008 28%

Table 5 — Summarized Tensile Strength Results for 4 Ply Coupons

Description Symbol Units Mean STD COV
Modulus of elasticity of the uncracked specimen Eq* GPa 1,282 1,660
Modulus of elasticity of the cracked specimen Er GPa 36 4 11%
Tensile stress corresponding to the transition point  f MPa 568 149
Tensile strain corresponding to the transition point ¢z mm/mm 0.0018  0.0029
Ultimate tensile strength S MPa 1,315 91 7%
Ultimate tensile strain g, mm/mm 0.0228  0.0039 17%

The uncracked modulus of elasticity is an important value that reinforces the initial
phase of the bilinear stress-strain behavior. This value is significantly affected by coupon
geometry, small load eccentricities, and initial imperfections such as micro-cracking during

specimen preparation. The point at which the first crack occurs denotes the end of the initial
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phase and also indicates that the specimen is fully engaged. Typically, FRCM systems are
designed to resist stress and strain values corresponding to the second phase in the cracked
state. Therefore, the properties associated with the cracked and ultimate states are be
discussed in detail. Figure 27 contains a typical stress vs. strain curve for each fabric ply
where the differences in deformation behavior can be observed. The cracked modulus,
ultimate stress, and ultimate strain characteristics were compared. The cracked modulus
exhibits a decreasing trend with increasing number of plies (Figure 28). In addition, the
transition of failure mode can also be observed in the tail end of each curve. After reach a
maximum stress, the one and two plies show a gradual decrease in stress (fabric slipping)
while the three and four plies demonstrate a sudden decrease in stress (interlaminar
delamination). One ply specimens show the largest £ followed by decreasing values in the
two, three and four plies. Two and three plies exhibited similar as well as the largest values

of ultimate stress followed by one and four plies (Figure 29).
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Figure 27 — Typical Stress vs. Strain Curves for each Fabric Ply
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Similarly, two and three plies showed close values as well as the largest values of ultimate
strain followed by four and one layer(s) (Figure 29). Material properties indicate that for

FRCM optimal performance, a two or three layer strengthening configuration should be

used.
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Implications for Design

Results from the direct tension tests are used to determine theoretical ultimate behavior
for RC beams strengthened with the PBO-FRCM system. The RC beam design, material
properties, and theoretical and design analysis are discussed in detail in Study 3 of this
document. The theoretical and design capacities (P, m, ¢P,) were determined for RC
beams strengthened with one and three plies of FRCM where theoretical values are
determined using FRCM direct tension properties without any strain limitation. Results
from the one ply direct tension tests given in Table 9 were used to determine P,, 7 and ¢P,
for the one ply strengthened RC beam. But when multiple FRCM layers are used for
strengthening, many will argue as to which material properties should be used to accurately
reflect the experimental behavior. Results from the direct tension tests demonstrate how
the FRCM system behaves independently. The one ply specimens exhibited a larger
cracked modulus, and lower ultimate stress and strain values compared to the three ply
specimens, which exhibited a lower cracked modulus, but higher ultimate stress and strain.
Thus in an attempt to determine which properties should be used, two different values of
theoretical and design capacities were computed using the one ply and three ply direct
tension results given in Table 2 and Table 4, respectively, for the RC beam strengthened
with 3 layers. All theoretical values were compared to the experimental test results from
static tests performed on RC beams strengthened with one and three FRCM layers. A
detailed discussion of the static test procedure and experimental results is presented in
Study 3.

Table 6 contains a summary of all theoretical, experimental, design, and enhancement

values. The enhancement ratios are defined as the ratio of the strengthened RC element to
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the control RC member. The theoretical and design capacities for the RC beam with 3
FRCM layers indicates a larger strength enhancement when using the one ply direct tension
properties than when using the three ply properties. Similarly, when compared to the

Table 6 — Summary of Theoretical and Experimental Ultimate Load Values

Theoretical E . tal Desi E y
External FRCM ___(no e limio e CE peoretical
Iieinf Material Load Enhancement Load Enhancement Load Enhancement
) Properties Pu, Th Pu,Th,xtrength/ Pu, avg Pu,xtrength/ ¢Pn ¢Pn,strengthened/ P /P
(kN) Pu,Th,control (kN) Pu,control (kN) ¢Pn,control wave/ T Th
None - 89.5 1 97.1 1 54.7 1 1.08
1 Ply
1 Layer (Table 1) 90 1.01 107 1.1 59 1.08 1.19
JLayers PV 112 125 728 133 112
(Table 1)
3 Ply 125.7 1.29
3 Layers (Table 3) 104 1.16 59.8 1.09 1.21

experimental values, the one ply direct tension properties result in a theoretical load that is
much closer to the experimental than the value computed with three ply direct tension
results. Therefore, if the analysis is performed based on the direct tension results for
multiple plies, the outcome is lower than if one ply material properties are used. However,
the capacities determined from the one ply properties (Table 2) represent a more realistic
prediction of beam behavior while maintaining a safe design, and thus will be used for
theoretical and design analysis in the subsequent studies.
FRCM Bond

A critical parameter in the success of an externally bonded composite lies in the
system’s bond performance. For FRCM, the load is transferred from the substrate to the
composite through the concrete-matrix bond interface and is then distributed within the
composite through the fabric-matrix interfaces. Several bond tests were conducted to

investigate FRCM bond behavior per AC434 Section 4.8 for one, two and four ply
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specimens. Specimens were prepared by applying FRCM to a RC concrete slab as
previously shown in Figure 16 and were left to cure for a 28-day period. Bond tests were
performed following ASTM C1583/C1583M 13. A 51-mm diameter circular cut was made
on the cured FRCM system using a core drill, to a depth of 12.7 mm into the substrate
(Figure 30a/b). A steel disk was attached with the epoxy to the FRCM surface as a means
to pull off the circular area (Figure 30c). The adhesive was left to cure for 24 hours before

performing the pull off test.

(b)

Figure 30 — Bond Test a) Drilling Instrument b) Circular Cut c) Bonded Steel Disk

Uniaxial tensile load was applied perpendicular to the test surface using a pull-off test
machine known as a James Bond Tester (NDT James Instruments, Inc., 2016). The load
was applied manually using the screw system of the test machine connected to a hydraulic

piston. Figure 31 shows the test set up. The test was performed under load control at a

(b)

Figure 31 — Pull off Test Instrumentation a) James Bond Test b) Test Configuration
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constant rate so that the tensile stress increased at a rate of 35 + 15 kPa/s, and the ultimate
load was recorded using an integrated dial gauge in the test machine. The different types
of failure modes given in ASTM C1583 include: failure in the substrate, failure at the
concrete-FRCM interface, failure within the FRCM, or adhesive failure in the epoxy used
to attach the steel disk. An illustration of each mode is shown in Figure 32. The ultimate
bond strength was calculated based on the type of failure, following the guidelines provided
by AC434 by dividing the recorded tensile load at failure by the net area (failure type A or

B) or the matrix area (type C failure). The net area is defined as total area under the disk

(a) Failure in (b) Bond failure at (c) Failure in (d) Bond failure at
substrate concreteloverlay overlay or repair epaoxyloverliay
interface material interface

Figure 32 — Bond Test Failure Mode Types (ASTM C1583)

minus the area covered by the fabric. Five replicates of one, two and four ply specimens
(15 total) were tested. The average bond strengths and respective failure modes are given
in Table 7. All specimens exhibited a type C failure mode where failure occurred at the

Table 7 — Summarized Bond Strength Tests

Number of Ultimate Stress C.O.V. Failure

Layers (MPa) (%) Mode
1 3.89 15 C
2 1.78 29 C

4 1.39 38 C
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fabric-matrix interface as shown in Figure 33. The area used to determine ultimate stress
values was taken as 707 mm? which describes the net matrix area. Failure typically
occurred within the first fabric layer and propagated away from the substrate further into

the other FRCM layers. Each test specimen contained a layer of mortar completely attached

Figure 33 — Type “C” Failure Modes for 2 Plies (Left) and 4 Plies (Right)

to the concrete substrate. For a failure occurring at the fabric- matrix interface, AC434
Section 4.8.2 states the minimum bond strength shall be at least 2.76 MPa. One ply
specimens satisfy this criteria, while the two and four ply results did not meet the expected
threshold. This suggests that additional bond tests should be performed using different
types of FRCM systems with multiple fabric layers in order to re-evaluate the fittingness
of AC434’s threshold.

Results indicate that the fabric-matrix bond is weaker than the concrete-matrix bond.
This type of failure was predicted due to the fact that the matrix does not completely
impregnate the fabric fibers thus acting as a bond breaker. Accordingly, the bond strengths
exhibit a decreasing trend with an increasing number of layers (Figure 34) due to the
reduction of net area caused by each additional layer. Contrary to the direct tension test
results, an increase in fabric plies does not necessarily guarantee an increase in bond
strength. Accordingly, the ambient (no durability exposure) strength of FRCM applied to

RC can best be described as a combination of tensile (direct tension) and bond strength.
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Figure 34 — Bond Strength Based on Fabric Plies

Increasing the number of layers enhances tensile performance (up to 3 plies) but diminishes
bond strength. As a result, it is crucial to select a fabric ply configuration that yields an
optimum balance between tensile and bond performance.
FRCM Early Age Bond Development

When concrete is cast, the most crucial period is the time immediately following
placement, which is when significant material strength is developed. This time is defined
as the curing period. Similarly for FRCM, the cementitious mortar requires a curing period
where it undergoes hydration and develops strength. In the previous tests, all FRCM
specimens were given a minimum curing period of 28 days which is a standard value used
for concrete. While 28 days is a conservative time period, it may be considered overly
conservative for RC structures such as bridges and parking garages in need of FRCM repair
which remain closed during installation and curing times. In an attempt to ensure minimal
closure times while ensuring adequate FRCM strength and to determine a practical curing
period for the PBO-FRCM system, the early age performance was investigated. The

compressive strength of the matrix mortar and the bond strength were measured within the
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early hours following FRCM installation throughout a 28-day time period. The matrix
mortar compressive strength was determined by preparing and testing cube specimens per
ASTM C109/C109M13. The FRCM system was applied to small concrete beams with
dimensions of 10 cm x 10 cm x 35 cm in a similar manner to the previous sub-chapter. The
concrete beams used for bond tests performed within 24 hours of application were pre-
drilled prior to FRCM application because previous attempts to drill holes in the FRCM
system during this time period resulted in damaged inflicted to the composite system.
Inflicted damaged was caused by the wet cementitious mortar that was unable to hold the
fabric in lace during drilling. In addition, due to the state of the cementitious mortar, the
compressive tests of the mortar cubes were not performed within 24 hours of specimen
preparation. FRCM installation for the pre-drilled beams consisted of pre-cutting 51-mm
diameter circular shaped pieces of fabric and applying them individually to the pre-drilled

holes. All stages prior to and during application can be seen in Figure 35 for one FRCM

a)

Figure 35 — FRCM Application a) Pre-Drilled Beams b) Pre-Cut Fabric ¢) FRCM

Application

layer. The remaining concrete beams were also strengthened with one continuous layer of
FRCM. The final installation for both application types is shown in Figure 36. Bond tests

were conducted after each respective time increment per ASTM C1583/C1583M 13
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following the same test preparation, instrumentation and procedure presented in the

previous subchapter.

a) | b)

Figure 36 — FRCM Application to a) Regular Beams b) Pre-Drilled Beams

All matrix mortar cubes were prepared and tested per ASTM C109/C109M13. Uniaxial
compression load was applied to the cube specimens using a screw type universal test
frame. The test was performed under displacement control at a rate 0.635 mm/min. Table
8 summarizes the time increments, number of replicates, and results for the average bond
and compressive strengths. For the bond tests, the primary failure mode occurred within

Table 8 — Early Age Test Matrix and Summary of Results for One Ply

Number of Replicates Average Stress
. . Mortar
Time Bond Test Compression of Bond Strength Compressive Stress
Mortar Cubes (MPa)
(Ma)
3 hours 5 - 0.05 -
7 hours 5 - 0.08 -
10 hours 5 - 0.14 -

1 day 5 5 0.74 10.8
2 days 5 5 0.75 15.3
3 days 5 5 2.59 15.7
7 days 5 5 2.97 21.7
14 days 5 5 2.59 20.8
21 days 5 5 3.19 19.5
28 days 5 5 3.18 24.1
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the FRCM composite system, at the interface between the FRCM mortar and fabric, herein
referred to as failure type “C” (Figure 37). For the compression of matrix mortar, a typical

test specimen and failure mode is shown in Figure 38.

Figure 38 — Typical Failure Mode for Compression of Matrix Mortar

The early age strength development curves for both bond strength and mortar
compressive strength are shown in Figure 39. Based on these results, a significant amount
of strength develops after 3 days and almost full strength was developed after 7 days. The
bond tests exceed the AC343 threshold of 2.76 MPa after a 7-day curing period. And in
addition, the mortar compressive strengths exceed AC434 requirements of having strengths

greater than 17 MPa and 24 MPa at 7 days and 28 days, respectively.
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Concluding Remarks
The objective of this study was to investigate the effect of FRCM multiple fabric layers
on the direct tension and bond strength behavior. The material system consisted of a PBO
fabric mesh and Portland cement based mortar matrix that is typically used for the shear
and flexural strengthening of RC. In addition, the early age bond development for the same
system was investigated within the early hours of FRCM application throughout a 28-day
time period. The experimental findings are summarized as follows:
e Increasing fabric plies results in a decreased crack modulus of elasticity, £ and a
decreased bond strength.
e Two and three ply direct tension specimens exhibited the largest values of ultimate
stress and ultimate strain followed by one and four plies.
e Increase in fabric plies causes a shift in crack path as well as a change in failure

mode where one ply failure is defined by fabric-matrix slipping (Arboleda 2014)
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and four ply failure is caused by interlaminar delamination, while two and three
plies exhibit a hybrid combination of both failure types.

e FRCM behavior when applied to RC is influenced by both the tensile and bond
characteristics for a specific fabric ply. For this PBO-FRCM system, a two or three
layer configuration is considered ideal to ensure optimum FRCM performance
when applied to RC.

e Significant early age bond and matrix compressive strength development occurs
within 3 days and full strength is nearly developed after 7 days of FRCM
installation.

Results from direct tension tests were used to determine theoretical ultimate capacities
of RC beams strengthened with one and three FRCM layers. Suitably, the material
properties determined from the one ply direct tension tests were used to design the RC
beam strengthened with one FRCM layer. The theoretical capacity for the RC beam
strengthened with three FRCM layers was computed twice using material properties from
the one and three ply direct tension tests. Results indicate that the one ply direct tension
properties result in a larger theoretical load that is closest in value to the experimental
result, thus yielding a more realistic prediction of ultimate behavior. Therefore, the one ply
material properties given in Table 9 are used for all theoretical and design calculations in

the subsequent studies.



CHAPTER 3

Study 2 — REPAIR OF DAMAGED PRESTRESSED CONCRETE GIRDERS
WITH FRCM AND FRP COMPOSITES

Traditional methods used to repair prestressed concrete (PC) girders subjected to
impact damage due to over-height vehicles include strand splicing and external post
tensioning. These methods have proven to be partially satisfactory in restoring the damaged
girder’s ultimate strength. The use of composite materials in the strengthening,
rehabilitation, and repair industry has been gaining popularity due to their excellent
material behavior and ease of application. Composites such as fiber reinforced polymer
(FRP) and fabric reinforced cementitious matrix (FRCM) systems are presently available
alternatives for restoring the integrity of a damaged girder short of replacing it. Many
studies and field applications have been conducted using externally bonded FRP systems
but there is currently very limited research on damage assessment and repair of full-scale
PC bridge girders specifically subject to vehicular impact (Di Ludovico 2005, Nanni 1997).
Di Ludovico et al. 2005 conducted an experimental investigation of full-scale damaged PC
girders with externally bonded CFRP laminates. One benchmark girder and two
intentionally damaged girders, cutting two and four strands respectively, were strengthened
with CFRP laminates and subjected to flexural tests. All strands were damaged on one side
of the girder to simulate a vehicular impact. The repaired girders exhibited a loss of
ductility, partly due to the primary failure mode which consisted of a sudden CRFP
delamination. In addition, all experimental ultimate moment capacities were greater than

or within 0.5% of the theoretical experimental values.
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FRCM composites represent an alternative material to FRP for structural
retrofit/rehabilitation. Currently, no studies or field applications have been conducted
using externally bonded FRCM systems applied to damaged PC girders but based on
previous research, there are very clear indications that prove FRCM to be an excellent
alternative. The objective of this study is to evaluate both experimentally and numerically
the effectiveness of FRCM and FRP as repair systems to impact-damaged precast, PC
girders. This study was conducted as a joint partnership with Virginia Tech and the Virginia
Department of Transportation (VDOT). The material characterization of FRP and FRCM
systems and the girder strengthening design using both composite systems was performed
by University of Miami students and faculty, while the material testing of the girder
properties and the experimental investigation was performed by Virginia Tech students and
faculty. The FRP and FRCM installation and application to the PC girders was performed
by a licensed contractor that specializes in structural repair using composite materials.

The girder specimens consisted of three AASHTO Type III PC bridge girders retrieved
from a bridge after 55 years of service. One specimen was load tested undamaged and used
as a benchmark. The other two were damaged (four cut strands) and repaired with FRP and
FRCM prior to being load tested. Numerical analysis was performed to theoretically predict
strength and behavior of all specimens using AASHTO LRFD Bridge Design
Specifications, ACI 440.2R, FRPS-1, and ACI 549.4R. Theoretical values were compared
to experimental values and the effectiveness of the strengthening methods and respective

design approaches were evaluated.
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ASHTO Type III Girders

A bridge spanning over Interstate 81 near Arcadia, VA was comprised of AASHTO
Type III girders spaced at 2.2 m on center. The bridge was built between 1957-1960 and
was recently demolished, where three girders were extracted. A typical girder has a span
of 18.3 meters, with an overall height of 1.14 m and is reinforced with 50 - 9.53-mm
diameter seven-wire stress-relieved strands. During demolition, one girder was broken into
two pieces and the overall remaining length of the girder was about 13.4 m. Excessive
spalling occurred at the bottom flange of this girder, leaving only about 10.9 m of
undamaged girder. Upon extracting the girders, another separate girder contained residual
saw cuts in the top deck from demolition. These saw cuts spanned the entire width of the

deck and were located along the length of the girder (Figure 40). The geometry and

Figure 40 — Saw Cut Gaps in Concrete Deck of Girder D

prestressing strand orientation is shown in Figure 41. Prestressing steel consists of two
straight strands in the top flange, 40 straight strands in the bottom flange, and eight harped
strands where harping points are located at 7.3 m from each end (Jones et al. 2015). Shear

reinforcement consists of two No. 5 single leg stirrups with variable spacing from 229 mm
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near the ends to 533 mm near midspan. Prior to demolition, the girders were individually
removed by saw cutting the top deck on each side of the girder flange. This resulted in a

narrow section of deck that remained attached to the top of the girders and did not
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Figure 41 —- AASHTO Type III Girder Dimensions and Prestressing Details

(dimensions in mm)

accurately represent the larger deck width that would be seen in the field. Saw cutting of
the deck resulted in slightly different deck widths for each girder (Figure 42). The nominal
material properties for the concrete slab, PC girder, and prestressing steel given in the
construction documents are shown in Table 9.

Three PC girders were extracted and consist of one control girder (Girder A) that was
chosen to be the shorter girder broken during demolition, one FRP strengthened girder

(Girder C) and one FRCM strengthened girder (Girder D) that was chosen to be the girder
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with several saw cuts in the top deck. In an attempt to avoid confusion and maintain

consistent cross-referencing with Jones et al. (2015) and Pino et al. (2015), the same girder

nomenclature given in the aforementioned documents is used herein. Results from the

testing of Girder B (Jones et al. 2015) strengthened with a separate repair method is not

included in this study.

Due to the limited number of girders, it was decided to damage, repair, and test girder

C and girder D at two locations in order to maximize the amount of experimental results.

For girder C, one damaged location was repaired with FRP and the other location was

repaired using strand splicing (Jones et al. 2015). Girder D was repaired with FRCM at one

damaged area while the other repair consisted of combined strand splicing and FRCM

(Jones et al. 2015). Figure 42 shows the girder type and repair method used for each

damaged location.
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The nominal material properties specified in the original construction documents are

given in Table 9. Similarly, the prediction of experimental values can best be determined

using accurate material properties. Concrete samples were taken from the deck and girder

Table 9 — Girder Nominal Properties (From Construction Documents)

Property Symbol Value
Slab
Compressive Stress Je 27.6 MPa
Girder
Compressive Stress fe 34.5 MPa
Prestressing Steel
Ultimate Stress Sou 1.72 GPa
Yield Stress Jfov 1.42 GPa
Modulus of Elasticity E; 186.16 GPa
Initial Prestressing P; 62.28 kN

and prestressing strands samples were extracted. Cylindrical concrete samples were

attained using a concrete core drill, from an unused section of a girder. Two samples from

the deck and two samples from the girder were tested for compressive strength (Table 10).

The average compressive strength of the girder and deck are close to the design

compressive strength values of 34.5 and 27.6 MPa, respectively. Two prestressing strand

samples were extracted from the same unused section and tested in tension. The bridge

construction documents required the steel to have a minimum ultimate tensile strength of

Table 10 — Concrete Web and Deck Samples Test Results

Diameter Failure Load Compressive Strength

Specimen (mm) (kN) (MPa)
Web #1 69.9 173 453
Web #2 69.9 178 46.4
Average 175.7 45.9
Deck #1 69.9 156 40.6
Deck #2 69.9 162 42.4
Average 159 41.5
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1.72 GPa and a minimum yield strength of 1.42 GPa. Experimental results exceed the

design requirements with an average 1.81 GPa ultimate strength and 1.48 GPa yield

strength (Table 11). Tests were also performed to determine the effective prestress force

Table 11 — Prestressing Strand Samples Tests Results

Strand # Load Area Yield Average Yield Strength Average Strength
(kN) (in*) (GPa) (Gpa) (GPa) (Gpa)
I 912 516 150 177
952 516 145 148 1.84 181

by severing six strands with an electric grinder. An extensometer was used to measure the

change in length of the strand when cut. The average effective prestress force was

determined to be 910 MPa (50.3% of ultimate from Table 11).

FRP and FRCM Materials

The FRP system consisted of two types: C200H and C400H. Each contain high strength

unidirectional carbon fiber sheets with a minimum nominal fiber density of 600 and

1350 gm?, respectively (Figure 43). The matrix consists of a two parts epoxy. A complete

material characterization is reported in Pino et al. (2015) following the test criteria

specified by AC125 (ICC-ES 2014) which is the established acceptance criteria for

Figure 43 — FRP Material Systems C200H (Left) and C400H (Right)
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externally bonded FRP systems. Results indicate that both systems exhibit excellent
mechanical and durability performance exceeding AC125 requirements. It is shown that
direct tension tests best represent the composite’s stress-strain behavior when subjected to
tensile forces. One-layer and two-layer specimens were prepared and tested according to
ASTM D3039/D3039M where load was applied in displacement control. The extension
(elongation) of the specimen was measured using a 50-mm gauge length extensometer,
placed at mid-length of the coupon specimen (Figure 44). The mode of failure was by fiber
rupture and the behavior was linear until failure as shown in Figure 44 compared to the bi-

linear behavior seen in FRCM coupons. Table 12 contains direct tension test results

Figure 44 — FRP Tensile Test Setup

Table 12 — Material Properties of FRP C200H and C400H Direct Tension Tests

C200H C200H C400H C400H

Description Symbol  Units 1 Ply 2 Ply I Ply 2 Ply
Ultimate Strength ff—u GPa 1,328 1,347 1,294 935
Ultimate Stength St. Dev 05, GPa 79.6 31.5 45.5 24.5
Modulus of Elasticity E_f GPa 75.7 95.67 76.11 83.53
Ultimate Strain &y mm/mm  0.0175  0.0141 0.017 0.0112

Ultimate Strain St. Dev Og;,, mm/mm 0.0004 0.0011  0.0007  0.0001
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including ultimate strength and strain, respective coefficient of variation, and modulus of
elasticity for each CFRP laminate according to the respective number of plies. The C200H
one-and two-ply coupons have an average ultimate stress of 1,328 MPa and 1,347 MPa,
respectively. The C400H one-and two-ply coupons had an average ultimate stress of 1,294

MPa and 935 MPa, respectively.

FRCM Materials

The FRCM system consists of a PBO fabric with an unbalanced network that is
identical to the system evaluated in Study 1 of this dissertation. A detailed description of
the geometry, test methods performed, and material properties can be found in Chapter 2.
The material properties specifically used for this study are the 1 ply specimens given in
Chapter 2, Table 2.

Simulated Impact Damage

Four prestressing strands were cut at 1/3 points from the girder ends (Figure 42). Two
strands were cut from the bottom row, one strand from the second and third rows each
(Figure 45). The damage was performed by placing the girder on its side and striking it
with a hydraulic hammer attached to a backhoe (Figure 45). After the strands were cut, the
repair area was saw cut 254 mm deep in order to create a well-defined edge. The loose and
or weakened concrete was chipped from around the exposed strands and the repair area
was sandblasted and pressure washed in order to allow for a repair mortar to penetrate
between and around the strands. Wood formwork was placed around the repair area and
the repair mortar restored the original shape of the girder (Figure 46). A hammer tap test
was then performed to ensure sufficient bond between repair mortar and the girder concrete

prior to the application of the composites. The hammer test involves tapping the FRP
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surface with a hammer and if a change in frequency is observed, this change indicates the
location of a possible void or delamination between the FRP and concrete substrate. Table

13 and Figure 42 summarize each girder test, repair type, and method of strengthening.

Figure 45 — Prestressing Strand Damage

Figure 46 — a) Concrete Repair Formwork b) Repaired Area
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Table 13 — Description of Damages and Repair Types

Girder Test No. Repair Strands Girder Length Damage Damage Length
Type Cut m Location m
A 1 None 0 13.4 - -
C 3 FRP 4 18.3 1/3 Point 1.22
D 5 FRCM 4 18.3 1/3 Point 1.22

In some instances, experimental challenges were encountered that resulted from
equipment malfunction and unintentional damage to other repaired areas which required
for some tests to be repeated. In this paper only tests 1, 3, and 5 which consist of the control
girder and two girders strengthened with FRP and FRCM, respectively, are reported. The
other tests 2, 4, and 6 consist of separate repair methods and are not included (Jones et al.
2015).

Analysis of PC Girders

In the United States, all bridges under federal funding must meet the requirements and
design guidelines given in the American Association of State Highway and Transportation
Officials (AAASHTO) LRFD Bridge Design Specifications (AASHTO 2010). Mandated
by the Federal Highway Administration (FHWA), this document is considered the “law of
the land” for bridge evaluation, design, and rehabilitation. As the development of
composite materials has successfully evolved into design and construction applications, a
guideline to assist in the evaluation of the severity of the damage, and to recommend
composite repair techniques appropriate for various levels of damage is needed to
consistently, efficiently and economically address impact damage.

The current design guidelines established for externally bonded FRP and FRCM
materials for repair of RC are ACI 440.2R-08 and ACI549.4R-13, respectively, where ACI

440.2R-08 is the “Guide for the Design and Construction of Externally Bonded FRP
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Systems for Strengthening Concrete Structures” (ACI 440.2R 2008). Accordingly, a
theoretical analysis for each girder was performed using the aforementioned design
literature. Each girder was analyzed per AASHTO LRFD 2010 for the damaged and un-
damaged states. The strengthened capacities were determined for Girder C repaired with
FRP and Girder D repaired with FRCM using AASHTO LRFD guidelines in combination
with the corresponding ACI guidelines for each composite system. All theoretical analyses
for each girder in its un-damaged, damaged, and strengthened configuration was performed
using a program developed in Mathcad. An example of a Mathcad program analyzing
girder D strengthened with FRCM is included in Appendix D.

As per the assumptions specified in AASHTO LRFD Section 5.7.2, ACI549.4R-13 and
ACI 440.2R-08, LRFD the following assumptions were made: material properties from
Table 2, Table 10, Table 11, and Table 12 are used, reduction factors are omitted, linear
strain distribution exists along the depth of the section, force equilibrium is satisfied, strain
compatibility is used to determine strains in the external reinforcement, perfect bond exists
between prestressing steel and concrete, perfect bond exists between the composite
reinforcement and concrete, maximum usable compressive strain in the concrete is 0.003,
and concrete tensile strength is negligible. The stress distribution throughout the girder
cross section during various stages of loading is illustrated in Figure 47 showing the axial,
bending, dead, and live load force effects. The non-composite, composite, non-
transformed, and transformed section properties including: area, moment of inertia, section
modulus, prestressing steel, eccentricity, and dead loads were determined. Dead loads
include the self weight of the girder and weight of deck. Prestressing losses were

determined based on the measured effective prestress value of 910 MPa. In most cases the
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Figure 47 — Stresses Applied to Girder Cross-Section
effective prestress force cannot be measured and can be estimated using AASHTO LRFD
Section 5.9.5.3 Approximate Estimate of Time Dependent Losses Method, but for this

study an effective prestress of 910 MPa was used. The corresponding strain behavior in the

cross section due to each stage of load application until failure is shown in Figure 48, where

P. is the effective prestressing force.
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Figure 48 — Strain Applied to Girder Cross-Section

Un-damaged and Damaged States

The analysis of each girder in the un-damaged and damaged states was performed in
accordance with LRFD Section 5.7.3 by satisfying force equilibrium (Figure 49) where the

following equation is satisfied:

E,—C,=0
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Figure 49 — Force Equilibrium for PC Cross Section

Where F, is the tensile force in the Prestressing steel and C. is the compressive force in the
concrete. All prestressing strands (top and bottom) were considered when determining F,.
The tensile force in the prestressing steel, Fy, is defined as F, = Apf,s Where f,is the
stress in the prestressing steel determined using AASHTO’s formula:

c

fi,s =fi,u<1—kd—>

p

Ay, is the area of Prestressing, c is the distance from extreme compression fiber to the

neutral axis, k is a factor that accounts for the assumption that the tensile reinforcement is

lumped at the location of prestressing centroid and defined as k = 2 (1.0 — %), dy is
pu

the distance from extreme compression fiber to the centroid of prestressing steel, f,,, is the
yield stress in the prestressing steel, and f;,, is the ultimate stress in the prestressing steel.
The compressive force in the concrete, C,., is defined as C, = a;f' A, for &, = 0.003
where a; is taken as .85, f’, is the 28 day concrete compressive strength, A, is the area of
concrete in compression, and &, is the strain in the concrete at the extreme compression

fiber. If the strain in the concrete is less than 0.003, then Todeschini’s stress-strain model
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is used which allows for a more accurate prediction of concrete stress-strain behavior and

) 2(0-9f’c);c_co 1.71f71, ) )
is defined as o.(e.) = — where €, = - and the compressive force in the
1+(a) ¢
. c2(0.9f" )& . ..
concrete is then C. = b fo ———2dy,and E, is the modulus of elasticity of the

1+(;—C0)
concrete. The ultimate flexural capacity is determined as:
My = Fps(dp = c)
where y, is the distance from extreme compression fiber to the centroid of the concrete
compression force.

When the girder is damaged due to four (4) cut prestressing strands, the girder cross
section experiences a reduction of prestressing force and therefore, a reduction in flexural
capacity. The same properties and assumptions previously discussed are used to determine
the damaged capacity, except for the number of prestressing strands which is reduced to
46 strands. This strand reduction corresponds to a tensile force equal and opposite to the
initially applied prestressing. This tensile force is applied at the centroid of the cut strands
which results in an added stress and strain distribution in the cross section, thus affecting
the initial stress and strain conditions when the FRP or FRCM systems are applied. In
addition, when the four strands were cut, the center of prestressing shifted both laterally
and vertically, resulting in an unsymmetrical eccentricity with respect to the girder
centerline. Only the vertical change in eccentricity is considered in this paper in order to
simplify the analysis of each damaged girder. The theoretical undamaged and damaged
flexural capacities were determined for each girder and are given in Table 14. In comparing
the damaged and undamaged values, the loss of strength due to the cutting of the strands

represents the level of strengthening required by the FRP and FRCM systems. Each girder
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was analyzed separately and different theoretical capacities were determined due to the
varying deck widths shown in Figure 42.

Table 14 — Theoretical Ultimate Flexural Capacities

Un-damaged Damaged

Girder Test No. Repair Type (KN-m) (kN-m)

A 1 None 4540 -
C 3 FRP 4170 3870
D 5 FRCM 4110 3810

Girder C Strengthened with FRP

The same analysis approach given in the previous sub-chapter is used for the
computation of damaged girder C strengthened with FRP. There is an additional tensile
force provided by the FRP system that provides flexural resistance to the cross section as
shown in Figure 50. Following the design methodology stated in ACI 440.2R-08, this
additional force is introduced into the cross sectional analysis and a new equilibrium
equation and moment and moment equation is developed. The force equilibrium equation

now becomes:

Fps +Ffrp - CC =0

Figure 50 — Force Equilibrium for PC Cross Section with FRP
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Where the tensile force in the FRCM, Ff,.p,, is defined as Fr., = Afffr, Where Af is the
effective area of FRP define as Ay = ntsb, frrp, is the stress in the FRP defined as f7., =
Ef&frp , and &p is the strain in the FRP which is dependent on the controlling mode of

failure where the following modes were checked: concrete crushing, steel rupture, and FRP
failure (FRP rupture and/or FRP debonding). The FRP strain is defined as:
&ra < &y for FRP failure

(
dr—c
Ecu < ! > — &p; < &4 for concrete crushing
Efrp = ¢

c

L(0.035 — &pi) (flf—_

) — &p; < &4 for tendon rupture
—-C

Where df is the distance from extreme compression fiber to the centroid of FRCM
reinforcement, &;,; is the initial strain in the concrete substrate at the time of FRP
application and &; is the initial strain in the prestressing steel. All other variables are

defined in Table 15 and are determined by the material characterization direct tension tests
for C400H 1 ply specimens given in Table 12.

Table 15 — FRP Material Properties Used for Analysis

Description Symbol Value Units
Modulus of Elasticity from Characterization E; 1,328 Gpa
Ultimate Tensile Strain from Characterization &, 0.0175 mm/mm
Ultimate Tensile Stress from Characterization ff_u 75.7 Gpa

. . 083 f_,c

FRP debonding strain &fa ' nEst; mm/mm
Number of Plies n 2 -
Thickness of FRP tr 0.08 in

The ultimate flexural capacity is determined as:

M, = Fps(dp - 3’6) + Ffrp(df - 3’6)
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Results for girder C strengthened with FRP are given in Table 16 where the un-damaged
damaged, and repaired values are compared. The strengthening configuration was chosen

Table 16 — Theoretical Capacities for Girder C

Girder Un-Damaged Damaged Repaired Repaired/
© (kKN-M)  (kN-M) (kN-M) Un-Damaged
C 4170 3870 4690 1.125

to be two longitudinal C400H layers and one transverse C200H layer which served as
confinement to the two longitudinal layers. The repaired theoretical ultimate capacity is
predicted to successfully restore and exceed the girders original strength by 520 kN-m
(12.5%).
Girder D Strengthened with FRCM

Similarly, the design approach used for girder C is also used to theoretically predict the
ultimate flexural capacity of girder D strengthened with FRCM. The additional tensile
force is provided by the FRCM system as shown in Figure 51 and the design methodology

specified in ACI 549.4R-13 is used for the cross sectional analysis.
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Figure 51 — Force Equilibrium for PC Cross Section with FRCM

The force equilibrium equation now becomes:

Eys + Frrem — Cc =0
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Where the tensile force in the FRCM, Fry.cpp, is defined as Frpcrp = Af frrem Where Ay is
the effective area of FRCM define as Ay = nAgyp;cb. b is the width of the girder soffit,
ffrem 1s the stress in the FRCM defined as frrcm = Ef€prem > and &pcpy is the strain in the
FRCM that is defined based on the controlling failure mode:

Efumax for FRCM failure

| de —C
_ Ecu < ! > — &pi < Efu.max for concrete crushing
gfrcm c

l(o.o35 - <3f

—C

c) — €pi < Eumax fOr tendon rupture

All other variables are defined in
Table 17 and are determined by the material characterization direct tension tests for 1 ply
specimens given in Table 2 of Chapter 2. The ultimate flexural capacity is determined as:

M, = Fps(dp - yc) + Ffrcm(df - yc)

Table 17 — FRCM Properties Used for Analysis

Description Symbol  Value Units
Modulus of elasticity from characterization Er 128 GPa
Ultimate tensile strain from characterization Efi 0.01757 mm/mm
Ultimate tensile strength from characterization  f4 1,664 MPa
Number of Plies n 4 -
FRCM maximum permissible tensile strain Efumax MiN <sfu, %) mm/mm
Area of FRCM by unit weight Afwne 0.04572  mm?*/mm

Results for the analysis of girder D are given in Table 18 where the strengthened flexural
(moment) capacity is compared to the damaged and un-damaged capacities. the same
FRCM system demonstrates that for a 4 ply configuration, the failure mode of the system
is due to FRCM delamination from the concrete (Babaeidarabad et al. 2014). Therefore, a
maximum of four plies was selected. The FRCM restores the damaged girder with an

increase of about 210 kN-m,and with about 90 kN-m (2.2% of target value) remaining in



71

Table 18 — Theoretical Capacities for Girder D

Girder Un-Damaged Damaged Repaired Repaired/
© (kKN-M)  (KN-M) (kN-M) Un-Damaged
D 4110 3810 4020 0.978

order to restore to its original strength. The Mathcad program written and used to determine
FRCM flexural capacity is provided in Appendix D. Table 19 summarizes the theoretical

ultimate capacities for all girders in the un-damaged, damaged, and repaired

configurations.
Table 19 — Summary of Theoretical Girder Capacities
Girder Repair Un-Damaged Damaged Repaired  Repaired/
Type (kN-M) (kN-M)  (kN-M) Un-Damaged
A None 4540 - - -
C FRP 4170 3870 4690 1.125
D FRCM 4110 3810 4020 0.978

FRCM and FRP Strengthening Configurations

The FRCM and FRP systems are intended to provide an increase in flexural strength
that restores the damaged girders to their original ultimate capacity. The total length of
each repair is equivalent to two times the development length of a prestressing strand plus
the damaged length and the FRCM/FRP development length and results in roughly 4.6 m
along the length of the girder. One damaged location on girder C was strengthened with
two layers of C400H FRP in the longitudinal direction (fibers are oriented parallel to the

length of the girder) and one layer of C200H in the transverse direction (Figure 52). The

—————__Strand Splice

2 Layers FRP (4.6 m)

Figure 52 — Girder C FRP Strengthening Configuration
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transverse layer served to confine and prevent the delamination of the longitudinal C400H
layers. Surface preparation consisted of rounding sharp corners to a 127 mm radius in order
to prevent stress concentration in the fabric and voids between the FRP and concrete
substrate. The surface was mechanically roughened to the aggregate level using a grinder
in order to ensure good bond to the substrate by eliminating any loose material or geometric
inconsistencies. A two part epoxy resin was then mixed and applied as a surface primer to
the concrete substrate where all voids were filled to minimize surface discontinuity and
create a good bond between concrete and composite. CFRP sheets were run through a
saturator to ensure proper fiber impregnation while removing excess resin. The 4.6 m long
impregnated sheet was then applied to the repair area where a ribbed roller was pressed to
help bond the fabric to the epoxy. Another layer of epoxy was then applied where a second
ply was impregnated and applied over the first ply. A third layer of epoxy was applied and

the transverse sheets were installed followed by a final layer of epoxy for a smooth finished

surface. The application procedure is shown in Figure 53.

Figure 53 — FRP Application to Damaged PC Girder C
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One damaged location on girder D was strengthened with the equivalent of four layers
of FRCM wrapped completely around the bulb of the girder (Figure 54). Surface

preparation was performed identical to that of girder C with the exception that the surface

—— =ty

FRCM Strand Splice w/ F

= £

1st Layer {4.5?}/:,//

2nd Layer (3.96)/
3rd Layer (3.35Y
4th Laver (2.74

Figure 54 — Girder D FRCM Strengthening Configuration

of the concrete was maintained saturated surface dry prior to the application of the matrix
mortar. The mortar was mixed and applied to the bottom bulb of the girder using a trowel.
A 4.6 m long layer of fabric was placed and embedded into the mortar using a trowel. A
second layer of mortar was applied using the trowel to create a sandwich around the fabric.
This procedure was repeated until four layers were applied (Figure 55). Due to the

geometry of the fabric, which was 1 meter in width, the four fabric layers were divided into

Figure 55 — FRP Application to Damaged PC Girder C

several strips and applied in a specific order, which in the end resembled a four fabric
strengthening configuration as shown in Figure 56. In order to prevent the delamination of
FRCM from the concrete at the repair ends, each layer of FRCM was of a different length,

resulting in a tapered configuration from the center of damage to the repair ends (Figure
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54). The first, second, third, and fourth layers were 4.6, 3.9, 3.3, and 2.7 m long,
respectively. Figure 56 shows the cross sectional strengthening configuration for girder C

with FRP and girder D with FRCM, respectively.

/fDeck\

AASHTO
Type III Girder

4 Layers FRCM

2 Layers FRP

1 Transverse Layer FRP Damapel s

Figure 56 — Strengthening Configuration for Girder C (left) and Girder D (right)

Test program

All girders were tested using a four point bending, simple span configuration with a pin
and roller support at each end. The pin and roller supports were in turn supported by
W21x101 steel cross sections. This simple span configuration was chosen to induce a
flexural failure in the girders rather than a shear failure. A 1780 kN load actuator was used
to apply the loading where a spreader beam equally distributed the load from the actuator
to rubber pads located 1.2 m apart. All loads were applied in 89 kN increments. In order to
prevent movement or tipping of the girder, two horizontal steel members were used as
bracing frames along the length of the girder. Figure 57 shows the instrumentation layout
including: wire potentiometers to measure horizontal and vertical deflection, linear variable
differential transformers (LVDT’s) to measure the slipping between repair system and

concrete substrate as well as the longitudinal girder deformation and strain transducers to
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measure the longitudinal strain in the concrete throughout the depth of the girder (Jones et

al. 2015). Table 20 and Figure 58 describe the test set-up and repair type for each girder.

Load Points Load Points

r+ T e e
o L) . P .
Lo N b a o

Strain Trans. "-

= ——Strain Trans.

Damaged strands

. Damage
At LVDT

g =
=3 ~ FRP or FRCM Sytem
“Potentiometers

va

LVDT
Potentiometer

Damage Location (3 point)

Figure 57 — Typical Test Instrumentation Layout
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Figure 58 — Girder Test Set-Up (all dimensions in m)
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Table 20 — Test Set-Up and Girder Properties

Leneth # of Descrintion of Test Span Deck Deck
Girder ( n?) Test No. Strands Re aiI; Tvpe Length  Thickness Width
Cut pair 1yp (m) (mm)  (mm)
A 134 Llerationl oy None 107 254 610
1, Iteration 2
B* 18.3 2 8 Strand Splicing 17.7 241 406
3, Iteration 1 14.6
C 18.3 3, Iteration 2 4 FRP 16.2 241 406
. 4, Iteration 1 ) L 17.7
C 18.3 4 Tteration 2 4 Strand Splicing 1524 235 406
D 18.3 5 4 FRCM 15.9 241 381
D* 183 6 4  StrandSplicing 5 241 381

w/ FRCM

* Not covered in this paper

Test Results and Discussion

Test 1 - Control Girder A

Girder A — Test 1 served as the control test to compare with successive tests where two
test iterations were performed with a span of 10.7 m. During the first attempt, cracking
occurred at 1188 kN which corresponds to a cracking moment of 2940 kN-m.
Unfortunately, a hydraulic malfunction occurred when the girder reached a maximum
moment of 3830 kN-m and 36.4 mm deflection and the test was stopped. The pump was
replaced and a re-test was then performed. The second test iteration reached the the actuator
limit of 1780 kN, which was equivalent to a maximum moment of 4320 kN-m and
deflection of 47 mm in the girder. Upon reaching the actuator’s capacity the test was
stopped and the girder was not tested to failure. The second test iteration included a 3.3
mm residual deflection from the first iteration. Because the girder had already been
cracked, the girder showed an initial loss in stiffness during loading. Although the girder
was not tested to failure, careful observation of the crack patterns indicated an impending

flexural failure. Figure 59 shows flexural cracks in the bottom bulb of the girder. The
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Figure 59 — Test A-1, Iteration 2 Flexural Cracks in the Bottom Bulb

predicted failure moment was 4540 kN-m which is slightly higher than the experimental

value and proves to be a reasonable prediction considering the girder was close to failure.

Figure 60 compares the theoretical predicted moment with the measured moment versus

deflection behavior.
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Figure 60 — Test A-1 Moment vs. Deflection Behavior



78

Test 3 — FRP Strengthened Girder C

Two iterations were performed for test 3, girder C strengthened with FRP. The first test
iteration was performed with a span of 14.6 m. The applied cracking moment was 3360
kN-m and the maximum moment and deflection reached 4690 kN-m and 80 mm,
respectively. The first crack was observed in the concrete above the FRP and was assumed
to have propagated from behind the FRP (Figure 61a). This implies that the crack

originated in the girder’s bottom flange but was masked by the FRP cover (Jones et al.

2015). When the test reached 4690 kN-m, shear cracks formed in the girder web at

Figure 61 — Test C-3, Iteration 1 a) Crack Propagation b) Cracking Near Peak Load

locations of minimal shear reinforcement (Figure 61b) and flexural cracks at the other
repaired location (strand splicing) were observed which required the test to be stopped
(Jones et. al., 2015). The other repair location was tested (Test C-4) and subsequently the
second iteration was performed with a span of 16.2 m and a maximum moment of 4350
kN-m and deflection of 85 mm was attained. During this test, the actuator began to slip and
a steel frame was introduced to prevent slippage. The test was stopped due to flexural
compression cracks developed between the two loading points, in the area of constant

moment, which were characteristic of a flexural compressive failure. No bond failure was



79

observed even though there were multiple cracks in the bottom bulb. The predicted moment
capacity was 4690 kN-m and is consistent with the experimental maximum for the first test
iteration. Also, the maximum moments measured in both test iterations exceeded the
theoretical un-damaged capacity of 4170 kN-m. Because the first iteration demonstrated
the maximum moment capacity, Figure 62 presents the moment versus deflection

relationship only for C-3, Iteration 1.
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Figure 62 — Test C-3, Iteration 1 Moment vs. Deflection Behavior

Test 5 — FRCM Strengthened Girder D

Prior to testing, girder D was deemed defective due to the presence of saw cuts through
the width of the deck at various locations along the length of the girder (Figure 40). The
discontinuities caused the member to be divided into different lengths of composite section.
Hence, test 5 was performed with a span of 15.9 m and the cracking moment was observed
to be 3000 kN-m. During testing, the actuator malfunctioned and the test was paused. The

test was resumed and the applied moment reached a maximum of 3630 kN-m with a 57
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mm deflection (Figure 63). At this point, horizontal shear cracks were observed in the deck-
to-top-flange interface and testing was completed. The presence of saw cut gaps reduced
the shear strength and prevented full composite action between the deck and girder. As a
result, horizontal shear cracking at the interface occurred between the gaps and separate
cracks formed and propagated from the deck saw cuts into the girder’s top flange (Figure

64). Failure consisted of sudden concrete crushing at the interface between the deck and
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Figure 63 — Test D-5, Moment vs. Deflection Behavior

Figure 64 — Test D-5, Horizontal Shear Cracks



81

the girder. The predicted failure moment was 4020 kN-m and test results indicate that only
90% of this value was attained. Due to the presence of saw cuts, the girder could not be
tested to its true maximum capacity as a composite section. This implies that if no saw cuts
existed, it is very likely the girder could have reached the theoretical maximum. In addition,
there were no signs of FRCM debonding from the substrate.

Table 21 shows a comparison of experimental and theoretical nominal flexural
capacities for each girder. The control flexural capacity describes the girder strength with
no damaged prestressing strands. The damaged values describe the flexural strength when
the strands are cut, whereas the repaired values describe flexural capacity of the girders
with the FRP and FRCM strengthening. Repaired and virgin capacities are compared to
verify if the respective strengthening system is successful in restoring girder strength.
Experimental and repaired values are compared to validate if the strengthened capacity was
reached during testing and cracking moments were specified for each girder test.

Table 21 — Predicted and Experimental Nominal Flexural Capacities

Predicted
Girder  Test No.  Un-damaged Damaged Repaired
(kN-m) (kN-m)  (kN-m)

Experimental Mrepaired/ Mexperimemal/

(kN'm) M virgin M repaired M crack

A 1, Iteration 1 4540 3830 0.84 * 2940
1, Tteration 2 ) ) 4320 ) 0.95 * -
3, Iteration 1 4690 1.00 3360

€ 3 lteration2 70 3870 4690 4350 112 0.93 )

D 5 4110 3810 4020 3630 0.98 0.90 3000

* Mrepaired 1S Myirgin for girder A as it is a benchmark specimen
Comparison with Existing Design Guidelines

For this study, the design nominal flexural capacities are determined using the material
properties given previously in Table 2, Table 9, and Table 12 and are summarized in the
Table 22. The capacity of girder A was calculated according to AASHTO (2010). The

nominal capacity of girder C strengthened with FRP is determined according to FRPS-1 is



82

a recently developed document, published by AASHTO, containing design guidelines for
the strengthening of reinforced concrete structures and components using FRP Composites.
This document is titled “Guide Specifications for Design of Bonded FRP Systems for
Repair and Strengthening of Concrete Bridge Elements” and is built from ACI 440.2R-08.

Table 22 — Nominal Material Properties

Material Description Design St. Dev
Concrete Slab 28-Day Strength fc=27.58 MPa
Concrete Girder ~ 28-Day Strength f'c=34.47 MPa
Yield Strength fov=1.42 GPa i
. Ultimate Strength .~ 1.72 GPa
Prestressing Steel 0 q11us of Elagsticity gs:186.16 GPa
Initial Prestressing P.=62.28 kN
Ultimate Tensile Strength fr= 1,352 MPa O, = 77 Mpa
FRCM Cracked Modulus of Elasticity Ey= 128 GPa -
Ultimate strain £ =0.0176 mm/mm 0, = 0.0015
Ultimate Tensile Strength fri= 1,294 MPa of,, =45.5 Mpa
FRP Ultimate strain & = 0.017 mm/mm o, = 0.0007

The significance of the AASHTO FRPS-1 document is of great importance and is a
breakthrough for bridge strengthening and repair using composites. Finally, the capacity
of girder D was calculated separately per AASHTO and ACI 549.4R. Because ACI 549.4R
does not contain provisions to determine the stress in the prestressing steel, AASHTO’s
(2010) methodology was used. The design analysis includes all coefficients, reduction
factors, and strain limitations specified by the aforementioned guides, which are
established to promote an acceptable level of safety.

ACI 440.2R and ACI 549.4R limit the maximum allowable strain values in the

composites in order to prevent failure due to FRP and FRCM debonding. ACI 440.4R-08

designates the FRP ultimate tensile stress to be fr,, *= ff_u — 305 fu and the ultimate tensile

strain to be &¢,, *= &7, — 30, o The FRP design tensile stress is defined as fr,, = Cgffry *
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and the design tensile strain is &7, = Cgé&py, *, where Cg is the environmental reduction

factor. The modulus of elasticity is calculated to be E; = ff,, /&, and the debonding strain

is defined as 74 = 0.083 n; ’Ct < 0.9¢f,,. The maximum strain that is permitted in the
rtf

reinforcement is dependent on the controlling failure mode (concrete crushing, tendon
rupture or FRP delamination). This strain is defined as the effective tensile strain, &f, and

1s determined as:

&rq for FRP failure (debonding)

dr —c
Ecu ( fc ) — &p; < &fq for concrete crushing

Sfe::
—C

{(0'035 — &) (Zf—

— c) — &p; < &4 for tendon rupture

Where &, is equal to a maximum compressive concrete strain of 0.003, &,; is the initial
strain in the prestressing steel reinforcement, and &,; is the strain level in the concrete
substrate at the time of FRCM application.

ACI 549.4R-13 designates the FRCM design stress, frq4, and design strain, €4, to be
fra = fru— of fuand &a = Efu — Ogpy» respectively. Similar to FRP, the effective FRCM
strain, &g, is also dependent on the controlling failure mode which could be due to concrete
crushing, tendon rupture or FRCM delamination. However, ACI 549.4R only designates
the initial condition where concrete crushing controls the failure mode. The effective strain
for the latter failure modes were determined based on the methodology given in
ACI440.2R-08 for the repair of PC. Accordingly, the effective strain can be defined as:

Efa < 0.012 for FRCM failure

(
I dr—c
£re = 4 Ecu ( . ) — &p; < min(&rq, 0.012) for concrete crushing
o =

L(0.035 — epi) (%) — &p; < min(&sq,0.012) for tendon rupture
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In addition, AASHTO and ACI 440.2R specify different equations to determine the
flexural strength contribution from the prestressing steel but yield relatively similar values,
whereas ACI 549 does not contain such provisions. ACI 440.2R includes an additional
factor, vy, equal to 0.85 and the strength reduction factors (¢) for all codes are computed

differently as follows:

( 1.0 forey,s = 0.005

d
$aasuro = { 0.583 — 0.25 (T” — 1) for 0.002 < &,5 < 0.005
10.75 for &,; < 0.002

(0.9 foreg = 0.005

& — &y
= {0.65—-025( ———
¢AC1549.4R 3 <0005 _ 553/) for gsy < &t < 0.005

L 0.65 fore; < g,

( 0.9 for g,, = 0.013

o I 025( &ps — 0.010
ACI440.2R . . 0.013 — 0.010

. 0.65 foreg,; <0.010

)for 0.010 < &, < 0.013

Where ¢; and ¢, are the net tensile strain, and the total tensile strain in the prestressing
steel, respetively. The design nominal capacities are determined using the equations given
in Table 23 and resultant design values are given in Table 24 which are compared with the
experimental values from Table 21.

ACI 440.2R proves to have the most conservative estimate of design nominal flexural
capacity (pM,). The analysis predicts the failure to be in the FRP which results in a low
level of strain in the pretressing steel. This strain then determines a low strength reduction
factor (¢) which reduces design capacity considerably. FRPS-1 combines AASHTO’s PC
girder design with ACI 440.2R’s FRP design methodology and proves to be the most

reasonable design prediction. This document includes the strength reduction factor (¢)
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from AASHTO for the PC analysis, as well as the FRP reduction factor, s, from ACI

440.4R. 1t is difficult to compare the girder D design values with the experimental due to

the fact that the girder was not tested to its true ultimate capacity. However, if the deck

section was free of the saw cuts, it is implicative that girder D would have reached a

moment capacity exceeding 3630 kN-m. Based on this assumption, the AASHTO design

prediction given in Table 23 proves to be a reasonable value in comparison to the

experimental value. To date, there have been no provision established for the repair of PC

with FRCM, but the design methodology used herein can be used to enhance these design

limitations.

Table 23 —Design Capacity Equations

Girder/Design Literature

¢M,, Equation

Girder A

AASHTO OM,, = Paasuro [F pS(dp - yc)]

Girder C
AASHTO OM,, = PaasuTO [Fps(dp — yc)] + ¢AC1440.2R[¢fFpr(df - YC)]
ACI 440.4R oM, = ¢ACI440.2R[ Fps(dp - YC) + l/’fFfrp(df - yC)]
FRPS-1 OM,, = baasuro [Fps(dp - YC)] + wafrp(df — yc)

Girder C
AASHTO OMy, = daasurolFos(dp — ye)| + bacisao.ar|Frrem(dr — ye)]
ACI 549.4R OM,, = bacisaoar [Fps(dp - YC) + Ffrcm(df - yC)]
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Recommendations for ACI 440.2R-08

The design nominal capacity determined by ACI 440.2R-08 demonstrates the most
conservative value for girder C strengthened with FRP. The reason for such a low value is
due to the reduction factor ¢ 4144025 that greatly reduces the capacity as a result of the
low level of strain in the prestressing steel. & c14402r 1S established to reduced ultimate
capacity based on the predicted ductility of the system. If the prestressing steel exhibits a
high level of strain at failure, the system will behave more ductile. In contrast, if the level
of strain in the prestressing steel is low, a more brittle failure will occur. The reduction
factor in ACI 440.2R-08 accounts for this behavior and adjusts the girder strength
accordingly. But the comparison of experimental and design values indicate that this is an
overly conservative variable. If the ¢ M,, equation is revised to include the reduction factor
given in AASHTO LRFD, the new equation would be:

OMy, = D ansurolFps(dp = ¥e) + WrFrrp(dp — ve)]
This equation would yield a new design capacity of 3918 kN-m which is about 84% of the
experimental value. The increase in capacity from the original design value given in Table
24 is about 1,014 kN (roughly 21%). This is a more reasonable calculation of design
capacity. Thus, the proposed reduction factor for ACI 440.2R Section 10.3.1.3 is
recommended to be:

1.0 for &,5 = 0.005

d
& = Passuro = 0.583 — 0.25 (2 — 1) for 0.002 < & < 0.005

0.75 for &,5 < 0.002
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Recommendations for ACI 549.4R

There are currently no design provisions for the repair of PC with FRCM given in ACI
549.4R. The design analysis performed herein incorporates the PC design methodology
from AASHTO, the PC failure criteria specified in ACI 440.2R-08 that considers concrete
crushing, prestressing steel rupture, and FRCM failure, and the FRCM design methodology
from ACI 549.4R. Based on the experimental and analytical results, the following
equations are recommended for the FRCM strengthening of PC to be included in ACI

549.4R design provisions:

OM,, = baasuro [Fps(dp - yC)] + dacisa0ar [Ffrcm(df - }’c)]

Where F,s = Apsfps
fos = fou (1 — kdi> (LFRD Eq. 5.7.3.1.1-1)
P

k=2 (1.04 _ fp—y) (LFRD Eq. 5.73.1.1-1)

fpu

Ffrcm = nAf.unithfgfe

( ) f _
min | e, —= < 0.012 for FRCM failure
f

A

Ecu — &p; S min| g, —,0.012 | for concrete crushing

E =
fe c E,

(0.035 — epl-) —— | —&,; <min|e¢,—,0.012 ) for tendon rupture
\ d,—c Ef

In addition, the PC member shall meet the provisions specified by AASHTO LRFD Article
5.7.3. The aforementioned recommendations can be used to determine the nominal flexural
capacity at ultimate conditions, whereas the serviceability behavior has not been addressed

in this research.



&9

Concluding Remarks

In this study, the effectiveness of FRP and FRCM systems for the strengthening and
repair of damaged PC girders is evaluated. Three prestressed concrete girders were tested:
one control girder A, one girder strengthened with FRP (girder C) and one girder
strengthened with FRCM (girder D). Experimental nominal flexural capacities were
predicted using guidelines given in AASHTO (2010), ACI440.2R (2008), and ACI 549.4R
(2013). During testing, girder A reached a maximum moment of 4320 kN-m, yielding 95%
of the theoretical ultimate capacity. Upon reaching the actuator’s maximum load, the test
was stopped and although failure was not attained, the girder exhibited crack patterns that
were representative of a forthcoming flexural failure. For girder C, the predicted
strengthened capacity was 4690 kN-m and the FRP strengthened girder reached this value
which exceeds its original capacity (4170 kN-m). This work as well as previous studies,
demonstrate that FRP as a strengthening technology successfully restores flexural strength
to damaged PC girders. Finally, Girder D strengthened with FRCM was predicted to have
an un-damaged capacity of 4110 kN-m. During testing, damage occurred prematurely due
to deck defects from bridge demolition, at which point the test was stopped and the resulted
maximum moment was 3630 kN-m. Without the presence of accidental saw cuts in the
deck, it is likely the girder would have reached its predicted capacity.

Finally, design nominal capacities were determined using AASHTO 2010, ACI
440.2R, FRPS-1, and ACI 549.4R where each guide arrives at different nominal design
values. Following ACI 440.2R proved to have a conservative estimate of design
strengthened capacity, which is mainly due to the strength reduction factor for prestressing

steel. ACI 549.4R only addresses the FRCM strengthening to reinforced concrete, but if
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the same design approach from AASHTO and ACI 440.2R are used for the PC flexural
contribution, it can also be applicable to ACI 549.4R for PC girders. The design
recommendations provided herein for ACI 440.2R-08, FRPS-1, and ACI 549.4R-13 aim
to fine-tune and strengthen the design literature specifically for FRP and FRCM composites

for the repair and strengthening of PC girders.



CHAPTER 4

Study 3 —- FATIGUE PERFORMANCE OF RC BEAMS STRENGTHENED WITH
FRCM

In the previous study, FRCM technology was used to repair an impact-damaged PC
girder. This girder was not tested to its full potential and failed due to horizontal and
vertical shear cracking as a result of saw cuts that occurred during girder extraction.
However, there was no observed failure due to the FRCM system which suggests that if
the saw cuts were not present, the girder would have reached the theoretical ultimate
capacity. This suggests that FRCM is a viable repair alternative to damaged PC girders
which require additional flexural capacity. Aside from providing flexural strength, the
FRCM system must also exhibit favorable long-term performance during the structure’s
service life. In addition to PC girders, other RC structures such as offshore structures,
bridges, roads, airport pavements, parking structures, and railway structure are subjected
to repeated loading that are caused by wave loads, wind loads, and/or vehicular loads. Over
the service life of a structure, the number of repeated loads (number of cycles) can be very
high. When subjected to repeated cyclic loads, the concrete, steel reinforcement, and
FRCM experience fluctuating stresses that are typically less than the ultimate static and
yield strengths. Stress concentrations at locations of material flaws and discontinuities
result in the formation of cracks. Cracks propagate over time due to repeated loading and
structural integrity is diminished resulting in structural failure. This concept is known as

fatigue, or the progressive failure of a material under repeated stresses (Moore 1927).

91
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Due to the novelty of FRCM technology, there is a lack of research regarding the
fatigue performance of FRCM systems for RC strengthening. As a result, this study aims
to experimentally investigate the parameters that most influence the flexural fatigue
performance of PBO-FRCM strengthened RC beams. Although it seems appropriate to
investigate the fatigue behavior of a PC girder strengthened with FRCM which is consistent
with the previous study, it is first necessary to understand the performance of a plain RC
member with FRCM subjected to fatigue. This is the reason for which the third study will
focus on RC elements rather than PC elements, with the overall goal of providing a
foundation for the future investigation of PC structures strengthened with FRCM
composites subjected to fatigue. Accordingly, before the third study is presented, a general
understanding of the fatigue performance of RC and its constituent materials is necessary.
In the following subchapters, a summarized description of the fatigue behavior of concrete,
steel, RC, and FRP strengthened RC beams is discussed.

S-N Behavior

Investigation of fatigue strength of a structure is typically accomplished by testing a
system at different stress ranges. Results from these tests are used to determine a curve that
relates stress range, S, and fatigue life, N, which is commonly known as an S-N curve.
The stress range is defined as the algebraic difference between the maximum and minimum
applied stress: S, = Spax — Smin- A typical S-N curve is shown in Figure 65 and is divided
into three parts: low cycle fatigue, finite-life region, and infinite life region. For the design
of RC structures with long service lives, the area of interest is the fatigue characteristics
associated with the finite and infinite life regions. It is important to know at what applied

stress a material will experience fatigue failure and the corresponding fatigue life
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associated with this value. In addition, it is also necessary to determine the maximum
applied stress range that can be applied to a material without failure occurring. This
property is known as the material’s endurance limit which is an important characteristic of
the infinite-life region as illustrated in Figure 65. The endurance limit is commonly
associated with a stress range corresponding to a fatigue life of more than 2 million cycles

(ACI 215R-97, Solani et al. 2012).
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Figure 65 — Typical Stress Range vs. Number of Cycles (S-N) Curve

Much research has been conducted on the fatigue behavior and performance of
reinforcing steel (Moore 1927, Kokubu, and Okamura 1965, MacGregor et al. 1971,
Helgason et al. 1976, Tilly 1979, Abel and Zheng 1999, Soltani et al. 2012) while
considerably less work has been done on concrete (Murdock and Kesler 1958, McCall

1958, Hilsdorf and Kesler 1960).
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Fatigue in Plain Concrete

The fatigue behavior of plain concrete is determined by a number of factors including:
material properties, load type, rate of loading, applied stress range, environmental
conditions, age, and number of cycles of loading. Many studies have been performed to
evaluate flexural fatigue behavior and in summary the response of plain concrete is
described in three phases. Phase one consists of the initiation phase, where cracks initiate
and deflection increase rapidly, but with a progressively decreasing rate as shown in Figure

66. Phase two represents a more stable condition as deflection increases almost linearly
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Figure 66 — Typical Fatigue Behavior of Plain Concrete

with the number of cycles. Phase three denotes instability, where deflections increase at a
progressively increasing rate until fatigue failure occurs (Neville 1996). The three phases
describe behavior in terms of deflection, but the same is also true for compressive strains,
crack propagation, and is also inversely proportional to the change in modulus of elasticity

with increasing number of cycles.
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Fatigue damage can result from the formation of cracks in the aggregates, in the cement
matrix, at the aggregate-cement interface or any combination of these modes. The actual
mechanism that causes failure is not well established, but it is commonly agreed upon that
progressive micro and macro cracking result in increasing strains and deflections, resulting
in failure. Strains measured at fatigue failure are observed to be much larger than strains
measuring at static failure, and specimens with larger fatigue lives tend to exhibit larger
strains at failure, especially if the maximum stress is lower. To date, there is no established
endurance limit at which infinite number of cycles can be applied without failure occurring
in plain concrete. Many studies have determined a “fatigue limit” to be an applied stress
range that results in a very high number of cycles (107 cycles). A fatigue limit of 55 percent
of the static strength for 10 million cycles was determined for plain concrete. This limit is
also true for tension and compression fatigue strengths (ACI 215R-97).

Fatigue in Reinforcing Steel

The fatigue behavior of reinforcing steel can be determined by performing axial tension
tests on pieces of reinforcing steel or flexural tests on reinforced concrete beams. It is
arguable as to which test method yields better results, but to maintain consistency with the
tests performed herein, results from previous work performed on the flexural fatigue of RC
beams will be discussed. It has been shown that fatigue behavior of steel reinforcing bars
is largely dependent on bar diameter, bar geometry, existing corrosion, and applied stress
range. Larger bar diameters generally have a greater likelihood of possessing more flaws
compared to a smaller bar which results in a lower fatigue life. Bent bars have been shown

to have shorter fatigue lives than straight bars due to the increase in stress concentrations
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occurring at bend locations. And studies conclude that corroded bars experience a
significant reduction in fatigue strength compared to non-corroded bars (Tilly 1979).

The use of steel reinforcement with deformations has proven to be an ideal mechanism
for enhancing the bond between the concrete and steel. However, the presence of
deformations produce stress concentrations at the rib root where fatigue cracks tend to
initiate. Repeated cyclic stresses cause cracks to propagate within the bar cross section and,
as a result, the effective cross section is reduced. Excessive reduction in area eventually
results in a sudden brittle fracture of the section. Figure 67 is an example of a steel rebar
that was embedded in concrete and subjected to flexural fatigue loading until failure
occurred in the rebar. The smooth, dull surface on the right side of the cross section denotes
the fatigue crack. The left side exhibits a rough jagged surface which represents the area
where tensile fracture occurred due to the weakened cross section from fatigue crack
propagation. This bar was located in the same orientation inside the concrete beam where
the bottom of the bar was closest to the extreme tension fiber. An interesting observation

is that the fatigue crack did not form at the bottom of the bar, but rather on the side of the

Fracture Surface

oy

Crack Initiation

Figure 67 — Fatigue Fracture of Steel Reinforcing Bar (NCHRP 1976)
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bar at a rib root, which is an area of high stress concentration. This type of crack initiation
and propagation is typical of a fatigue failure in the steel reinforcement.

Unlike concrete, reinforcing steel does possess an endurance limit. A summary of
available fatigue data for steel rebars tested in RC beams under flexure is given in ACI
215R-97, where all endurance limits are shown to be greater than or equal to 165 MPa
(Figure 68). For a steel reinforcing bar with a yield strength, f,, of 414 MPa, this lower
bound endurance limit corresponds to 40% of f,. The difference in each curve is due to the

variation of minimum stress levels, bar size, steel grade, and bar deformation. There is one
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Figure 68 — S-N Curves For Steel Reinforcing Bars (ACI 215R-97)

occurrence of a fatigue failure occurring at an applied stress range of 145 MPa for a 35
mm diameter bar at 1.3 million cycles. However, this test was performed at a minimum
stress level of 121 MPa and is only one occurrence out of the many other tests performed

(ACI 215R-97).
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Many have attempted to develop models that numerically define a relationship between
stress range and number of cycles. These models are based on numerous repeated flexural
tests on concrete beams with steel reinforcing bars. The CEB-FIP (Comite Euro-
International du Beton-International Federation for Prestressing) Model Code is considered
to be the most relevant in terms of developing equations depicting an S-N relationship for
RC containing 15.9-mm diameter reinforcing bars and smaller (Soltani et al. 2012) with
the following equations:

S2 X N =4.08x 107 (MPa) N < 100,000,000 (1)
SPx N =7.71x10% (MPa) 1,000,000 <N < 100,000,000 2)
Moreover, there are no equations describing S-N behavior for steel reinforcement in
concrete specified by any ACI or AASHTO design standard. The current fatigue provisions
prescribed by ACI and AASHTO will be discussed in the following subchapters.

Fatigue in Reinforced Concrete

The fatigue performance of RC is a function of both the concrete and steel properties
and can be described in three distinct phases. The first phase consists of an initial loss of
stiffness due to the development of concrete cracks where local steel-concrete debonding
occurs at crack locations. This is followed by a second stage of steady crack propagation,
crack widening, and further deterioration of bond between steel and concrete, resulting in
gradually increased strains and deflections. Within these two phases, a fatigue crack
initiates in the reinforcing steel that steadily propagates within the cross section. After
significant reduction in steel area, the RC member approaches the third stage where the
rate of strength degradation drastically increases and is no longer steady. A brittle failure

occurs in the steel reinforcement and failure of the RC member occurs. The fatigue failure
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of RC is thus predominantly dependent on the steel reinforcement, and rarely controlled by
concrete (Schlifli and Brithwiler 1998).
Fatigue in RC Strengthened with FRP Composites

Although FRP is a relatively new material, there have been a growing number of studies
investigating the fatigue performance of externally bonded FRP materials applied to RC
(Heffernan & Erki 2004, Ekenel et al. 2006, Dawood et al. 2007, Kim and Heffernan 2008).
This is because FRP composites are proving to be a suitable alternative to the strengthening
of RC members found in bridges and parking structures, and research on the application of
FRP to these structures subjected to fatigue is necessary. A critical review was performed
by Kim and Heffernan 2008, which summarizes published technical literature evaluating
the fatigue behavior of FRP strengthened RC beams. Studies show that FRP applied to RC
increases member stiffness and capacity, delays crack initiation and propagation, reduces
crack widths, increases fatigue life and residual strength compared to unstrengthened
members. A schematic representation of the improvement in S-N behavior due to FRP

strengthening is shown in Figure 69. The enhanced fatigue performance occurs from the

A

Strengthened with FRP

Steel stress range

Unstrengthened

Cycles
Figure 69 — Representative S-N Curves for FRP Strengthened and Unstrenthened

RC (Kim and Heffernan 2008)
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tendency of FRP to reduce the level of applied stress range in the steel reinforcement. FRP
strengthened RC members exhibit a similar damage progression to that of traditional RC
where significant damage occurs in the early load cycles followed by gradually
accumulated damage, resulting in imminent failure.

Figure 70 illustrates the fatigue behavior of FRP strengthened RC beams with
respect to number of cycles. The most common failure mode observed in literature is due
to rupture of the steel reinforcement followed by secondary failure of FRP delamination.

FRP delamination is described as the debonding of the FRP from the concrete substrate.

Failure Failure
F
/
(8]
a C Bead
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Cycles of Loading

Figure 70 — Typical Damage Progression for FRP Strengthened RC

An illustrated sequence of the failure mechanisms observed in FRP strengthened
RC beams is shown in Figure 71. Regardless of the reduced stress levels, the steel
reinforcement is still more susceptible to fatigue failure than the FRP system and the
applied stress range remains to be the critical parameter. Kim and Heffernan concluded
that beams subjected to cyclic stress ranges between 30 and 50% of the steel yield stress

did not exhibit fatigue failure up to 2 million cycles. To date, little to no studies on the
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Cyclic loading

I: Crack propagation 2: Local debonding
3: Damage propagation  4: Rupture of steel
5: Delamination 6: Delamination

propagation
Figure 71 — Typical Failure Mechanisms Observed in FRP Strengthened RC Beams

(Kim and Heffernan 2008)

fatigue performance of FRCM-strengthened RC have been reported. And while FRP and
FRCM have significant differences in material properties, the test methods used to
characterize their material properties are fairly similar. This suggests that the fatigue
behavior of FRCM strengthened RC beams may be investigated following similar testing
procedures given in the publications discussed in Kim and Heffernan 2008.
Fatigue Design Guidelines

ACI 215R-97 and AASHTO LRFD (2010) establish design guidelines that limit the
applied stress range, S, to both concrete and steel, as a function of minimum applied stress
values. The design specification for concrete specified by ACI 215R-97 states “the stress
range in concrete shall not exceed 40 percent of its compressive strength when the
minimum stress is zero, or a linearly reduced stress range as the minimum stress is

increased so that the permitted stress range is zero when the minimum stress is 0.75 fc

(ACI 215R-97), where f’. is the 28-day concrete compressive strength. This value of S is
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based on a conservative prediction of the stress range corresponding to a fatigue life of 10
million cycles. A graphical representation of this relationship is given in Figure 72.

The allowable stress range, S, for straight deformed steel bars specified by ACI 215R-
97 and AASHTO 2010 is determined using the following equations:
Sy =161 —0.33S,,,;, =138 (MPa) (ACI215R-97) 3)
Sy =165 —0.33Sin (MPa) (AASHTO 2010) 4)
Where S,,;, i1s the minimum applied stress. These equations are based on lower bound

endurance limits determined from tests performed on RC beams reinforced with straight
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Figure 72 — Allowable Stress Range Based on Minimum Stress Value for ACI 215R-
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deformed bars. The fatigue provisions designated by ACI 549.4R-13 for externally bonded
FRCM applied to RC state that the stress levels in the steel reinforcement shall not be
greater than 80% of the yield strength, f,, under service loading. Also, creep rupture and
fatigue limitations are specified for FRCM systems depending on the fabric type, where 1

is the design tensile strength that is determined from ACI 549.4R-13 Section 11.1. Table
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25 contains the design stress limits for creep rupture and fatigue for the respective fabric
type where fjz is determined as the ultimate tensile strength, /7, taken from tests performed
per AC 434 minus one standard deviation.

Table 25 — Stress Limitations for Fatigue and Creep Rupture (ACI 549.4R-13)

AR Glass | Aramid | Basalt | Carbon | PBO
0.20fz | 0.30f | 0.20f | 0.55f | 0.30f

FRCM Strengthened RC Beams Subjected to Fatigue

A common denominator among the previously discussed topics is the damage
progression seen throughout the fatigue life as well as the commonly reported failure mode
of fracture in the reinforcing steel that is largely dependent on the applied stress range. The
fatigue fracture mode of the steel reinforcement and damage progression behavior is
illustrated in Figure 67 and Figure 70, respectively.

In particular, the strengthening of RC structures is a recurring challenge in the
transportation infrastructure. When the strengthening of fatigue-prone structures is
required, the repaired system needs to maintain a favorable long-term fatigue performance.
Seeing as FRCM technology has proven to be a viable repair alternative to fatigue prone
RC structures that may require repair, retrofit, and/or rehabilitation, it is critical to
understand the fatigue behavior of FRCM. Accordingly, this study aims to investigate
experimentally the fatigue performance of RC beams strengthened with FRCM. Beams are
divided into two phases: Phase I consisting of static tests where specimens are loaded
monotonically to failure, and Phase II comprised of beams subjected to cyclic (fatigue)
loading. The experimental parameters that will be investigated include: amount of

supplemental reinforcement, ultimate strength, static failure mode, applied stress range,



fatigue life, fatigue failure mode and residual strength. For members subject to cyclic
loading, a stress ratio vs. number of cycles (S-N) curve is developed with the objective of
defining the endurance limit for the strengthened beams.
Beam Design and Specimen Preparation

Fifteen RC beams were designed per ACI 318-14 to be under-reinforced while
exceeding the minimum flexural steel requirements and all beams contain shear
reinforcement (stirrups) in order to prevent a shear failure. Figure 73 shows the beam
geometry and reinforcement details where not all specimens contained externally bonded
FRCM materials. RC specimens were prepared by using wooden formwork to give the

/(56.3 Stirrups @ 127 mm O.C. ﬁ,g 9.5

. 3 9.5 mm~
FRCM L5

1829 |

Figure 73 — RC Beam Geometry and Detailing

beams the designated concrete shape and finish. The straight deformed bars and stirrups
were tied together using steel ties and the final assembly took the form of a steel cage
(Figure 74). After the formwork was prepared, RC specimens and cylinder samples were
casted following ASTM C192/C192M-07 using Type I Portland cement. The beams and
cylinders were left to cure for at least 28 days prior to testing and/or FRCM application.
Figure 74 shows the steel cage and formwork prior to and after concrete casting. RC beams
were designed with a nominal 28-day concrete compressive strength of 48.3 MPa and
design steel yield strength and elastic modulus of 413.7 MPa and 200 GPa, respectively,

which are standard material properties specified by engineers in practice.
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Figure 74 — RC Beam Formwork Prior to and After Specimen Preparation

Material Characterization

Experimental tests were performed to determine the material properties for the concrete
and steel reinforcement. Five concrete cylinder specimens were tested in compression to
failure where the maximum loads and corresponding ultimate strengths are summarized in
Table 26. After 28 days, the average compressive strength of five concrete cylinders was
52.5 MPa with a coefficient of variation (COV) of 2.65%. The typical failure mode for all
concrete cylinders is shown in Figure 75. The steel reinforcing bars were tested in tension
as per ASTM A370. A clip on extensometer with a 100-mm gauge length was placed at

Table 26 — Summary of Concrete Cylinder Compression Tests

Ultimate
Specimen ID Mailioad Strength
(N) (MPa)
C-COMP-1 421.7 52.0
C-COMP-2 443.7 54.7
C-COMP-3 4133 51.0
C-COMP-4 432.3 533
C-COMP-5 415.8 51.3
Average 425.4 52.5
St. Dev. 11.3 1.4

COV 2.65% 2.65%




106

Figure 75 — Concrete Cylinders Before (left) and After (right) Compression Tests

mid-length of the specimen to measure strain. Figure 76 represents a typical stress vs. strain
curve for a reinforcing bar tested in tension. The yield strength was determined using the
total extension under applied load procedure. Table 27 contains a summary of tensile test
results for five randomly selected steel samples. The average yield strength of the steel was
471 MPa with a COV of 2.55%, and the average steel elastic modulus was 195 GPa with

a COV of 2.23%.
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Figure 76 — Typical Stress vs. Strain Curve for Steel Rebar Tension Tests
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Table 27 — Summary of Steel Tension Tests

Specimen 1D Modulus Of Elasticity  Yield Strength

(MPa) (MPa)
S-Rebar-01 188,440 459
S-Rebar-02 193,584 493
S-Rebar-03 194,639 475
S-Rebar-04 198,590 463
S-Rebar-05 201,127 467
Average 195,276 471
St. Dev. 4,364 12

COV 2.23% 2.55%

The FRCM used for application consists of a PBO fabric and (Portland cement
based) cementitious matrix enriched with small synthetic fibers. The system is identical to
the PBO-FRCM used in the previous studies and the geometric and material properties
from can be found in Chapter 2 of this dissertation. Experimental results from 1 ply direct
tension tests were used for this study and are summarized in Table 28. In some cases, the

Table 28 — FRCM Direct Tension Test Results

Description Symbol  Units  Value
Modulus of elasticity of the uncracked specimen  E/* GPa  1,805.5
Modulus of elasticity of the cracked specimen Ey GPa  127.7
Ultimate tensile strength S MPa 1,664
St. Dev. Ultimate Strength Of 1, MPa 77
Ultimate tensile strain e mm/mm 0.0176
St. Dev. Ultimate Strain Og,, mm/mm 0.0015

design properties are used in lieu of experimental properties to perform structural
calculations. In an attempt to avoid confusion, Table 29 was developed to clearly present
anddistinguish between the design and experimental material properties. The effective

FRCM tensile strain used for design, &, is defined as follows:

grq < 0.012 for FRCM failure

e = £ dr ¢ — &p; < min(&rq4,0.012) for concrete crushin
cu c bi = fdr V- g
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Table 29 — Summary of Design and Experimental Material Properties

Material Description Design Experimental
Concrete 28-Day Strength f=48.3 MPa fe=52.5MPa
Steel  Yield Strength fy=413.7 MPa fy=471 MPa
Steel Modulus of Elasticity E=200 GPa E=195 GPa
FRCM Ultimate Tensile Strength ~ fr.= 1,532 MPa Jfr= 1,664 MPa
FRCM Cracked Modulus Er=127.7 GPa
FRCM Ultimate strain ee=0.012 mm/mm ¢&z =0.0176 mm/mm

Where &4 is the design FRCM strain defined as &7q = &, — 0, Which are determined

f

from the experimental material properties given in Table 28 and ¢, is equal to a maximum
compressive concrete strain of 0.003. The design effective tensile strength is then
determined to be fr = Ef&f,, where Ey is both the design and experimental modulus of
elasticity taken from Table 28 with no reduction.
FRCM Configuration

For an optimal increase in flexural strength, the FRCM system is applied to the bottom
soffit of each beam. As the RC beam cracks, the neutral axis shifts upward and any concrete
material below the neutral axis provides little to no flexural resistance where the steel
carries the tension component of the internal moment couple. Placing FRCM on the bottom
soffit is ideal because the lever arm from the FRCM to the neutral axis is at its maximum
and the FRCM ideally provides an increase in flexural strength. FRCM application consists
of rotating the beam 180 degrees in order to apply FRCM to the bottom soffit. Once the
beam was rotated, the compressive bars in turn became subjected to tensile stresses and
successfully mitigated cracking due to self-weight. The design material properties were
used in conjunction with ACI 549.4R-13 to determine theoretical design flexural capacities
for various configurations of FRCM strengthening. The analysis was performed based on

the given assumptions and possible failure modes specified in Section 11.1 of ACI 549.4R-
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13. An example of the design calculations performed is given in Appendix E. Design
capacities with the corresponding strength reduction factor (¢) and enhancement ratios for
several layers of FRCM strengthening are given in Table 30. The enhancement is the ratio
of the strengthened member to the unstrengthened beam based on the material properties
shown in Column 3 of Table 29. It is noteworthy to mention that ACI549.4R limits the
increase in flexural strength to 50% of the un-strengthened member (PP sirengthencd <
1.5¢P,conror). This limitation is applicable to an external reinforcement of five layers which
exhibits a 58% design increase. The five layer reinforcement was the only FRCM
configuration that was limited to this 50% increase constraint. Based on the results in Table
30, the enhancement ratios for one, three, and five FRCM layer(s) represent the lower (8%),
middle (33%), and upper bound (50%) enhancement values, respectively. For this reason,

Table 30 — Design Capacities

Buiemal - ¢P, N
Reinforcement (kN) P contro
None (Control) 54.7 1.00

1 Layer 59.0 1.08

2 Layers 66.0 1.21

3 Layers 72.8 1.33

4 Layers 79.7 1.46

5 Layers 82.1 1.50

one, three and five FRCM layers were applied to several RC beams. Two beams were
strengthened with one FRCM layer, seven were strengthened with three layers of FRCM,
two with five layers of FRCM, and the remaining four beams were left unstrengthened.
FRCM Application

The FRCM sequence of application is shown in Figure 77. The FRCM application

consisted of pressure washing the bottom soffit of the concrete beams and removing any
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loose particles using a high pressure water hose. The concrete substrate was maintained
saturated-surface-dry prior to the application of the matrix mortar. The mortar was prepared
and applied using a trowel with a thickness of 3 to 4 mm to the beam bottom face. A 1.83
m long pre-cut PBO fabric was placed and embedded into the mortar with the primary
direction orientated along the longitudinal length of the beam. A trowel was used to embed
the mesh into the matrix where a second layer of mortar of equal thickness was then applied
to create a sandwich around the fabric. This procedure was repeated until the desired

number of layers was applied. Beams with FRCM were left to cure for a minimum of 28

days prior to testing.

Figure 77 — FRCM Sequence of Application 1) Water Pressure Cleaning 2) Mortar

Mixing 3) Fabric Application 4) Fabric Impregnation 5) Finished Specimens

B Factor
Seeing as the steel reinforcement and the PBO-FRCM system have different material

and geometrical characteristics, it is necessary to speak in a language that is universal to
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all types of material systems. Comparison between the two systems is performed by
developing a stiffness-dependent factor, x, for each material which is defined as:

K% =ps E; (MPa) for Steel;

k' = prE; (MPa) for FRCM;
Where E; and Er are the design elastic moduli for steel and FRCM, respectively, found in
column 3 of Table 29. The reinforcement ratios ps and ps are for steel and FRCM,

respectively, which can be determined using the following equations:

_ A
Ps = 34

_ NArynic
PF ="

Where A; is the effective area of steel, b is the beam width, d is the distance from the
extreme compressive fiber to the steel reinforcement, » is the number of FRCM layers,
Arunie 18 the effective area per unit width of FRCM, and 4 is the beam height. All beams
possess a tension steel reinforcement ratio of pg= 0.55% which yields x° = 1054 MPa. The
k! for FRCM varies depending on the number of layers used for strengthening. The
contribution from each FRCM configuration (one, three, or five layers) is compared to that
of the steel reinforcement using an expression, 8%, which is determined as follows:
£ = jf /xS

Values of kf, k%, and B for various types of FRCM strengthening are given in Table 31.
Given the plurality of fibers (from low to high modulus) and fabric weights (low to high
equivalent thickness) in addition to having multi-fabric construction, the Sf parameter
serves the function of allowing a designer to tailor the amount of FRCM to the

strengthening requirements.
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Table 31 — Summary of Reinforcement Factors

External K’ K B =K
Reinforcement
(Mpa) (Mpa) (%)
None - -
1 Layer 19 1.7%
3 Layers 1054 56 5.1%
5 Layers 93 8.5%

Theoretical Analysis

For evaluation and differently from the design values determined previously, the
experimental material properties from column 4 in Table 29 were used in accordance with
the methodology given in ACI 549.4R to theoretically predict the experimental behavior
of the beams at the level of yielding of the tension steel and at ultimate conditions. Only
experimental values were used and no reduction values were incorporated. The analysis
was based on the following assumptions: the concrete was modeled using Todeschini’s
relationship for stress-strain behavior, strain compatibility is satisfied, equilibrium of the
section is satisfied, and perfect bond exists between FRCM and concrete as well as between
concrete and steel. In addition, the following failure modes were checked to determine
which of the following failure modes control at ultimate conditions: concrete crushing and
FRCM failure (rupture and/or delamination). Appendix F contains an example of the
detailed calculations used to determine the theoretical experimental capacities of both
strengthened and un-strengthened members. A summary of the theoretical load values for
both static yield and ultimate states with the corresponding enhancement ratios are given
Table 32 where enhancement ratios are defined as the ratio of the strengthened RC element

to the control RC member. The specimen ID is dependent on the type of test and will be
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describe in the following sub-chapters. There is a significant difference between the

theoretical design and theoretical experimental values. The former is determined by the

Table 32 — Summary of Theoretical Experimental Values

Yield Ultimate

Specimen ID .External ¥ P Enhancement Pt Enhancement

Relnforcement (% ) (kN) P y,Th,strengthened/ (kN) P u, Th,strengthened

P v, Th,control /P u, Th,control

S-CONa None - 62.5 1.00 89.5 1.00
S-FRCM-1P 1 Layer 1.7% 64.5 1.03 90 1.01
S-FRCM-3P 3 Layers 5.1% 684 1.09 112 1.25
S-FRCM-5P 5 Layers 85% 723 1.16 134 1.50

engineer in practice which uses nominal material properties, stress and strain limitations as

well as strength reductions factors, while the latter is determined to predict actual

experimental behavior and uses experimental material properties with no limitations or

reduction factors. Figure 78 shows both the design and experimental values plotted with

Enhancement (%)
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Figure 78 — Design and Theoretical Experimental Enhancement for Values of

respect to the corresponding B! factor. Once validated experimentally, these curves will

provide guidance for engineers in practice to choose a suitable amount of FRCM

reinforcement for RC strengthening.
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Test Setup

A three-point bending test configuration with a 1.54 m span was used for all specimens.
Beams were instrumented with 6-mm and 60-mm strain gauges. Two 6-mm strain gauges
applied to the center tension steel rebar measured tensile strain, two 60-mm gauges
measured compressive strain in the concrete near midspan, and three 60-mm gauges
measured tensile strain in the FRCM at midspan. In addition, three linear variable
differential transducers (LVDTs) were placed at midspan and each support to measure
deflection and settlement. To better simulate field conditions, a concrete grinder was used
to cut the FRCM material adjacent to the supports so that the supports would not function

as FRCM anchors. Figure 79 and Figure 80 show the test setup, instrumentation layout,
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Figure 79 — Load Configuration and Strain Gauge Instrumentation (dimensions in

Figure 80 — Load Configuration and LVDT Instrumentation
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and FRCM cut locations. Each specimen was tested with a 250-kN hydraulic actuator on
a fatigue rated test frame. The applied load was measured using an internal force
transducer connected to the actuator.
Experimental Procedure

The fifteen RC beams under evaluation were divided into two phases. In phase I, five
specimens were tested monotonically to failure. Phase II consisted of ten beams subjected
to fatigue loading. All loading procedures were determined based on the theoretical yield
and ultimate capacities given in Table 32.
Phase I

Beams in the first phase were tested at a load controlled rate of 0.22 kN/sec with a total
of 4 quasi-static loading and unloading cycles, followed by a final displacement-controlled
load rate of 0.032 mm/sec up to failure. The maximum value for each loading cycle was
determined to investigate beam performance before and after concrete cracking as well as
before and after steel yielding. An illustrative example of the load steps are presented in
Figure 81. Beams in Phase I consist of five beams total: two un-strengthened beams, and

three RC beams each strengthened with one, three, and five layers of FRCM, respectively.

A
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Before Cracking
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Figure 81 — Typical Loading Cycles
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Phase 11

Phase II consisted of initially pre-cracking each beam and then applying a cyclic fatigue
loading resembling that of a sine wave at a load rate of 2 Hz (2 cycles/sec). The reference
value used herein is the theoretical static load at which yielding of the reinforcing steel
occurs in the beam, which has been previously discussed and can be found in Table 32. All
cyclic (fatigue) loads are comprised of a maximum and minimum load, which are referred
to a percentage of the static yield (PSY) load. Based on the simulation of a typical RC slab
bridge designed according to AASHTO LFRD (2010), a minimum load value equivalent
to 20 percent of the static yield (20 PSY) was used for all cyclic tests. Details of the
simulated RC slab bridge can be found in Appendix G. Figure 82 illustrates the initial pre-
cracking using 3 quasi-static load cycles followed by the cyclic loading and the maximum
load in the 3™ quasi-static load cycle corresponds to the peak cyclic load value.

In previous studies, it has been shown that RC beams subjected to fatigue loads

experience failure mainly due to fatigue rupture of the steel reinforcement and less
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Figure 82 — Pre-cracking and Cyclic Loading

commonly by fatigue failure of the concrete. Therefore, it is necessary to address the
fatigue limitations for steel provided by ACI 215R-97 and AASHTO LRFD (2010). For a
minimum load of 20 PSY, a corresponding stress in the steel of 94 MPa is induced. Using

equations (3) and (4), ACI 215R-97 and AASHTO LRFD (2010) specify an allowable
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stress range of 138 MPa and 162 MPa, respectively. These values correspond to a peak of
load of 50 PSY and 55 PSY. Thus, if the applied maximum load is less than 50 PSY, there
should be no failure in the steel reinforcement up to 2 million cycles. But, if the maximum
load is larger than 55 PSY, there is a significant likelihood that the steel will fail due to
fatigue before reaching 2 million cycles. In addition, ACI 549.4R-13 limits the tensile
stress in the steel reinforcement to be 80 PSY during service loading, but this number has
yet to be experimentally verified. Seeing as the purpose of this study is to strengthen RC
beams with FRCM and apply fatigue loads that will challenge the fatigue behavior in the
steel, all maximum load values were chosen to be larger than the maximum permitted
values specified by ACI 215R-97 (50 PSY), AASHTO LRFD 2010 (55 PSY), and ACI
549.4R-13 (80 PSY).

It is also necessary to ensure that concrete stresses do not exceed the fatigue provisions
specified by ACI 215R-97. A minimum load of 20 PSY corresponds to a concrete stress of
4.9 MPa which yields 10% of the concrete compressive strength (f°¢) and according to
Figure 72, the maximum allowable stress range in the concrete is 35% of f’c. This
corresponds to a maximum stress of 45% of /”c. As a result, all maximum load values were
chosen to induce concrete stresses less than the threshold of 45% of the concrete
compressive strength (f°c). Accordingly, the first peak load was set at 90 PSY
corresponding to a theoretical maximum concrete compressive stress of 40% f°¢ and
maximum FRCM stress of 335 MPa which is 23% of fj, as shown in Figure 83. Note that
the stress in the FRCM satisfies the fatigue limit of 30% f% provided by ACI 549.4R-13 in
Table 25, which further predicts that failure will likely occur in the steel reinforcement.

Based on the observed behavior from the first test, the following maximum load values
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Figure 83 — Stress Distribution for FRCM Strengthened Beam

were selected for the subsequent beams subject to cyclic loading: 85 PSY, 80 PSY, and 75
PSY, as summarized in Table 33. All cyclic loads were applied until failure of the
specimens or 2 million cycles, whichever occurred first. All beams that reached a fatigue
life of 2 million cycles were tested statically to determine the post-fatigue residual strength.
The same load procedure used for Phase I static tests was used for the Phase II residual
static tests. Of the ten beams subjected to fatigue loads, six beams were strengthened with
three layers of FRCM, which depicts the middle bound enhancement ratio and represents
a realistic strengthening scheme that would be used by engineers in practice, resulting in a
33% nominal increase in design strength (from Table 30). Two RC beams were
strengthened with one and five layers of FRCM, respectively, and the remaining two beams
were left un-strengthened. Table 33 contains a description of each specimen in Phase I and
II, which are labeled using the “4—-B—C-D” format, where “A” represents the test type (F
for Fatigue and S for Static), “B” represents the beam type (CON for control beams and
FRCM for PBO strengthened beams), “C” denotes the number of FRCM layers applied
(1P for one layer, 3P for three layers, and 5P for five layers), and “D” represents the
maximum cyclic load value (75 for 75PSY, 80 for 80PSY, 85 for 85PSY and 90 for 90PSY)

for fatigue tests.
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Based on the maximum load levels, an additional step was taken to predict the number
of cycles at which failure would occur in the steel reinforcement. This prediction

Table 33 — Test Matrix for Specimens in Phase I and Phase 11

Specimen Load Type 'External Max Load
Reinforcement (PSY)
S-CONa None
S-CONb
S-FRCM-1P Static 1 Layer -
S-FRCM-3P 3 Layers
S-FRCM-5P 5 Layers
F-FRCM-3P-90 90
F-FRCM-3P-85 85
F-FRCM-3P-80a
F-FRCM-3P-80b 3 Layers 80
F-FRCM-3P-75a Cyclic 75
F-FRCM-3P-75b (Fatigue)
F-CON-0-75a
F-CON-0-75b None 7
F-FRCM-1P-75 1 Layer 75
F-FRCM-5P-75 5 Layers 75

is based on the previously discussed equations (1) and (2). Table 34 summarizes the
maximum load values, equivalent stress range, and predicted fatigue life for each peak
load. It is predicted that all maximum load values will result in fatigue failure prior to

Table 34 — Fatigue Life Prediction Based on Maximum Load

Peak Load Stress Range  Predicted Fatigue Life

(PSY) &) V)
90 330 104,827
85 306 251,843
80 283 226,572
75 259 350,065
70 235 563,783
65 212 894,715
61 194 2,000,000
60 188 2,582,601
55 165 8,589,835
50 141 34,395,839
48 132 63,999,255

47 127 88,781,672
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2 million cycles. The maximum load corresponding to 2 million cycles is determined to
be 60 PSY which is slightly larger than the conservative values specified by ACI 215R-
97 (50 PSY) and AASHTO LRFD (2010) (55 PSY).
Phase I Test Results

All beams in Phase I were tested statically to failure. For each specimen, an
experimental load vs. deflection envelope was plotted, which does not include unloading
portions from the loading cycles described in the experimental program. Each load-
deflection graph also contains a theoretical three line prediction (dotted line with
rectangular markers) of the expected behavior during testing as well as a dashed line that
corresponds to the design capacity from Table 30. All unstrengthened beams exhibited
traditional RC beam behavior that can be described in in three ascending phases: concrete
cracking, steel yielding, and concrete crushing. Accordingly, the three phases observed in
beams strengthened with FRCM consisted of concrete cracking, steel yielding, and ultimate
FRCM failure. It is noteworthy to mention that all steel strain gauges performed
satisfactory until the onset of concrete cracking. In almost all cases, the steel strain gauges
recorded abnormal strain values post-concrete cracking. This is possibly due to the friction
between the strain gauge and the concrete at the steel-concrete interface that caused the
strain gauge to “strip off” during loading. Due to this unfortunate occurrence, the
corresponding yield loads were determined by performing a cross sectional analysis using
known concrete compressive strain, FRCM tensile strain, and deflection values.
S-CONa and S-CONb

Two unsrengthened RC beams, S-CONa and S-CONDb were tested statically to failure.

Figure 84 and Figure 85 illustrate the theoretical, experimental, and design behavior where
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a description of each loading phase corresponds to the experimental curve. Due to the

similarity in behavior, the average load values of the two tests will be discussed. The first

(flexural) crack occurred when the stress in the bottom of the soffit reached the concrete
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modulus of rupture. This occurred at an average load of 32.9 kN at the location of
maximum moment, under the load point. As more cracks formed, the stiffness of the system
decreased and the load approached the yield load at an average value of 63.1 kN.
Post-yielding, the system exhibited an increasing rate of stiffness degradation and showed
significant deflection. The average maximum load occurred at 97.1 kN at which point the
beam failed due to concrete crushing. The theoretical curves proved to be conservative in
predicting the load-deflection values for each load phase.
S-FRCM-1P

Specimen S-FRCM-1P strengthened with 1 layer of FRCM was tested statically to
failure. In the load-deflection curve for S-FRCM-1P given in Figure 86, the first crack
occured at 34.2 kN. Further cracking was observed as the stiffness decreased and
approached a yield load of 66.6 kN. The post-yield stiffness of system began to deteriorate

as fabric slippage intiates at the location of a flexural crack in the area of maximum moment
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Figure 86 — Load vs. Deflection for S-FRCM-1P
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which is at midspan. The fabric-matrix slip gradually propagated outward towards the
support as the curve reached a maximum load of 107 kN. As slippage continued, eventually
the FRCM could no longer carry the applied load and FRCM delamination suddnely
occured at the midspan. This mechanism can be confirmed by the sudden drop of the load-
deflection curve (Figure 86). Following delamination, the FRCM contribution is lost and
the beam behaviour falls back to that of a RC beam. Ultimately, the failure mode of
specimen was initially due to slipping of the fabric in the matrix followed by a secondary
failure mode of FRCM delamination.
S-FRCM-3P

The load-deflection curve for specimen S-FRCM-3P strengthened with three layers of
FRCM is shown in Figure 87. Similar to S-FRCM-1P, the first crack was observed at 34.2
kN. After reaching a yield load of 68.9 kN, the system exhibited a stiffness greater than S-

FRCM-1P. The load reached a maximum value of 125.7 kN, when a sudden FRCM
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Figure 87 — Load vs. Deflection for S-FRCM-3P
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delamination occurred, which initiated at the mouth of a wide flexural crack in the area of
maximum moment (midspan) and propagated outward towards the support. Following
delamination, the specimen behaved similar to the benchmark specimens containing no
FRCM strengthening.
S-FRCM-5P

Beam S-FRCM-5P with five layers of FRCM exhibited a similar behavior to S-FRCM-
3P up to a cracking load of 37.2 kN and subsequently to a yield load of 72.5 kN (Figure
88). The post-yield stiffness was significantly high and as the load-deflection curve began
to lose stiffness, a sudden pre-mature FRCM delamination occurred. The resulted
maximum load was 96.9 kN which was less than both S-FRCM-1P and S-FRCM-3P
specimens. In fact, the load was almost exactly equal to the ultimate load observed for the

control specimens S-CONa and S-COND.
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Figure 88 — Load vs. Deflection for S-FRCM-5P
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Discussion of Phase I Tests

A comparison of all load-deflection curves for the Phase I tests is given in Figure 89.
Similarly, a summary of all experimental and theoretical yield and ultimate load values are
given in Table 35 and Table 36, where S-CON* denotes the average of specimen S-CONa
and S-COND. The theoretical values are determined using the experimental material
properties. The strength enhancement is the ratio of FRCM strengthened member to the

average benchmark value and all experimental results were compared to theoretical values.
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Figure 89 — Load vs. Deflection for Phase I Specimens

All five beams exhibited similar behavior up to cracking where the cracking load was not
significantly affected by the FRCM application. All FRCM strengthened specimens
displayed a greater post cracking stiffness than the benchmark specimens up to steel

yielding, with S-FRCM-3P showing the greatest stiffness increase followed by S-FRCM-
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5P and S-FRCM-1P. All FRCM strengthened specimens exhibited an increase in static
yield relative to the benchmark specimens. The greatest static yield value was observed in
S-FRCM-3P followed by S-FRCM-5P, and S-FRCM-1P.

Table 35 — Static Tests Results: Yield Load (P))

Theoretical Experimental Experimental/Theoretical
. id Enhancement
SpeCImen D Py,Th (kN) fl)()ﬁsg Py,strengthened/ Py,avg /Py,Th
(%) P y,control

S-CON* - 62.5 63.7 1.00 1.02
S-FRCM-1P 1.7% 64.5 66.6 1.05 1.03
S-FRCM-3P 5.1% 68.4 68.9 1.08 1.01
S-FRCM-5P 8.5% 72.3 73.1 1.15 1.01

*Represents the average of S-CONa and S-CONb control beams

Table 36 — Static Tests Results: Ultimate Load (P,)

Theoretical Experimental Experimental/Theoretical
. Enhancement
SpeCImen Ib P v Th (kN) ]_()ﬁﬁ)g P u,strengthened/ P u,avg/ P u,Th
(%) Pu,control

S-CON* - 89.5 97.1 1.00 1.08
S-FRCM-1P 1.7% 90 107.02 1.10 1.19
S-FRCM-3P 5.1% 112 125.7 1.29 1.12
S-FRCM-5P 8.5% 134 96.9 1.00 0.72

*Represents the average of S-CONa and S-CONb control beams
Additionally, the failure modes respective to each test are shown in Figure 90. The term
delamination is used to describe a failure mechanism that involves the debonding of one
material from another. The observed mechanisms consisted of two types of delamination
which include: surface delamination and interlaminar delamination. Surface delamination
is described as the sudden detaching of the FRCM from the concrete substrate, where the
fracture surface ocurs within the concrete-mortar interface. While interlaminar
delamination occurs within the net’s layer. This mechanism consists of FRCM fabric

debonding from the matrix mortar with a fracture surface at the fabric-matrix interface.
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Interlaminar delamination tyically occurs at the interface of the first layer of mortar and
the first layer of fabric and can then propagate further into other reinforcing layers. A

combination of both surface and interlaminar delamination was observed in all tests

Figure 90 — Typical Failure Modes for Phase I Static Test Specimens: a) S-CONa b)

S-FRCM-1P ¢) S-FRCM-3P d) S-FRCM 5P
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exhibiting failure due to FRCM delamination. A similar trend was observed in study 1
where the direct tension tests showed a different mode of failure depending on the number
of fabric layers. RC beams strengthened with one FRCM layer exhibited a failure mode
consistent with one layer direct tension tests of fabric slipping within the matrix. Similarly,
RC beams with three and FRCM layers exhibited failure modes in accordance with the
observed three and five ply direct tension failures, respectively, which consisted of
interlaminar delamination with little to no fabric-matrix slippage. The flexural cracks
observed during testing and are also shown in Figure 90 as the benchmark specimens (S-
CONa) showed larger crack openings with respect to those strengthened with FRCM. It
was visually noted that the FRCM bridges cracks located at the soffit, which delayed
cracking during loading and also reduced crack opening and propagation.

Experimental results indicate that S-FRCM-1P attained an increased ultimate load of
10% in comparison to the benchmark specimens. Similarly, S-FRCM-3P has a 3/ factor
equal to three times that of S-FRCM-1P and showed an increase in strength of 29%, which
is roughly three times the increase in strength of specimen S-FRCM-1. S-FRCM-5P
strengthened with five layers of FRCM behaved quite differently, having no increase in
strength compared to the benchmark value. Based on the observed failure mode and
negligible increase in ultimate strength, this behavior suggests that the beam was over
reinforced due to the excessive amount of material and added stiffness to the system, thus
impairing the effectiveness of the FRCM. A similar behavior has been observed with steel
reinforcement. There is a threshold for reinforced concrete members beyond which any
increase in steel reinforcement provides a negligible strength enhancement. Similarly, for

FRCM there is a threshold for which additional reinforcement does not provide increase in
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strength. The addition of too many FRCM layers notably increases stiffness and the
material then carries a larger portion of the applied load. This load is transmitted as a shear
stress at the concrete-FRCM interface. The load is then distributed within the FRCM
through an adhesive bond between fabric and matrix. If the applied shear force approaches
the maximum adhesive bond strength at the concrete-FRCM interface and/or the matrix-
fabric interface, FRCM delamination will occur. Therefore a member with a large amount
of FRCM material will reach the maximum allowable bond strengths at a lower load. This
concept is demonstrated in the load versus FRCM strain diagram for all FRCM

strengthened specimens shown in Figure 91 showing that S-FRCM-1P exhibits a larger
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Figure 91 — Load vs. FRCM Strain Relationship for Phase I Specimens

maximum strain in the FRCM due to a lower stiffness contribution. In contrast, S-FRCM-
5P experienced a lower maximum FRCM strain value due to the larger stiffness
contribution. More FRCM reinforcement does not always ensure an increase in strength.S-

FRCM-3P exhibited the same failure mode as S-FRCM-5P, and provided a significant



130

increase in strength while the latter did not. It is evident that for f/up to 5.1%, there is a
(nearly linear) positive increasing trend in ultimate flexural capacity. While for # equal to
8.1%, the FRCM has no strengthening effect whatsoever. This phenomenom was observed
in study 1 where the bond strength exhibited a dramatic degradation due to the increased
number of fabric layers. It is evident that for # equal to 8.1% the bond behavior provides
affects the structural performance more significantly than the tensile behavior.
Accordingly, all theoretical values were conservative in predicting both the yield and
ultimate load values with the exception of ultimate load for S-FRCM-5P. A similar study
performed by Babaeidarabad et al. 2014 evaluates the flexural strength of RC beams with
the same beam cross section, load configuration, and externally applied PBO-FRCM
system. However, the beams consisted of different steel rebar sizes and concrete
compressive strengths. RC beams were strengthened with one layer and four layers of
FRCM which were then statically tested to failure. Because the Bf factor is a function of
the nominal material properties and beam geometry, the Bf factors were also determined
for the RC beams tested by Babaeidarabad et al. 2014. These factors along with the
experimental values and corresponding enhancement are shown in Table 37 where the 5
and enhancement can be added to the values from Table 36. As a result, the theoretical
design and theoretical experimental vs. f previously shown in Figure 14 are compared
with the actual experimental enhancement results from this study along with the four layer

Table 37 — Static Test Results (P,) from Babaeidarabad et al. 2014

Vi Maximum Load Enhancement
Beam (% ) P. P u,strengthened/
(kN) P u,control
Control - 55.8 1
1 Layer FRCM  1.70% 63 1.13

4 Layers FRCM  6.80% 96.8 1.73
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values to develop a third experimental curve shown in Figure 92. The grey area represents
the region where a safe FRCM system can be designed for RC strengthening. In addition,
Ebead et al. 2016 conducted experimental tests on using the same PBO-FRCM system
applied to RC beams with a different beam cross section and steel reinfrocement. # and
enhancement values were determined for each beam, which are also included in Figure 92.
This figure can be used by engineers in practice to select a FRCM configuration that is

suitable for a desired level of enhancement.
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Phase II Test Results

All beams in Phase II were subjected to cyclic loading. RC beams strengthened with
three layers of FRCM were tested with descending maximum load values, in an attempt to
determine an endurance limit based on the level of stress in the reinforcing steel. Once the
endurance limit was determined, unstrengthened RC beams were tested at this limit for

comparison. In addition, beams strengthened with one and five layers of FRCM were tested
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at the endurance limit to determine whether this limit was applicable to all values of #. The
failure type, number of cycles to failure (fatigue life), and residual maximum load values
are summarized in Table 38. The residual to experimental ratio is defined as the ratio of
residual maximum load (P..z) to the average maximum load (P...\g) for the statically tested
S-FRCM-3P given in Table 36. All results and observations including: fatigue life, fatigue
behavior, failure modes, and residual strength are discussed where a S-N curve is then
presented. Similar to the results from Phase I, the strain gauges applied to the steel
reinforcing bars recorded abnormal strain values post-concrete cracking and unfortunately
are not reported herein.

Table 38 — Summary of Phase II Fatigue Results

Max Residual

) % static . Number of Max Load Re51'dua1/
Specimen ; Failure Type Cycles at Experimental
yield failure <106 PP b Pua
(PSY) (kN) ‘ e
F-CON-0-75a 75 Steel Fracture 0.919 - -
F-CON-0-75b Steel Fracture 1.46 - -
F-FRCM-3P-90 90 Steel Fracture 0.492 - -
F-FRCM-3P-85 85 Steel Fracture 0.562 - -
F-FRCM-3P-80a 20 None* 2 131.7* 1.05
F-FRCM-3P-80b Steel Fracture 1.89 - -
F-FRCM-3P-75a None* 2 124.5* 0.99
F-FRCM-3P-75b None* 2 119.8* 0.95

Fabric Slippage
w/in Matrix

F-FRCM-5P-75 None* 2 102.4%* 1.06

F-FRCM-1P-75 0.962 - -

*Maximum load from monotonic load test performed after 2M cycles of fatigue loading

Fatigue Life
Results show that beams strengthened with three layers of FRCM subjected to a higher

load range experienced shorter fatigue lives. The shortest fatigue life of 0.492x10° cycles
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was observed for F-FRCM-3P-90, 0.562x10° cycles for F-FRCM-3P-85, and 1.89x10°
cycles for F-FRCM-3P-80b, reaching close to the 2M-cycle threshold. F-FRCM-3P-80a
reached 2 million cycles without failure, reflecting the neighborhood of the fatigue
endurance. Similarly, Beams F-FRCM-3P-75a and F-FRCM-3P-75b reached 2 million
cycles without failure. The un-strengthened (benchmark) cyclically loaded RC beams F-
CON-0-75a and F-CON-0-75a were tested for comparison purposes and have fatigue lives
equivalent to 0.919x10° and 1.46x10°, respectively.
Fatigue Behavior

The fatigue behavior of specimens F-FRCM-3P-90, F-FRCM-3P-85, and F-FRCM-3P-
80b that exhibited failure prior to 2 million cycles can be describe in three stages
throughout the life of the beam: considerable damage in the first stage, steady and gradually
increasing damage in the second stage, followed by the final stage where significant loss
in strength occurs prior to sudden failure (Figure 93). During the first stage, numerous
cracks formed and propagated along the height of the beam. Local FRCM debonding
occurred at crack locations along the soffit and (Figure 93b). In the second stage, concrete
cracks continued to grow at a more gradual rate with one primary flexural crack that
steadily propagated towards the compressive zone (Figure 93c). Gradual but minimal local
FRCM delamination occurred in the form of cracks along the concrete-FRCM interface
which propagated into the matrix-fabric interface (Figure 93d). Also, cracks initiated in the
rebars at areas of high-stress concentration (rib root) possibly within first stage or early
second stage. During the second stage, fatigue cracks gradually propagated along the rebar
cross section. In the final stage, the stress in the steel reinforcement reached high levels

due to the reduced effective cross section which caused the rate of stiffness degradation
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and deflection to increase significantly (Figure 93e). Eventually, a brittle fracture occurred
in the steel followed by sudden FRCM delamination as the ram (in load control) attempted
to reach the preset maximum load (Figure 93f). Similar to the delamination observed in
Phase I, the observed FRCM delamination consists of a combined surface delamination
and interlaminar delamination.F-FRCM-1P-75 exhibited similar behavior with an identical
first stage, whereas the gradual slipping of the fabric combined with minimal delamination

was observed in the second stage, and combined slipping and delamination was observed

in the final stage. Similarly, fatigue behavior for benchmark specimens F-CON-75a and
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F-CON-75b experienced all three phases apart from the observed FRCM mechanisms.
While beams F-FRCM-80a, F-FRCM-75a and F-FRCM-75b that did not experience failure
only exhibited the first two stages of damage and no final sudden loss in stiffness was
observed. All behaviors are summarized in Figure 94. For all beams strengthened with
While beams F-FRCM-80a, F-FRCM-75a and F-FRCM-75b that did not experience failure
only exhibited the first two stages of damage and no final sudden loss in stiffness was

observed. All behaviors are summarized in Figure 94. For all beams strengthened with
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Figure 94 — Stages of Fatigue Behavior

FRCM, it was observed that the FRCM mitigated crack opening on the flexural surface
which potentially slowed crack propagation compared to an un-strengthened RC beam.
Figure 95 illustrates this concept by comparing the crack configuration for un-strengthened

F-COND and strengthened F-FRCM-3P-75a at 0.6 million cycles.
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F-FRCM-3P-75a

Figure 95 — Crack Configuration for F-COND (left) and F-FRCM-3P-75a (right) at
0.6 Million Cycles
Stiffness and Deflection
The stages of progressive damage are best represented in terms of beam stiffness and
maximum deflection at midspan. Figure 96 shows the normalized stiffness and maximum
deflection versus number of cycles curves, for all three layer FRCM specimens and
benchmarks. Figure 97 shows the same respective curves for benchmark, one layer, three

layer, and five layer configurations of FRCM strengthening. Each curve was normalized
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Figure 97 — Degradation of Stiffness and Deflection for Various §/

with respect to the initially measured stiffness and deflection values at 0 cycles. It was
observed that all beams showed a significant loss of stiffness up to 0.1 million cycles. Tests
with higher values of maximum load exhibited a greater rate of intermediate damage during
the second stage than those with lower loads. F-FRCM-1P-75 with one layer of FRCM
exhibited a stiffness and deflection degradation behavior similar to the benchmark
specimens. In contrast, FRCM-3P-75a/b and FRCM-5P-75 demonstrated a more gradual
and steady degradation. The normalized deflection curves closely resemble the typical
damage progression for FRP Strengthened RC beams previously discussed in Figure 70.
Strain Measurements

The maximum compressive strain in the concrete and tensile strain in the FRCM were
measured over the fatigue life for each beam (Figure 98 and Figure 99). In general, the

strain behavior exhibited a constant positively increasing trend, where larger maximum
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loads induced a higher rate of strain increase, while lower maximum loads exhibited a
gradual increase. It was more difficult to differentiate between the three fatigue stages due
to the fact that the strain gauges measure local material behavior rather than the global

behavior which is measured by deflection. In some cases, the compressive concrete strain
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Figure 98 — Concrete Strain vs. Number of Cycles
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showed a decreasing trend over time, which occurred as a result of: crack formation at the
location of the strain gauge, formation of a horizontal crack in the cross section under the
strain gauge, or gauge malfunctioning. There were no through transverse cracks observed
in the FRCM along the beam width for specimens with three and five layers, while
F-FRCM-1P with one FRCM layer showed transverse cracks through the entire beam
width which resulted in strain gauge malfunction. Crack formation in the FRCM varies
depending on the amount of supplemental FRCM reinforcement. This concept was
similarly observed in Study 1 of this dissertation for direct tension behavior.
Failure Mode

For FRCM specimens subjected to cyclic loading, the primary failure mode was due to
fatigue rupture of steel reinforcement and the secondary failure mode was due to slipping
of the fabric within the matrix and/or FRCM delamination, where the secondary failure
mode is a function of the amount of FRCM reinforcement provided. Specimens F-FRCM-
3P-90, and F-FRCM-3P-85, F-FRCM-3P-80 corresponding to a maximum loading of 90,
85, and 80 PSY, respectively, failed due to fatigue rupture of the steel followed by FRCM
delamination and then concrete crushing as shown in Figure 100. Specimens F-FRCM-3P-
75a, F-FRCM-3P-75b, F-FRCM-5P-75 subjected to a maximum load of 75 PSY

successfully reached 2M cycles without failure, while F-CON-0-75a and F-CON-0-75b

Figure 100 — Typical Fatigue Failure Mode for Beams (#=5.1%)
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without FRCM reinforcement exhibited fatigue failure prior to 2 million cycles due to
rupture of the steel followed by concrete crushing as shown in Figure 101. This indicates

that FRCM strengthening improves the fatigue life of RC beams by lowering stress levels

in the reinforcing steel. But F-FRCM-1P-75 with one layer of FRCM experienced a slightly

Figure 101 — Typical Fatigue Failure Mode for Unstrengthened RC Beam

different failure due to steel rupture followed by a combination of fabric slippage and
FRCM delamination (Figure 102) prior to 2M cycles, which indicates that the level of
fatigue improvement is dependent on the amount of supplemental FRCM reinforcement.

Overall, the results show that for /> 5.1%, FRCM strengthening improves the fatigue life

Figure 102 — Typical Fatigue Failure Mode for F-FRCM-1P-75 (#/=1.7%)

of RC beams by lowering stress levels in the reinforcing steel. In addition, a steel rebar was
extracted from F-FRCM-3P-80b and was compared to the fatigue fracture cross section
reported in NCHRP 1976. Figure 103 shows a distinct similarity of fatigue surface and
fracture surface between the two rebars. This further confirms that the primary failure mode

was due to fatigue fracture.
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Figure 103 —Fatigue Fracture Comparison

Residual Strength

Specimens that successfully reached 2 million cycles without fatigue failure include:
F-FRCM-3P-80a, F-FRCM-3P-75a, F-FRCM-3P-75b, and F-FRCM-5P-75. Each beam
was tested statically to failure where maximum load values are listed in Table 38. The load-
deflection curves for 3 layer and 5 layer FRCM specimens are presented in Figure 104 and

Figure 105, respectively, and were compared to the static test from Phase I with equivalent
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FRCM reinforcement. All specimens behaved similarly and exhibited initial residual
deflections as well as initial reduced stiffnesses from the cracks developed during fatigue
conditioning. When loaded beyond the maximum applied fatigue load, each beam stiffness
was similar to that of the static beam from Phase 1. The measured maximum loads were at
least 95% of the static ultimate loads given in Table 36, and the corresponding deflections
at ultimate conditions were noticeably greater by an amount almost equal to the initial
residual deflection. Observed failure modes were due to FRCM delamination which
initiated at midspan and propagated outward to the supports followed by the formation of
a flexural-shear crack resulting in concrete crushing as shown in Figure 106 and Figure
107. For specimens with 3 layers of FRCM (F-FRCM-3P-80a, F-FRCM-3P-75a, and F-
FRCM-3P-75b), delamination occurred more gradually in comparison to the static beam

S-FRCM-3P that exhibited a more sudden delamination as can be seen as by the abrupt



143

decrease in load shown in Figure 104. Gradual delamination occurred as a result of the

slow debonding that ensued during the second phase of fatigue loading. In contrast,
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Figure 107 — Typical Failure Mode for Residual Static Tests #/=8.5%

specimen F-FRCM-5P-75 with 5 FRCM layers exhibited a sudden delamination failure
mode similar to the statically loaded S-FRCM-5P (Figure 105).
S-N Curve

Based on the data collected, a stress ratio versus the number of cycles (S-N) curve is
shown in Figure 108. Note that the stress ratio is plotted rather than the traditionally used
stress range. A solid marker denotes a failure that occurred before 2 million cycles while
a hollow marker with an arrow depicts a beam that did not experience failure at 2 million
cycles. A comparison is also made with specimens containing one and five layers of
FRCM reinforcement tested at 75 PSY. In addition, the experimental results indicate that
F-FRCM-1P-75 had a fatigue life less than 2 million cycles (0.919%10°) and F-FRCM-
5P-75 reached 2 million cycles without failure. This suggests that the fatigue endurance is

largely dependent on the amount of FRCM reinforcement provided.
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Figure 108 — S-N Diagram for 3-Layers PBO FRCM (#/=5.1%)

Recommendations to ACI 549.4R

Based on the provisions given in ACI 549.4R-92, it was predicted that for tests less
than or equal to 80 PSY no fatigue failure should occur prior to 2 million cycles. For all
specimens tested at 75 PSY, beams with three and five layers of FRCM reached 2 million
cycles and satisfy ACI 549.4R-13. While the un-strengthened and one layer specimens
experienced failure prior to 2 million cycles, and do not satisfy ACI 549.4R-13. Similar to
FRP strengthened RC beams, the addition of FRCM improves the fatigue performance by
lowering stress levels in the reinforcing steel, but the level of improvement is largely
dependent on the amount of FRCM provided. Test results indicate that for S > 5.1%, the
FRCM significantly contributes to this stress redistribution, while for fr < 5.1% there is no
significant contribution. Based on these results, it is clear that the provisions given in
Section 11.1.2 of ACI 549.4R-13 stating “The tensile stress in the steel reinforcement

under service load, fs, should be limited to 80 percent of the steel yield strength, fy, are
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under-conservative and should be re-evaluated based on the appropriate value of fr which
is dependent on the amount of supplemental FRCM reinforcement. There is no
experimental evidence of the 80% threshold and as such, this limitation should be
experimentally verified. In addition, there were no observed fatigue failures due to the
FRCM material. The maximum FRCM strain measured for specimen F-FRCM-3P-90 was
0.00277 which corresponds to a stress level of 24% of the FRCM design tensile strength,
fra. And while this value satisfies the fatigue design provisions limiting the stress to be 30%
of fu specified in ACI 549.4R-13, it also suggests that 30% may be an overly conservative
limitation. It is recommended for the fatigue stress limitations to be evaluated and
experimentally verified specifically for PBO reinforcement.
Concluding Remarks

The fatigue performance of PBO-FRCM strengthening technology was evaluated. To
account for differences in reinforcing material properties a stiffness-dependent factor, /7,
was used to compare the FRCM to steel reinforcement contribution. Based on the

experimental results, the following concluding remarks can be inferred:

Phase I — Monotonic Tests

e The application of FRCM mitigates crack opening and delays crack propagation.

e The application of PBO-FRCM to RC beams provides an increase in stiffness, yield
point, and strength compared to benchmark specimens with the exception of # equal to
8.1% (5 layers) where no increase in strength was observed.

e FRCM failure modes vary as a function of the amount of FRCM strengthening and

consist of fabric slippage within the matrix and/or FRCM delamination.
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There is a threshold for which additional FRCM reinforcement does not provide
increase in strength. This threshold is dependent on the bond capacity at the FRCM-

concrete interface as well as the fabric-matrix interface.

A similar trend was observed in study 1 where the direct tension tests for one and three
plies tests showed failure modes consistent with RC beams strengthened with the same
respective number of fabric layers. While the failure mode observed in the RC beam
strengthened with five layers (8= 8.1%) was influenced more from the degradation of

bond strength with increasing number of fabric layers, rather than the tensile behavior.

Phase II — Fatigue Tests

All observed fatigue failure mechanisms for FRCM strengthened specimens were due
to steel fracture followed by FRCM failure.

FRCM improves the fatigue performance by lowering stress levels in the reinforcing
steel, but the level of improvement is largely dependent on the amount of FRCM
provided.

Fatigue life decreases with increase in peak load up to an endurance limit of 75 PSY
for f equal to 5.1%.

When the stress in steel is below 75 PSY for an RC beam strengthened with #/>5.1%,
no failure due to fatigue occurs up to 2M cycles.

All specimens statically tested for residual strength sustained at least 95% of the non-
conditioned static ultimate load.

It is recommended that the design limitations for stress levels in the reinforcing steel
and the FRCM material specified by ACI 549.4R to be re-evaluated and experimentally

verified.



CHAPTER 4

Conclusions

FRCM is considered a relatively “young” material in the repair industry where its full
potential as a strengthening system has yet to be completely understood. However, a
growing amount of research conducted on externally bonded FRCM systems indicate
proven mechanical, structural, and durability performance which deems it a viable
alternative to current repair methods used specifically for RC in transportation structures.
The studies conducted herein expand on the current knowledge and confirm FRCM’s
ability to optimize the performance of RC through its mechanical behavior, validated
structural application, and effective design methodology. Each study is intended to uncover
a different aspect of FRCM technology, where each study is also captivatingly
interdependent with one another. FRCM as a repair system for bridge-type structures
cannot be validated without extensive mechanical characterization, accurate design
guidelines, and proven long-term fatigue performance. Similarly, FRCM fatigue
performance cannot be investigated without knowing the systems material properties and
behavior as well as demonstrated structural performance. A summary of the findings for
each study is presented along with additional recommendations for future work that is still
needed to fully validate FRCM as a repair system.
Study 1 - FRCM MATERIAL CHARACTERIZATION: INVESTIGATION OF
MULTI-PLY BEHAVIOR

In this study the effect of number of fabric layers on the direct tension and bond strength

performance of a PBO-FRCM system was investigated. Results indicate that

147
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increasing fabric plies causes a shift in crack propagation as well as a change in failure
mode. One ply failure is defined by fabric-matrix slipping and four ply failure is caused
by interlaminar delamination, while two and three plies exhibit a hybrid combination of
both failure types. The increased number of layers also results in a decreased crack modulus
of elasticity, and decreased bond strength. The largest values of ultimate stress and ultimate
strain were observed in the two and three ply direct tension specimens followed by one and
four plies. Overall, optimum performance of FRCM applied to RC is dependent on the
tensile and bond characteristics where a two or two or three layer strengthening
configuration is considered ideal for this PBO-FRCM system.

Theoretical ultimate capacities were computed using FRCM material properties
determined from direct tension tests. RC beams strengthened with one and three FRCM
layers were analyzed. Material properties for one ply direct tension tests were used for the
RC beam strengthened with one FRCM layer. While the RC beam with three layers was
analyzed twice using one and three ply direct tension properties. The analysis performed
using one ply material properties resulted in a more realistic prediction with a larger
theoretical load that was closest in value to the experimental results. Thus, one ply direct
tension results were used for all theoretical and design analyses using the PBO-FRCM
system for study 2 and study 3.

In addition, the early age bond strength was investigated as an additional tool to be used
by DOT’s in order to minimize traffic closure time to allow for FRCM installation and an
appropriate curing time. Early age bond and matrix compression tests show that significant
strength is developed within 3 days and full strength is nearly developed after 7 days of

FRCM installation. All bond tests meet and exceed AC343 standards after 7 days of FRCM



149

installation, and the matrix mortar compressive strength exceeds the 7-day and 28-day
strength criteria designated by AC434.
Study 2 —- REPAIR OF DAMAGED PRESTRESSED CONCRETE GIRDERS
WITH FRCM AND FRP COMPOSITES

The effectiveness of FRP and FRCM systems for the strengthening and repair of
damaged PC girders is evaluated in this study. Three PC girders were tested: one girder
served as the control girder (girder A) and the other two girders were strengthened with
FRP (girder C) and FRCM (girder D), respectively. The material properties given in Study
1 were used in combination with AASHTO (2010), ACI 440.2R (2008), and ACI 549.4R
(2013) to predict the experimental nominal flexural capacities. Experimental tests indicate
that girder A sustained a maximum load equal to 95% of the theoretical ultimate capacity.
The test was stopped upon reaching the actuator’s maximum load. Although failure was
not attained, the girder exhibited crack patterns that were representative of a forthcoming
flexural failure. For the FRP strengthened girder C, the experimental capacity reached and
exceed the theoretical ultimate value and demonstrated that FRP as a strengthening
technology can successfully restore flexural strength to damaged PC girders. Accordingly,
during the testing of girder D strengthened with FRCM, premature damage occurred in the
form of horizontal and vertical shear cracking as a result of deck defects from bridge
demolition. Without the presence of accidental saw cuts in the deck, it is likely the girder
would have reached its predicted capacity. Finally, the design nominal capacities were
determined and compared using AASHTO 2010, ACI 440.2R, FRPS-1, and ACI 549.4R
design literature. ACI 440.2R proved to have the most conservative estimate of design

strengthened capacity. Recommendations were made to adjust the strength reduction factor
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equation that is dependent on the level of strain in the prestressing steel. A design approach
based on AASHTO and ACI 440.2R ACI 549.4R methodology was proposed for ACI
549.4R to incorporate design provisions for the strengthening of PC girders. In addition,
the design examples provided in Appenix _ can be used by engineers in practice to
effectively design FRP and FRCM strengthened PC girders.

Study 3 - FATIGUE PERFORMANCE OF RC BEAMS STRENGTHENED WITH

FRCM

The same PBO-FRCM system used in the previous two studies is evaluated for its
strength and fatigue performance when applied to RC beams. This study was divided into
two phases, Phase I comprising of statically loading beams and Phase II consisting of
beams subjected to cyclic (fatigue) loading. The following parameters were investigated:
amount of supplemental reinforcement (fabric layers), ultimate strength, static failure
mode, applied stress range, fatigue life, fatigue failure mode and residual strength. A
stiffness-dependent /' was developed to generally describe the amount of FRCM and steel
reinforcement used. A design aid based on p/ versus the design, theoretical, and
experimental enhancement is presented to provide guidance to engineers in practice for the

selection of a suitable FRCM configuration given a desired level of strengthening.

Results from Phase I tests indicate that FRCM mitigates crack opening and delays crack
propagation for statically loaded beams. In addition, FRCM successfully provides an
increase in stiffness, yield point, and strength compared to benchmark specimens with the
exception of # equal to 8.1% (5 layers) where no increase in strength was observed. The
beam failure modes consisted of fabric slippage within the matrix and/or FRCM

delamination and varied depending on the amount of fabric used FRCM strengthening. A
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similar trend was observed in study 1 where the direct tension tests for one and three plies
tests showed failure modes consistent with RC beams strengthened with the same
respective number of fabric layers. Similar to study 1, the failure mode observed in the RC
beam strengthened with five layers (/= 8.1%) was influenced more by the degraded bond
strength rather than the tensile behavior. This further validates the fact that there is a
threshold for which additional FRCM reinforcement does not provide increase in strength.
This threshold is dependent on the bond capacity at the FRCM-concrete interface as well

as the fabric-matrix interface.

Phase II RC beams were subjected to fatigue loading and all observed failure
mechanisms occurred due to steel fracture followed by FRCM failure. FRCM failure
modes varied as a function of the amount of strengthening and were consistent with the
modes observed in Phase I and Study 1, which consisted of fabric slippage within the
matrix and/or FRCM delamination. The application of FRCM improved RC beam fatigue
performance by lowering stress levels in the reinforcing steel but the level of improvement
was largely dependent on the amount of FRCM provided. It was observed that the fatigue
life decreases with increase in peak load up to an endurance limit of 75 PSY (percent of
static yield) for f equal to 5.1% (3 FRCM layers). When the level of stress in the steel
reinforcement is below 75 PSY for /> 5.1%, there was no observed fatigue failure up to
2M cycles. Specimens that reached the 2M cycle threshold were tested statically for
residual strength. All fatigue-conditioned specimens sustained at least 95% of the non-
conditioned static ultimate load. Based on the experimental results and observations, it was
recommended for the design guidelines provided in ACI 549.4R for stress levels in the

FRCM and steel reinforcement to be re-evaluated and experimentally verified.



152

Recommendations for Future Work

The number of FRCM systems used for repair is rapidly growing as a result of the
favorable mechanical, structural, and durability performance reported in both literature and
field applications. However, due to the many combinations of fabric materials, fabric
orientation, fabric geometry, fabric layers, and mortar types available to formulate FRCM
systems, it is critical to conduct extensive material characterization specific to each type of
material system. Material characterization should be conducted per AC434 and meet the
respective acceptance criteria. The effect of multi-ply behavior for all FRCM systems
should also be evaluated for all FRCM systems following the test procedures specified in
AC434, given that a multiple fabric configuration is a more likely to be used for design.
Study 2 reported that girder D was not successfully tested to its full flexural capacity. There
was no observed failure due in the FRCM system which suggests that the FRCM could
have provided an increase in strength, however it was not experimentally verified. Thus,
further investigation of the PBO-FRCM system as well as other FRCM systems to be used
for the PC girder strengthening should be conducted. In addition, study 3 reports on the
fatigue behavior of a specific PBO-FRCM system. And while FRCM systems exhibit
different structural behavior, it is critical for the fatigue performance of other FRCM
systems to be investigated. Particular focus should be given to the upper stress limitations
for both the FRCM and steel reinforcement. The fatigue performance of FRCM applied to
PC elements should also be investigated as well as the fatigue behavior of FRCM subjected

to aggressive environmental exposure.
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APPENDIX A

Material Properties Provided by Manufacturer for PBO-FRCM System

PBO fibres properties

Density (gfcm?®) 1,56
Tensile strength (GPa) 5.8
Meodulus of elasticity (GPa) 270
UHlimate deformation (%) 2,15
Breakdown temperature (*C) 650
Coefficient of thermal dilation (10~= °C-) -6

Mesh properties

Weight of PBO fibres in the mesh 88 g/m?
Equivalent dry fabric ickness in the direcion of the warp | 0,0455 mm
Equivalent dry fabric thickness in the direction of the weit | 0,0115 mm

Utiimate tensile stress of the warp per unit of width 264 0 kN/m
Uliimate tensile stress of the wedt per unit of width 66,5 kM/m
Mesh weight (Substrate + PBOfiber) 110 #2126 g/

Inorganic matrix properties

Consistency (UNI EM 13395-1) 175

Specific weight of fresh mortar 1,80 = 0,05 glec
of Furc X MORTAR. 2520
Yield kg/méimm (dry product) 1,400
Compressive sirength (UNI EN 196-1) 2 30.0 MPa (at 28 days)
Bending strength (UMI EN 196-1) =40 MPa (at 28 days)

Secant modulus of elasticity (UNI EN 13412) [= 7000 MPa (at 28 days)
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APPENDIX B

AC434 Annex A (2013): Tensile Testing of Fabric-Reinforced Cementitious Matrix

(FRCM) Composite Systems

A1.0 Summary of Test Method

A thin flat strip of material having a near-constant rectangular cross section is mounted
in the grips of a mechanical testing machine and loaded with monotonically increasing load
in tension while recording load and movement. The ultimate strength of the material can
be determined from a maximum load carried before failure. The coupon strain or
elongation is monitored with displacement transducers to determine the nominal stress-
strain response of the material, and from that the cracking stress and strain, ultimate tensile
strain, tensile modulus of elasticity before and after cracking of cement-based matrix can
be derived.

This test procedure is designed to produce tensile property data for material
specifications, quality assurance, and structural design and analysis. Factors that influence
the tensile response and shall therefore be reported include the following: material,
methods of material preparation and lay-up, specimen preparation, specimen conditioning,
environment of testing, specimen alignment and gripping, and speed of testing. Properties,
in the test direction, which may be obtained from this test include:

1. Ultimate tensile strength
2. Ultimate tensile strain

3. Tensile modulus of elasticity of uncracked specimen
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4. Tensile modulus of elasticity of cracked specimen

5. Transition point

Attention shall be paid to material and specimen preparation, gripping, and test system
alignment. Poor material fabrication practices, lack of control in alignment of fiber grid,
and damage induced by improper cutting and machining the coupons are known causes of
high material data scatter. Specimen gripping problems can also cause a high percentage
of grip-influenced failures and therefore more scatter in data. Every effort shall be made to
eliminate excess bending due to system misalignment and out-of-tolerance conditions
caused by poor specimen preparation.

A2.0 Apparatus

A2.1 Dimension Measurements: The accuracy of instruments used for measuring
dimensions of the test specimens shall be suitable for reading to within 1 percent of the
sample dimensions.

A2.2 Testing Machine: The testing machine shall be in conformance with Practices
ASTM E4. The testing machine shall have both an essentially stationary head and a
movable head. The drive mechanism shall be capable of imparting to the movable head a
controlled velocity with respect to the stationary head. The testing machine load sensing
device shall be able to indicate the applied load to the specimen within 1 percent of the
indicated value. Each head of the testing machine shall carry one grip for holding the test
specimen in coincident with the longitudinal axis of the specimen. It is desirable to use
grips that are rotationally self-aligning to minimize bending stresses in the coupon.

A2.3 Gripping mechanism: Clevis-type grips shall be used to transfer the load from

the testing machine to the specimen. At least one of the two grips (preferably the top one)
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shall allow for rotation in two perpendicular planes. No clamping force (i.e., pressure
exerted on the tabs) should be applied to the specimen during testing. An illustration
depicting the gripping mechanism with typical specimen dimensions is shown in Figure
Al.

A.2.4 Strain Indicating Device: An extensometer satisfying Practice ASTM ES83,
Class B-1 requirements can be used for strain/elongation measurement. A minimum gage
length of 2 inches (50 mm) shall be used. Since the coupon undergoes cracking in the early
stages of loading, the gage length shall be adequate to at least include within itself one
transverse crack. The bearing points of the extensometer on the coupon shall not be
disturbed by cracking. If cracking occurs at the bearing points, the specimen shall be
unloaded and extensometer moved. The discontinuity in elongation reading can be
removed in data reduction process by matching the stop and restart point or similar means.
The weight of extensometer shall not cause significant bending in the specimen.

A3.0 Test Specimens

At least five specimens shall be tested per test condition. Specimens can be cut from
larger panels laid up in special molds. Control of fiber grid alignment is critical in lay-up
procedure. Effective cutting tools and methods need to used, and precautions shall be taken
to avoid notches, undercuts, uneven surfaces, or delaminations. The specimen preparation
method shall be reported. Specimens shall be labeled properly to be distinct from each
other and traceable to the raw material.

The test specimens shall be rectangular coupons. The thickness of coupons shall be as
required and be a function of number of layers and thickness of matrix for each layer. The

width of the coupon shall be adequate to include a minimum number of strands (e.g., three
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(3) strands in each layer) and shall not be less than four times the thickness of the specimen.
The width shall also be kept as a multiple of the grid spacing. Also, in case the strands in
different layers are staggered with respect to each other, it is preferable to have the same
number of strands in each layer along the width of the coupon. The minimum length of the
coupon shall include gripping distance, plus twice the width plus gage length. Longer
lengths are preferred to minimize the bending effects on the specimen.

Metallic tabs (e.g., steel, aluminum) are recommended to avoid damage to the specimen
by the clevis-type grips. The tabs can be glued to the specimen ends (two at each end, one
at each face). The tabs shall have the same width as the coupon. The tab length can be
calculated based on the maximum expected tensile load, glue and tab bond strength to the
matrix, and development length of the fiber strands within matrix. A minimum of 3 inches
(75 mm) tab length is recommended. The thickness of the tabs shall be adequate to
distribute uniformly the gripping force to the overall width of the coupons. A minimum
thickness of 1/16 inch (2 mm) is recommended.

A4.0 Calibration

The accuracy of all measuring equipment shall have certified calibrations that are
current at the time of use of the equipment.

AS.0 Conditioning

Unless a different environment is specified as part of the experiment, test specimens
shall be moist cured at least for seven days after lay-up, and another seven days at
laboratory environment before testing. Tests can be conducted at 14-day age and later.

Storage after curing and testing shall be at standard laboratory atmospheric conditions.
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A6.0 Procedure

After conditioning and before testing, coupon type and geometry and environmental
conditioning test parameters are specified. The overall cross-sectional area of the specimen
is calculated as follows:

A =wy hy (Al)
where ws is the nominal width and /4, is the nominal thickness of the coupon. The width
and thickness are measured at three locations along the specimen and averaged. This value
is determined for reporting purposes only. For computation of FRCM mechanical
properties, the area of grid reinforcement by unit width, 4/ measured in.*/in (mm?/mm), as
reported by the manufacturer, is used.

Special tabs prepared for installation are glued to the specimen. The glue shall be
permitted to cure per applicant instruction. The specimen placed in the clevis-type grips of
testing machine, taking care to align the axis of the gripped specimen with the test direction.
An initial minimal tension, less than 5 percent of the anticipated failure load, is applied to
straighten potential bow in the specimen. The displacement transducer is attached to the
specimen, preferably symmetrically about the mid-span, mid-width location. The load is
applied under displacement control. The loading rate can be adjusted by the velocity of the
machine head. A standard rate of 0.01 in./min (0.2 mm/min) is recommended.

The load versus displacement shall be recorded continuously or at frequent regular
intervals. The load, displacement, and mode of cracking (or any other damage) during
testing that would cause transition region in otherwise a linear response are recorded.
Cracks may occur at regular spacing along the specimen. If the cracks intercept the

transducer bearing points, the specimen shall be unloaded to the level of the initial loading.
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The displacement transducer shall then be slightly moved and reinstalled to bear at
uncracked region of the matrix. Reload the specimen with the same rate of loading and
continue data recording. The displacement transducer shall be removed before anticipated
failure to avoid damage to the sensor, but load readings shall continue until failure. The
maximum load, the failure load, and corresponding displacements at, or as near as possible
to, the moment of rupture shall be recorded, along with the failure mode and location.

A7.0 Calculation

The recorded data shall be reduced to reflect the initial tensile loading and reading
discontinuity if the transducer were to be moved during the test. This will likely result in a
near bilinear response curve (Figure A2) with an initial line for uncracked specimen, a
secondary line for cracked specimen, and possibly a curved transition segment in between.

A7.1 Expected Tensile Stress — Strain Curve: The expected tensile stress, ff, versus
tensile strain, &f, curve of an FRCM coupon specimen is shown in Figure A2. If a curved
segment exist in between two linear portions of the response curve, the two lines to initial
and secondary segments of the response curve shall be continued until they intersect. The
displacement and load corresponding to the intersection are calculated as the transition

point data, named T in Figure A2.
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In Figure A2 the following quantities are shown:

Ey = tensile modulus of elasticity of the cracked specimen, psi (MPa)
E¢* = tensile modulus of elasticity of the uncracked specimen, psi (MPa)
1 = tensile stress at ith data point, psi (MPa)

f# = ultimate tensile strength, psi (MPa)

7 = tensile stress corresponding to the transition point, psi (MPa)

€5 = tensile strain at ith data point, in./in. (mm/mm)

€7 = ultimate tensile strain, in./in. (mm/mm)

g = tensile strain corresponding to the transition point, in./in. (mm/mm)

A7.2 Transition Point (T): If a curved segment exist in between two linear portions
of the response curve, the two lines to initial and secondary segments of the response curve
shall be continued until they intersect. The displacement and load corresponding to the
intersection are calculated as the transition point data.

A7.3 Tensile Stress/Tensile Strength: The ultimate tensile strength and, if needed,
the tensile stress at a specific data point are calculated using the following equations:

i = Pmax / (Ar ws) (A2)
Ji =Pi/(Arws) (A3)
where:
P = maximum load before failure, Ibf (N).
P; =load at ith data point, Ibf (N).
Ay = area of grid reinforcement by unit width, in.2/in (mm2/mm)

ws = nominal width of the specimen , in. (mm)
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A7.4 Tensile Strain: Tensile strain at a specific data point is calculated using the

following equation:
€ =0;/Lg
(A4)

where:

d; = extensometer displacement at ith data point, in. (mm).

L¢ = extensometer gage length, in. (mm).

A7.5 Tensile Modulus of Elasticity of Uncracked Specimen: On the linear segment
of the initial line of the response bilinear curve corresponding to uncracked behavior of
the specimen two points connecting the results in a line that closely follows the trend and
slope of the response curve at that region are selected. The tensile modulus of elasticity of
the uncracked specimen is calculated using:

Er*=NAf/Ae (AS)

where:

Af = difference in tensile stress between two selected points, MPa.

Ae = difference in tensile strain between two selected points, mm/mm.

Alternatively, the slope of the initial line passing through the origin and drawn to obtain
the transition point on the response curve can be calculated as the modulus of elasticity of
uncracked specimen.

A7.6 Tensile Modulus of Elasticity of Cracked Specimen: On the segment of the
response curve corresponding to cracked behavior after the transition as defined in Section

A7.2, two points are selected on the experimental curve at a stress level equal to 0.90f
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and 0.60f;’. The slope of the line that connects these two points represents the tensile
modulus of elasticity at that region:

Er=Af/Ae = (0.90fs - 0.60f%) / (er@o.905 - €r@o.605)  (A6)

A7.7 Ultimate Tensile Strain: Ultimate tensile strain, €4, is by obtaining the y-
intercept of the line used to compute Ef as defined in A7.6 (i.e., yintercept = 0.60f; - Er
erao.60u) and the following equation:

€ = (ffu — Vintercepr) / Er (A7)

! The experimental stress-strain curve is typically jagged and the intersects with
horizontal lines at values of 0.90fz;, and 0.60f; may occur more than once. In this
instance, the first 0.90 fz and the last 0.60 f; intersects are the ones selected for the

computation of Ey.

! The experimental stress-strain curve is typically jagged and the intersects with
horizontal lines at values of 0.90fz, and 0.60f; may occur more than once. In this
instance, the first 0.90 f and the last 0.60 f, intersects are the ones selected for the

computation of Ey.
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APPENDIX D: Theoretical Analysis of Girder D Strengthened with FRCM

This program is designed to analyze the strength of an AASHTO Type Il girder using AASHTO
LRFD Bridge Design Specifications (2010) and ACI 549.4R-13 Guide for the Design and
Construction of Externally Bonded FRCM Systems for Repair and Strengthening Concrete and
Masonry Structures. The design calculations are organized as follows:

Section 1 - Material and Geometric Properties of Virgin and Damaged Girder
Section 2 - Prestress Losses

Section 3 - Initial Stresses

Section 4 - Damaged Strands
Section 5 - Strength of Damaged Girder with Externally Bonded FRCM

N
17273 x 18" Joserd

/16°

2- 6&

/—- SN EN S Sheor Key.

-

6., 12"
/ %
Bars 8 ~ / &

threaded For Bl & vy \
Ye*d Bolts | LemiHLHoll S
E—:" Jod 3
Y L2 AN d% T
R .
; . ° / //"'"T -'-E‘ .&
F-rlpdx 7 4 Fri S
Tnserd threqded < 7% Llrd, 7% {
“or %g"d Bolts A B \
" s val—
T8 oceorasses
E:‘Q P2y i R boaas
g o 4 %-_-‘ . ."‘.',:..!l ™ L
N FSpo.M) 2.
78"
22

Note:

L50-%# SR Uncoated Prestressing Strands.
Prestressing Force— /4,000 /83.per sirond
Toltal Presfressing Force- 700,600 ibs.

Figure 1 - AASHTO Type Il Girder

1. All highlighted variables indicate a user input value
2. All values of ultimate strength are calculated at a specified location "x" along the span of
the girder. For the estimation of prestressing losses, the girder properties at midspan were

used.
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Section 1

Material Properties

Deck concrete strength f. glab = 6-02ksi

B1.deck = 0-749

[Ec dock = 4704-ks]

Girder concrete strength fci.girder = 4.2ksi
fc.girder = 6.65ksi

|Bl.girder =0.7175 |

Modulusof elasticity of Girder |E = 4943.808628~ks1

c.girder

[Eeci girder = 3928.9406969-ks]

Modular Ratio between deck and girder

n = 0.9514532

Maximum Compressive Strain €cy = 003

Ultimate prestressing stress fou = 262ksi

Yield stress in prestressing steel fpy = 214ksi
Modulus of elasticity of prestressing steel E := 27000ksi

Minimum modulus of elasticity Eg min = 25500ksi



Girder Geometric Properties

Girder Span Length

At what point along the span do you want
to evaluate the properties

Girder Depth

Top flange width

Top flange depth

Top flange sloped section thickness

Bottom flange width

Bottom flange depth

Bottom flange sloped section
thickness
Width of web

Section Area

Neutral Axis to bottom of beam

Neutral Axis to top of beam

Moment of Inertia

Section Modulus Top

Section Modulus Bottom

174

Span := 60ft
x ;= 20ft = 20-ft
hnc = 45in
btf = 16in
htf = 7in
htsf = 4.5in
bbf ;= 22in
hbf = 7111
hbe = 7.51n
bWCb = 7in
A, = 560in”
Yp = 20.27in
¥; = 24.73in

.4
Ig := 125390in

S, = 5070.36-in]

Sp, = 6185.99-in]




Slab Geometric Properties

Slab thickness

Slab width (same as flange width)
Effective slab width

Slab area transformed

Reinforcing Steel Properties

Area of non-prestressed tension steel
reinforcement

yield stress of steel

Prestressing Steel Properties

Steel Strands

Strand Type

Tendons

Nominal Diameter

Area of strand

Harped Strands Slope
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tslab = 9.5in

bslab = 15in

|bslab.tr = 14.274;1

. 2
Aslab.tr = 135.58-in

.2
AS = 0in

fy = 60ksi

Enter: 1 -- Low Lax

strandtype =2 2 -- Stress Relieved

Bond := 1 Enter: 1 -- Bonded Tendons
2 -- Unbonded Tendons
3.
= —In
by 2
) .2
Astrand :=.0799in
ft in — 17i

strand M+ Oin- i 0977310

slope ™ 231 4 10.5in
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Virgin Girder

Number of strands total strands; ) == 50

.2
Area of strands Total Aps.total =3.995in
Straight strands Nps straight = 40
; .2
Area of straight strands Aps.straight =3.196-in
Number of straight strands in top flange Dps.straight.top = 2
Area of straight strands in the top flange Aps.straight.top =0.1598-in
Harped Strands Nps harped = 8
— 0.6392-in"
Area of harped strands Aps.harped =v ‘n

Damaged Girder

Number of strands total strands; a1 4 = 46

. 2

Area of strands Total Aps.total.d =3.6754-in
Straight strands Nps straight.d = 30

~ 2.8764-in]
Area of straight strands Aps.straight.d = 2 ‘n
Number of straight strands in top flange Dps.straight.top.d *= 2
Area of straight strands in the top flange Aps.straight.top.d =0.1598-in
Harped Strands Dps.harped.d = 8

= 0.6392-in”
Area of harped strands Aps.harped.d = 0- n

Modular ratio between the prestressing
strand and beam n, = 54613764



Composite Section Properties

Composite Area (beam area plus
transformed slab area)
Height of the composite section

Distance from centroid of beam to
extreme fiber in tension (composite)

Distance from centroid of beam to

extreme fiber in compression

Moment of Inertia of slab

Moment of Inertia of Beam

Moment of Inertia of composite section

Section modulus top

Section modulus bottom

Eccentricity of pretressed strands

Depth to centroid of prestressing strands

Section modulus at level of prestressing
steel

A

composite

— 695.5820785-in]

|hc0mposite -

54.5-1;1

|yb.composite

= 26.0162085-ir1

|yt.composite

= 28.4837915-ir1

Islab = 77392

.ll-in4

Igirder

= 143880.5909878-in4

I

composite

221272.7-in4

St.composite

— 7768.3723336-in

Sb.composite

— 8505.1861937-in’

|eC = 17.7290881-ir1

e

= 46.2128796-ir1

Sb.ps.composite

= 12480.7714988- in3
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Virgin Girder - Composite Section Transformed Properties

Center of gravity of harped strands at

X

Center of gravity of harped strands at
midspan

Centroid of prestressing strands at

X

Centroid of prestressing strands at
midspan

Composite area transformed

Neutral Axis to Bottom of Beam
Composite neutral axis transformed

Neutral Axis to Top of Beam
Composite neutral axis transformed

Composite inertia transformed

Composite section modulus, top of slab

Composite section modulus, top of beam

Composite section modulus, bottom of beam

Eccentricity of strands for composite section

Section modulus at level of prestressing steel

Distance between neutral axis of composite
section to level of prestressing steel)

Section modulus at level of prestressing steel

13.54in

|ycg.harped B | from bottom of girder

=9in | from bottom of
girder

Yp = 8.29in | from bottom of girder

|ycg.harped.midspan

|yp.midspan =7.36in | from bottom of girder

.2
A, p = 713.4052774-in

[Vo.1¢ = 25.5732779-1

[V = 28926722114

I, = 226598.4697683-in |

S — 7833.5342949-in’

slab.tr

— 116642667953 in’

Stop.tr

. 3
Sbot r = 8860.7518689-in

Ceg.tr = 17:2861575:in

.3
Sps.tr = 13108.6663002-in
Yp.ogr = 172861575 in

. 3
Sp.ps.r = 13108.6663002-in
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Virgin Girder - Non-Composite Section Transformed Properties

Modular ratio between the prestressing
strand and beam

Non - composite area transformed

Non - composite area transformed at midspan

non composite neutral axis transformed

non composite neutral axis transformed at
midspan

Non composite inertia transformed

Radius of gyration of Non composite
transformed section

Non composite transformed section
modulus top at "x"

Non composite transformed section
modulus top at midspan

Non composite transformed section

modulus bottom at "x"

Non composite transformed section
modulus bottom at midspan

Non composite transformed section
modulus at level of prestressing

Non composite transformed section
modulus at level of prestressing at midspan

n, = 5.4613764

Ay = 577.8231989-in]

Anc.tr.midspan = 577:8231989-in’

|yb.nc.tr - 19'9003831'h1 from bottom of girder

from bottom of
girder

|yb.nc.tr.midspan = 19.8717856-1

I = 127793.7768558-in4

nc.tr

4
Inc.tr.midspan = 128180.128748:in

. tr = 14-8715887-in

. 3
Stopn.tr = 3091:4632335-in

.3
Stopnc.trmidspan = 3101:044065in

.3
Shotnc.ir = 6421.6742216-in

— 64503578641 in’

Sbotnc.tr.midspan

S — 11004.1235502-in]

ps.nc.tr

S — 10244.7510276-in]

ps.nc.tr.midspan




eccentricity of pretressed strands in
non-composite transformed section

Depth to prestressing steel in
non-composite section

Eeccentricity in prestressing
steel in non-composite section
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lCcg.ne.r = 11:6132626-i)

|ecg.nc.tr.midspan =12.51 17856'i’1

|dp.ne = 36.7128796-i)

lenc = 11.9828796-i

Damaged Girder - Composite Section Transformed Properties

Prestressing Geometric Properties

Total area of prestress

Center of gravity of harped strands at
"X"

Centroid of prestressing strands at
"X"

Composite area transformed

Composite neutral axis transformed

Composite inertia transformed

Composite section modulus, top of slab
at llXIl

Composite section modulus, top of beam
at llXIl

Composite section modulus, bottom of beam
at llXIl

Eccentricity of strands for composite section

Section modulus at level of prestressing
steel

Aps.d = 3.67544112‘

Vog harped.d = 13-54  from bottom of girder

from bottom of girder

i
Agr.d =711.9794215-in

Yotrd = 25.6174832-in| from bottom of girder

A
L 4 = 225963.7559244-in

.3
Sslab.tr.d = 7823.547992-in

.3
Stop.tr.d = 11658.1225667-in

. 3
SbOt.tI‘.d = 8820.6852219-in

Ceg.tr.d = 16:9140915-if

S

ps.tr.d = 13359.497083‘in3‘




Depth to prestressed of composite_section
Eccentricity of pretressed strands in composite

section

Section modulus at level of prestressing steel in
composite secion

Radius of Gyration of composite section
transformed

181

|dp.c.d = 45:7966082-in

lec.q = 17:3128168in

Sp.ps.composite.d = 12780.860592~in3‘

I
rd
fp = |——— = 17.81499361n
Actrd

Damaged Girder - Non-Composite Section Transformed Properties

Depth to prestressing strands from
top of girder

Eccentricity of pretressed strands in
girder

Modular ratio between the prestressing
strand and beam

Non - composite area transformed

Non - composite neutral axis transformed

Non - composite inertia transformed

Radius of gyration of non - composite
transformed section

Non - composite transformed section
modulus top

Non - composite transformed section
modulus top

Section modulus at level of prestressing
steel in composite transformed secion

Eccentricity of pretressed strands in
non-composite transformed section

Ay ne.d = 3631

lenc.d = 11.5666082-in

n, = 5.4613764

A ir.q = 576.397343-in]

|yb.nc.tr.d = 19_94()9533.111from bottom of girder

I

ne.tr.d = 127460.7022122- in4|

fne.tr.d = 14-8705547-)

S d= 5086.4146489~in3

topnc.tr.

3
Sbotne.r.d = 6391.9061583-in

S =1 1342.3807945~in3

ps.nc.tr.d

Ccgnc.tr.d = Yonctrd ~ Yp.d = 11.2375615-ir1




Loads

Self weight of girder

Weight of Deck

Total DL Weight

Moment Due to self weight of girder

Moment due to self weight at "x"

Moment due to self weight at midspan

Moment due to weight of deck
Moment due to weight of deck at "x"
Virgin Girder Prestressing Force

Damaged Girder Prestressing Force

Initial Prestressing Stress

W, = 583plf

Wdeck = tslab-bslab-150pcf = 1484375p1f

Wi= Wy + Wieck = 0.7314375-kIf

1 := 60ft
b := 52ft
a:= Ift
c:= 7ft

wo (1 =2-¢)
R, = ——m

l.g 2.
W, (a+ x)2

Mdl(X) = Rl.g'x — f

M1y = 177:3665385-kip-f{

M dl midspan = 196-3357692kip-1

R Wdeckl(l - 20)
l.d T 2.b

2
Wdeck'(a + X)

Mgeck(®) = Ry gx — 2

M goclox = 45-1592548-kip-fi

FpS := 14kip-strands; ;.| = 700-kip
Fps. d = 14kip-strands ;. 4 = 644-kip

FpS

Strandstotal

e

strand

=175.2190238-ksi
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Strand Damage

Four strands were damaged as shown in the following figure at location L/3

39 40
35 36 37 @8
29 G 31 82 33 34

@ 2 23 4 25 @6 @ 28

® @2 a3 449 a5 de a7 48 20

® &6 ® ® & ® @ @ 4o
Section 2
Prestress Losses Approximate method LRFD
Define Strand Type s‘[randType = |"Low Lax" if s‘[rand,[ype =]

"Stress Relieved" if strand,[ype =2

s‘[randType = "Stress Relieved"

Initial Stress in Strands

yield = 214-ksi
stress fpy
jacking fpj = .75~fpu if s‘[rand,[ype =1 LRFD
stress T-£y, otherwise 5.9.3
fpj = 183.4-ksi
E =3928.9406969-ksi

ci.girder ~



Fos = Aps total Tpj = 732-683-kip

Eg = 27000-ksi

Eccentricity of prestressed strands at
midspan

Moment of Inertia Non Composite
Transformed at Mids pan

Area Non-Composite Transformed at
Midspan

Dead Load at Midspan

Stress in the concrete at level of
prestressing force at transfer and the
self weight of the beam at maximum
moment location (midspan)

Fs = 732.683-kip

Ccg.nc.tr.midspan ~ 12.5117856-in

I = 128180.128748-in4

nc.tr.midspan

Anc.tr.midspan = 577.8231989-in”

Mg midspan = 186.3357692-kip-ft

F F 2 M
¢ ” _ ps . ps ®cg.ne.tr.midspan B dl.midspan"€cg.nc.tr.midspan
cgp.midspan . . .
Anc.tr.mldspan nc.tr.midspan Inc.tr.mldspan
fegp.midspan = 1-9445611-ks|
force ;= | "Compression" if fcgp.midspan >0

Define type of force

Elastic Shortening

Prestressing stress at
transfer

"Tension" if f <0

cgp.midspan

|f0rce = "Compression" |

Eq

AprS = E. . 'fcgp.midspan
ci.girder

|[AfyEs = 133631819k}

fpr = if({p — Al > 55y~ Apes, 551)
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[for = 170.0368181 ks}

Time Dependent Losses (Approximate Estimate) LRFD 5.9.5.3

H:= 70
V= 17-.01-H=1

5
st i= = 0.9615385

i.gird
, _cigirder
ksi
Apr = | (2.4ksi) if strandType ="Low Lax"

(10ksi) if s‘[randType = "Stress Relieved"

Afyg = 10-ksi

Long term prestress loss due to creep of concrete, shrinkage of conrete, and relaxation of steel

10- fpj'Aps.total (

c.tr

|AfyLT = 33.7308222ks}

AL =

Total Prestress Loss
(Approximate Estimate)

Final prestressing
stress after losses

If effective presstressing is known

Final prestress force
after losses

Final prestress force
after losses
(damaged girder)

W Vgt) + 12ksifp gy + Afyg = 33.7308222-ksi

Afpr = Alpps + Afppt

|Afyr = 47.0940041 ksf

pe = fpj = A1

[fpe = 136.3059959-ks}

fpe = 132ksi

Pps.ﬁnal = fpe'Aps.total

|P

s final = 527.34-kip|

Pps.ﬁnal.d = fpe'Aps.total.d

Pps.final.d = 485.1528-kip
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Section 3

Calculate initial stresses at the top of the beam and bottom of beam and
at level of prestressing steel

Initial stress at top of beam due to prestressing force, dead load of beam and dead load of deck

Pps.ﬁnal Pps.ﬁnal'ecg.nc.tr . Mgix + Mdeckx

f . . .=
tg.1.virgin
Anc.tr Stopnc.tr Stopnc.tr
fig i virgin = O.23428~k51
forcetg.virgin = | "Compression" if ftg.i.virgin >0
"Tension" if ftg.i.virgin <0

forcetg virgin = "Compression"

Initial stress at bottom of beam due to prestressing force, dead load of beam and dead load of
deck

Pps.ﬁnal . Pps.ﬁnal'ecg.nc.tr Mgix + Mdeckx

f . . .=
bg.i.virgin
& g Anc.tr Sbotnc Ar Sbotnc.tr

fog i virgin = 1.4504713~k51

"Compression" 0

if fbg.i.Virgin >
<0

forcebg.virgin =

"Tension" if fbg.i.virgin

—_n 1 n
|f0rcebg.v1rg1n = "Compression

initial stress at level of prestressing steel due to prestressing force, dead load of beam, and dead
load of deck

_ Pps.ﬁnal . Pps.ﬁnal'ecg.nc.tr Mgix + Mdeckx

fps.1.v1rg1n T Anc.tr S S

ps.nc.tr ps.nc.tr

|fps.i.virgin = 1.2264988~k51

forceps virgin = | "Compression” if fq; virgin > 0
"Tension" if fiyq; virgin <0

force = "Compression" |

ps.virgin ~




Strain in the top of section

a ftg.i.virgin
Ctg.iud = E—
c.girder

in| .
gtg.i.ud = 0.00005~; Compression

Mdlx + Mdeckx

1

€ : = — 4
ps.i.d E

S Anc.tr Sps.nc.tr

[Eps.i.a = 0-0052351 |

. fbg.i.Virgin
Cbgiud =
c.girder

in| .
€phg.iud = 0.000293~; Compression

P P e
final final *cg.nc.t
fpe ( ps.Iina + ps.final ~cg.nc.tr N

S

ps.nc.tr

)

c.girder
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\ariable Definition for Girder Cross Section

,‘v beff ,‘v

A’v [P ‘ ————
+ b3 t hs - A's
L g‘r AV AT
sg —
h4
dp
b2 h3 de
th *
—
hl |
—
Input Properties
b= hpp = 7in b2:= by = 7in
h2 = hbsf =7.5in b3 btf _16in
h3 = hl’lC — htf — htSf — hbf — hbe = 19111 beff = bslab.tr = 142717977 iIl
Ap = =3.6754 in2
h4 := h e =4.5in b= A'ps.total.d -
ecu := .003
h5 = htf =7in
fic:= fc.girder = 6650 psi
hs := tolab = 9.5in
h:=hl+h2+h3+hd4+h5+hs dg:=0 dp := dp.c.d =45.7966082 in
h = 545 in [ .
A'sg:=0 fy := 60000
h 2-h g =
zi=—,=—.h dg:=0 Es := 29000000
50 5 .
Als:= 0 o(z) =z .= =2 = 0.002069
_ Y Es
d:=0 fpy:= fpy = 214000psi Ln:= Span = 720 in

Asg:=0 fpu = fpu = 262000 psi Pf = Pps.ﬁnal.d =485152.8 1bf



Analytical Approximations to the Compressive Stress-Strain Curve

Todeschini's Model

fC = fc.girder = 6650 pSl
Ec = E¢ girder

Compressive strain at
peak

Compressive stress at
peak

Stress-strain curve
equation

' c
€c0 = = 0.0023

0", = 0.9-f = 5985-psi

Compressive stress-strain curve

6000
\
L 4000,
5 oded
- .
1 pst
2000,
0
0 0.002 0.003

€

Strain
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Section 4

Damaged Strands Analysis Approach

Due to the loss of 4 prestressing strands, there is a reduction in prestressing force. So, there
will be a tensile force equal to and opposite to the the prestressing force of 4 strands. This
force will occur at the centroid of the 4 damaged strands. This tensile force will be applied as
a result of strand damage. Accordingly, there will be an added strain distribution in the cross
section as follows.

2in-2 + 4in-1 + 6in-1

Centroid of lost force in prestressing strands Yp.dds = =3.5in
(from bottom of beam) ’ 4
Centroid of lost prestressing strands Yt tr.dds = hcomposite ~ Yp.dds = 5lin

from top of beam

Centroid of lost .prestressmg strands Ccg.tr.dds = Yb.tr.d ~ Yp.dds = 22.1174832 in
From neutral axis

Force due to damaged 4 Pps.4ds = 4'Astrand'fpe =42187.2 Ibf
tendons
Stress in the top of the slab due to the Pps.4ds Pps.4ds'ecg.tr.d4s .
damaged 4 tendons td.4ds] =~ + = 60.0115047 psi
9 Actrd Sslab.tr.d
Stress in the top of the beam due to Pps.4ds Pps.4ds'ecg.tr.d4s .
the damaged 4 tendons td.4ds2 = T, * S = 20.7408876 psi
c.tr.d top.tr
Stress in the bottom of the beam due Pps.4ds Pps.4ds'ecg.tr.d4s .
to the damaged 4 tendons fod 4ds =~ - = ~165.0359609 psi
A S
c.tr.d bot.tr.d

Stress in the Concrete at Top of Deck, Top of Girder Girder, Level of Prestressing, and
at Bottom of Girder

Initial stress at top of slab due to prestressing figid = fidads] = 60.0115047 psi
force, dead load of beam and dead load of deck — -

Initial stress at top of beam due to prestressing force, dead load of beam and dead load of
deck

Pps.ﬁnal Pps.ﬁnal'ecg.nc.tr . Mgeckx * Mdix

fo:4:=
tg.i.d
Anc.tr Stopnc.tr Stopnc.tr

+ f,
td.4ds2 figid= O.25502~k51
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forcetg_d = | "Compression" if f,; >0

g.i.
"Tension" if ftg.i.d <0

—_n H n
forcetg_d = "Compression

Initial stress at bottom of beam due to prestressing force, dead load of beam and dead load of
deck

Pps.ﬁnal . Pps.ﬁnal'ecg.nc.tr Mgix + Mdeckx

+ i -
bd.4ds
Anc.tr Sbotnc Ar Sbotnc.tr

fogid =

[fog.i.d = 1:2854354-ks|

forcebg_d = | "Compression" if fbg.i.d >0

"Tension" if fbg.i.d <0

forcebg_ 4 = "Compression"

initial stress in the concrete at level of prestressing steel due to prestressing force, dead load of
beam, and dead load of deck

fp ) Pps.ﬁnal . Pps.ﬁnal'ecg.nc.tr Pps.4ds Pps.4ds'ecg.tr.d4s Mgix + Mdeckx
s.id ™ - - -
Anc.tr S A S

ps.nc.tr c.tr.d Sps.tr.d ps.nc.tr

[fps.i.d = 1:0974019-ks]

force

ps.d = "Compression" if fps.i.d>0
"Tension" if fps.i.d <0
forceps.d = "Compression" |

Corresponding Strain in the Concrete at Top of Deck, Top of Girder Girder, Level
of Prestressing, and at Bottom of Girder

fid 4ds1
Change in Strain in the top of the slab ~ £td.i.d = —— = 00000121
due to 4 damaged tendons c.girder
(compressive strain)
o fid 4ds2
Change in strain in the top of the Cgidl =T = 0.0000042
beam due to 4 damaged tendons c.girder

(tensile strain)



Change in strain in the bottom of the
beam due to 4 damaged tendons
(tensile strain)

Strain in the top of the girder due to 4
damaged tendons

Strain in the concrete at level of
prestresing due to 4 damaged tendons

Strain in the prestressing steel due to 4

damaged tendons
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fi
bd.4ds
c.girder
o figid
tg.id =
£ Ec.girder

in .
gtg.i.d = 0,00005.; Tension

fos.id

€ =
ps.i.net.d ]
E. girder

€psinetd = 0.000222--= Compression
inet. -

Enaidi=—
ps.i.d
Eg

€ps.i.d = 0-0052613

Strain in the bottom of the girder due
to 4 damaged tendons

fpe Pps.ﬁnal Pps.ﬁnal'ecg.nc.tr Pps.4ds Pps.4ds'ecg.tr.d4s Mgix + Mdeckx
+ + + + +

c.tr s.nc.tr
Ay Sp

Actrd Sps.tr.d Sps.nc.tr j E

o fhgid
bg.id -~
£ Ec.girder

in .
€bg1d = 000026— COmpreSS|on

m



Section 5
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Ultimate Strength of Damaged Girder with Externally Bonded

FRCM

FRCM Material Properties:

Modulus of Elasticity from characterization

Ultimate Strain from characterization

Standard Deviation of Ultimate Strain

Number of plies

Area of FRCM mesh by unit weight

Areal1 of FRCM

Distance to center of Area 1 of FRCM

Area 2 of FRCM

Distance to center of Area 2 of FRCM

Area 3 of FRCM

Distance to center of Area 3 of FRCM

Total area of FRCM

Eg := 18000ksi = 124.1056313-GPa

Efy = .017565
Ocfy = .001338
n:=4

Apo = 0.0018 1=
f.unit ° : in

.2
Afl = bbf'Af.unit'n =0.15841in

dpp = hcomposite =54.5in

.2
Aﬂ = ZhbfAfunltn =0.1008 in

1 .
dfy = heomposite ~ E'hbf =5lin
o [ 2, 2 - 2
AB =2 bsf + bsf 'Af.unit'n =0.1527351 in
h
bsf .
dg3 = hcomposite —hpp — =43.75in

2
Ap:= Agy + Apy + Apy = 04119351 in




ds d» d
L |
Ultimate Stress from characterization tests F = 241ksi
Standard deviation of ultimate stress from Oty = 11ksi

characterization tests

Ultimate stress f, == Fyy = 241 -ksi

ffu
— =0.0133889

£

f
. u
Ultimate tensile strain (Efu -1 STD) €fd = ml"{(sfu)’E_J = 0.0133889

FRCM Design Using ACI 549.4R-13

Estimate c.trial and iterate until c.trial matches ¢ Ctrial = 14.92091 in

1. Calculate FRCM Design Tensile Strain

Efo = Eg = 0.0133889

2. Initial Strain in the Bottom of the Girder

Ebl = _Ebgld =-0.00026

3. Compute the Strain in the Concrete if failure is controlled by Concrete Crushing

€c1 = -003 =0.003

4. Compute the strain in the concrete if failure is controlled by tendon rupture

194



o B
pe Eg

= 0.0048889

) Pps.ﬁnal Pps.ﬁnal'ecg.nc.tr Pps.4ds Pps.4ds'ecg.tr.d4s 1
€p1 = Epe t + + + :

Anc.tr Sps.nc.tr Actrd Sps.tr.d
N Mix + Mdeckx
S

ps.nc.tr’ Ec. girder

€pl = 0.0052613

cer = (035 - €p)) Cual

dp.c.d ~ Ctrial
£y = 00143715

5. Compute the strain in the concrete if failure is controlled by FRCM failure

Cirns 1
€c3 = (Efe + Ebi)'(h ma ]

composite ~ Ctrial
€3 = 0.0049495

6. Compute the strain in the concrete based on which mode of failure governs

€. = min(scl,scz,sc3)

g, =0.003

Failurey ;40 := | "Concrete Crushing" if €.y <€y A€, <E.3
"Tendon Rupture" if €9 <€, A€ <E3

"FRCM Failure" otherwise

Failurey;, 4o = "Concrete Crushing”

Ecui= €, = 0.003

5. Calculate the strain in the existing PS Steel

net strain in the prestressing steel

(dp.c.d) - C(Z)}

spnet(z) = scu{ @

E. girder
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total strain in prestressing steel

f
I =
Ep(z) : ( E,

.035 otherwise

+ Epnet(z) + splj

coefficient for concrete compression block 3, :=

B =
a(z) = B1-¢(2)

2-(1.04 - h]
fou

fo bonded(?) = fpow (1

distance from extreme compression fiber
to center of compression block

k:=

196

fpe

if <=+ Epper(?) + Epp <035

S

0.85 if fy yir e < 4000psi
f

gird
1.05 - 0.05-—E=" i 4000psi < fic < 8000psi
00psi
0.65 if £, yirger > S000psi
0.718

- k~c(z)j
p.cd

f5(2) = 1 bonded(?

FORCE EQUILIBRIUM:

Force in prestressing steel

Coefficient for compression block

Fp(z) = Ap-fp(z)

Q= .85

Compression force based on
neutral axis location

Cl(z) := ay-fe-beff-a(z)

C2(z) := o -fe[beff hs + b3-(a(z) - hs)]



C3(z) := o -f'cf beff-hs + b3-h5 ...
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2
| +b2-[a(z) — (hs + h5)]

2-h4

beff-hs + b3-h5 +

b3
C4(2) = oy -fe

Cl(z) if a(z) <hs

C2(z) if hs <a(z) <hs + hS

C3(z) if hs + hS <a(z) <hs + h5 + h4
C4(z) if a(z) > hs + h5 + h4

C.(2) =

8. Calculate the strain in the FRCM

+[1;3 -b2 . (b3 — b2)-(h4 + h5 + hs — a(z))

~b2
—5h4+ b2hd + b2-[a(2) - (h4 + hS + )]

j|~[a(z) — (hs + h5)] ..

dfl - C(Z)
€frem1(2) = €cu @ + €bi|

df2 - C(Z)
Efrem2(2) = €cu @

df3 - C(Z)
€frem3(2) = €cu @

9. Calculate the stress level in PS steel and FRCM

Stress in prestressing steel

£

Force in Prestressing Steel Fp(z) = Ap.fp(z)

Stress in FRCM Area 1 frem1(® = Ep€om1 (@

Stress in FRCM Area 2 frem2(® = Ep€oma(2)

Equation 10-24b ACI 440.2R-08

Stress in FRCM Area 3

Force in FRCM Area 1

Force in FRCM Area 2

Force in FRCM Area 3

frem3(®) = Ep€grem3(2)
Frem1(2) = (ffrcml(z)'Aﬂ)

Frem2(2) = (ffrcm2(z)'Af2>

Frem3(2) = (ffrcm3(z)'Af3>
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Force in FRCM Frem(® = Frrem1(® + Frem2(2) + Fems(2)
EQUILIBRIUM: Given
Z:= hcomposite
Equilibrium equation Fi(2) + Fey(2) = Ce(2) =0

distance to neutral axis ¢ := Find(z) = 14.92091-in

Equilibrium := if(—.Olkip <C.(0) - Fp(c) = Fem(©) < .01kip, "Satisfied" , "Re-Calculate c")

Equilibrium = "Satisfied"
DETERMINE THE CENTER OF GRAVITY OF THE CONCRETE COMPRESSION FORCE
(based on the depth of the cross section)

Yo (2) = %

2 2 2
bslab.trtslab * btf'(a(z) ~ t5lab )
Yp2(2) =
2'I:bslab.tr'tslab + btf'(a(z) - tslab)]

0.50g1qb, 1 slab +( btf'htf'(tsl)a‘tz +0.5hyg) . ) (
bf—b b bf—b bh f+hf+t1b—a(z) a(z) + 2-(t
- 5 web L fm we tsz-htsft >a :|.[a(Z) - (tslab + htf):l.—3

a(z) + tslab + htf
+Dyep | a(2) - (tslab + htf)]'( >

by~ byeb . (btf — byveb) (st + heg + ttab — 2(2))
2 2-h

yb3(z) =

Bslab.trtslab + ber-her +

+Dyeb| A7) — (tslab + htf):l

}-I:a(z) - (tslab

tsf
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b —b h
2 tf web tsf
0.5bjab trtslab + behep (05 Dy + tojap) + 5 Desto| hef + Cstab B
a(z) + tslab + htf
+byyeb psg (0-5gp + hyp + tgap) + byyeb|a(2) — (tgjap + hep + htsf)]'( >

Ypa(2) =
o4 bir — byep
Dlab.trtslab + by her + ) ‘gt + Deb hise + byeb| 2(2) — (tslab +hyp +h

¥(2) = |yp1(2) if a(z) <tgy,y
Yp2(2) i tgpap <a(2) Stgjap + hyp
yb3(z) if tslab + htf < a(z) < tslab + htf + htSf

yb4(Z) if a(z) > tslab + htf + htSf
y = y(c) = 5.4167863-in

10. Recalculate ¢ and check if equilibrium is satisfied
¢ =14.92091-i

Check,, = if(|c - Ctrial| < .05in,"OK" , "Adjust c.trial to match c")

Checkc ="OK"

Compressive Force in Concrete  C_(c) = 875.4259934-kip

AASHTO factor accounting for
the fact that were using the
equivalent prestressing steel

centroid
Force in prestressing steel Fps = 732.683kip
Force in FRCM Fgom(€) = 52.5279184-kip

Fp(c) + Fem(©) — C(c) =—0-1bf  Equilibrium = "Satisfied"

Flexural Capacity of Strengthened System

Mo = [Aﬂ.ffrcml(c)'(dfl - y) * Afz~ffrcm2(c)~(dfz - Y) + AB-ffrcm3(C)-(df‘3 - Y)]
" Aps'tOtaLd'fp(C)'(dp.c.d - Y)

Mngy, = 2966-kip-ft
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Failure Mode  Failurey; 4, = "Concrete Crushing"

¢ =14.92091-in
Checkc ="OK"

€pnet(€) = 0.0062079

Mg = 2966-kip-f1| 2966 kip-ft = 4021.3560348-kN-m




APPENDIX E: Design Analysis of PBO-FRCM Strengthened RC Beam

Define beam geometry and concrete properties

Geometry
b := 6in

h:= 12in
LO = Sft
Co = 1.46in

c'c = 1.25in

Concrete properties

€y = 0.003

Ibf
pC = 145 —3
ft

2
~ Warko .
M, = e =2.719-kip-in
f'. == 7000psi

1.5
05( P
E. = 33psi - \/f_c
Ibf -t

E. =4821ksi

fo=175 ,fc-psi = 0.63-ksi

Beam width
Beam height
Beam length
Clear concrete cover at bottom

Clear concrete cover at top

Select concrete class: 0 = 4,000 psi
1 =6,200 psi

Ultimate compressive strain

Density

Dead load per foot of concrete

Dead Load Moment

Compressive strength

Compressive modulus of elasticity (ACI 318-11)

Tensile strength (ACI 318-11)
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Analytical Approximations to the Compressive Stress-Strain Curve

Todeschini's Model

171,
= 0.0025

€0~
c

a". = 0.9-f = 6300-psi

6000

Stress

psi

2000,

Compressive strain at peak

Compressive stress at peak

Stress-strain curve equation

Compressive stress-strain curve

crc(ec) 4000

,ﬁ
0.001 0.002 0.003
C
Strain

Define Internal and External Reinforcement Properties

US steel reinforcement

Legend Area (i112)

Weight (Ibf/ft)

Diameter (in)
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cbi=0.2 th:=0..11 Bar, = 0.0 Counters definition

Bar3’Cb = Bar4’Cb = BarS’Cb = Bar6’Cb = Bar7’Cb = Bar&cb = Bar9’Cb = BarlO,cb = Barll,cb :
0.11 0.2 0.31 0.44 0.6 0.79 1.00 1.27 1.56
0.376 0.668 1.043 1.502 2.044 2.67 34 4.303 5.313
0.375 0.5 0.625 0.75 0.875 1.0 1.128 1.27 1.41

Secondary Shear Reinforcement Properties

@, = 0.252in
8y = 5in
fyt = 60ksi

P 2

Ay=2m—= = 0.1in’

S

Stirrup diameter
Stirrup spacing

Yield strength

Area of transversal steel reinforcement

£ 1000 v v .

A in = max| 0.75- —-b- , =0.03in
ksi f, - 1000 f_ 1000
yt yt
ksi ksi

Internal Steel Reinforcement Properties
BarSize := 3 1.e. #3 bar
Npap =3 Number of bars
fy := 60ksi Specified yield strength of reinforcement steel

E := 29000ksi

(I’S = BarBarSize,Z in=0.3751n
.2 .2
AS = nbarBarBarSize,O'm =0.331n
q’s
d:= h_CC_(I’V_T =10.11n
f.
Y _
ssy = =0.00207
S

Tensile modulus of elasticity of reinforcement stec

Bar diameter

Area of longitudinal steel reinforcement

Distance from extreme compression fiber to
centroid of tension reinforcement

Yield tensile strenght of the reinforcement steel
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ggp = 0.0058 Hardening strain
€sd = Egy Design Strain (I used a larger value than yield)
0o Es 6 Ratio of steel to concrete modulus
s -
E
C

Internal Compressed Steel Reinforcement Properties
BarSize' := 3
0'}yar = 2

P = in=0.375in Bar diameter

o BarBarSize‘, 2

AL=nt Bar. . in2 = 022 in2 Area of longitudinal steel reinforcement
S bar " BarSize', 0
& Distance from extreme compression fiber to
d=c + P, + S 1.7in centroid of tension reinforcement

Analytical approximations to the tensile stress-strain curve

fs(ss) = |Egeg if eg<egy Stress-strain curve equation

fy if esy <eg<egy

fy if egy <€

Tensile stress-strain curve

Stress
m"“z
=~ | —
g | o
N
()

0 0.002 0.004 0.006 0.008 0.01

&

Strain



FRCM Material Properties:

Modulus of Elasticity from characterization
Ultimate Strain from characterization
Standard Deviation of Ultimate Strain
Number of plies

Area of FRCM mesh by unit length

Ply Width

Areal of FRCM

Distance to center of Area 1 of FRCM
Ultimate Stress from characterization tests

Standard deviation of ultimate stress from
characterization tests

Ultimate stress

Ultimate tensile strain (Efu -1 STD)

E¢ := 18000ksi = 124.106-GPa

gy = -017565
Ocfy = 001338
n:=23

in
Ac .= 0.0018—
funit -

bfZ=b=6iIl

.2
Af = bf'Af.unit'n =0.0321in

df =h=12in
Ftu = 241ksi
Ofyy = 11ksi

ffu = Ftu =241 ksi

Efd = Efu - O-Eﬁl =0.016

Efe1 = min(€gy,.012) = 0.012

Analytical approximations to the tensile stress-strain curve

fﬁ(Eﬁ) = Ef Eﬁ

Stress-strain curve equation

Tensile stress-strain curve

3x10’ /

z 2%10”
2 flen)
wn 7
1x10
0
0 51070 001 0.015
€q

Strain

205



206

B Ratio of modulus of elasticity of FRP Reinforcement to modulus of
E ' elasticity of concrete

Calculate Strain in Each Material to Determine the
Neutral Axis Location and Failure Mode

Effective level of strain in the FRCM reinforcement

Efa1 X
fel
€.(x) = ].003 if {003 < ° }

(h —x)
€f X g X
LB [t ) S vt
h—x (h —x)
d'=1.69in

h -
Ege(x) = (—Xx)~sc(x)

d -
g4(x) = Ec(x)'( Xj

X Strain in concrete

' —— - X
€y = Ec(x)'( N ) Strain in the reinforcing steel

Strain in the compressed steel

o 0 = |Egey(x) if eyx) <&

y Stress level in the reinforcing steel

fy otherwise
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o'(x) = |Ege() if [ <egy Stress level in the compressed steel
fy if || > ey
op(x) = Bpeg(x) Stress level in the FRCM

Calculate the Internal Force Resultants and Check Equilibrium

€.(x)
Ec1(x,Y) = y Strain in concrete
in
X
in 8c1(x, y)
2.0."(:.
e
c0 . . .
C.(x)=b: dy-in Compressive force in the concrete

T (0 = Agoy() + Apop() + A\’ () Tension force in the reinforcement

Cior® = Co®)

Neutral Axis Location
Static equilibrium
£1(0) 1= Cyo(®) — Ty(%)
xgp = 0.2 Input an anticipated value of neutral axis depth
d' =1.69in
Xy = root(fl (XOI)’XOI)

x, = 1.4128in Neutral axis depth
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Verify Neutral Axis Location

Tyot(%y) = 28.8-kip
Ciot(xy) = 28.8-kip

Neutral i< [ ocation = if(| Trot(*u) = Crot(*y)| < -00000011bf,"OK" , "Re-Evaluate" )

_n "
|Neutraleis.Location = "OK |

0.01

Ec(xu) ~1.601x 10 °
ES

(x)

Efe(xy) = 0.012

Determine Failure Type

FailureType := | "Failure by Concrete Crusing" if EC(Xu) =€y

"Failure of Steel" if es(xu) = €sy

"Failure of FRCM" otherwise

|FailureType = "Failure of FRCM" |

Efe(xy) = 0.012

Check vielding of steel

Yieldingggee = if(g4(x,) > €5y, "YES","NO")
Yieldinggo = "YES"

gy = £4(x,) = 0.009847

€'s(x,) = 0.0003

eg(xy) = 0.001601

efe(xy) = 0.012
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Determine Flexural Strength

M, = AS'GS(Xu)'(d - Xu) + A'S~o"s(xu)-(d‘ - Xu) + Af-O'f(xu)-(h - Xu)

+b- y 5 dy- in2

Y0
Mn
P, = 4-— =80.91kN
Lo
Es(Xu 1
Xq = ol ):0.00113,—
d- u in
2
(Xn Lo )
An. = 8.64-mm

o= |9 if e 2.005

25-(e, — €
t
.65 + u if esy <g < .005

.005 — esy
.65 otherwise

$=0.9

&P, =72.817kN
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Check the Shear Strength

P
Vy = 711 =9.09-kip Maximum shear load
N for normal weigth concrete
f.-1000
Vei=2-N - -b-d-psi = 10.14-kip
ksi

A"
Minimumgy .o Reinforcement ‘= i (Vu < TC ,"Not Required" , "Required"j ACI318-11 11.4.6.1

M : _n T n
Minimumgp .o Reinforcement =  Required

Ayfyped
t
Vg = —2— = 12.09-kip
S
\4
o:=1
Vi = (Ve + V) = 22.23-kip

In design of beams we consider also the

Check =if(V,, 2 V_,"NOT GOOD","OK" Lo .
Shear ( u-n ) contribution of stirrups

CheCkShear ="OK"



APPENDIX F: Theoretical Analysis of PBO-FRCM Strengthened Beam

Define beam geometry and concrete properties

Geometry
b = 6in Beam width
h = 12in Beam height
L = 5ft Beam length
¢, = 1.46in Clear concrete cover at bottom
¢', = 1.25in Clear concrete cover at top
Concrete properties
Select concrete class: 0 = 4,000 psi
1 =6,200 psi
Ecy = 0-003 Ultimate compressive strain
pe = 145 1o Density
ft3

W= pbh = 72.5.plf Dead load per foot of concrete
d1’= pe'b-h =725

2
warlo .
M = i 2.7187 kip-in Dead Load Moment
Compressive strength
f', = 7610psi
p 1.5 . f 1 . .
E, = 33psi0.5 c N Compressive modulus of elasticity (ACI 318-
Ibf
E, = 5026ksi

o= 7.5 [Topi = 0.65 ksi Tensile strength (ACI 318-11)
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Analvtical Approximations to the Compressive Stress-Strain Curve

Todeschini's Model
171-f,
€c0 = =0.0026
EC

o', = 0.9F, = 6849 psi

Compressive strain at peak

Compressive stress at peak

Stress-strain curve equation

Compressive stress-strain curve

/h\

6000
wn
8 7] 4000
by .
n ps1

2000

0
0 0.001 0.002 0.003
C
Strain

Define Internal and External Reinforcement Properties

US steel reinforcement

Legend Area (inz)

Weight (Ibf/ft)

Diameter (in)
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cb:=0.2 b:=0..11 Bar, =00 Counters definition

Bar3,Cb = Bar4,Cb = Bars,Cb = Bar6,Cb Bar7,Cb = Bar&Cb = Barg,Cb = BarlO,cb = Bar“,Cb :
0.11 0.2 0.31 0.44 0.6 0.79 1.00 1.27 1.56
0.376 0.668 1.043 1.502 2.044 2.67 3.4 4.303 5.313
0.375 0.5 0.625 0.75 0.875 1.0 1.128 1.27 1.41

Secondary Shear Reinforcement Properties

(I)v = 0.252in

Syi= 5in

fyt = 68.38ksi
P 2

A= Z’N'TV = 0.0998 in”

v

Stirrup diameter
Stirrup spacing

Yield strength

Area of transversal steel reinforcement

f',-1000 Sy
Avmin = max| 0.75- —-b- ,50-b
ksi fyt' 1000

Internal Steel Reinforcement Properties

BarSize .= 3
Ilbar =3
fy = 68.38ksi

E, := 28321.4 ksi

(I’s = BarBarSize, ,in= 0.3751in
L2 L2
AS = nbafBarBarSize,O‘m =0.331in
P

d::h—cc—tI’V—Tszlo.lin

f,

e = —L =0.00241
Sy ES

V|- 0.03in°
fy 1000
ksi
1.e. #3 bar
Number of bars

Specified yield strength of reinforcement steel

Tensile modulus of elasticity of reinforcement stee

Bar diameter

Area of longitudinal steel reinforcement

Distance from extreme compression fiber to
centroid of tension reinforcement

Yield tensile strenght of the reinforcement steel
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ggp = 0.0058 Hardening strain
Egq = 018 Design Strain (I used a larger value than yield)
I E _s6 Ratio of steel to concrete modulus
gi=— =5
E

C

Internal Compressed Steel Reinforcement Properties

BarSize':= 3
n'bar =)
&' := Bar, .. ,.in=0.375in Bar diameter
BarSize', 2
) ) Area of longitudinal steel reinforcement
A'S = n'bar Bar . '1n2 =0.22 1n2 g
BarSize', 0
& Distance from extreme compression fiber to
d=c.+ o+ S 1.7in centroid of tension reinforcement

Analytical approximations to the tensile stress-strain curve

fy(es) = [Eges if eg< Esy Stress-strain curve equation

fy if esy Seggseg,

90.31ksi — fy

—(e.—¢€ +f if €4, <€
S sh) sh S
0.020 - e y

Tensile stress-strain curve

80

60
f(e)
ksi
20

Stress

0 0.002 0.004 0.006 0.008 0.01

&

Strain



FRCM Material Properties:

Modulus of Elasticity from characterization
Ultimate Strain from characterization
Standard Deviation of Ultimate Strain
Number of plies

Area of FRCM mesh by unit length

Ply Width

Areal of FRCM

Distance to center of Area 1 of FRCM
Ultimate Stress from characterization tests

Standard deviation of ultimate stress from
characterization tests

Ultimate stress

Ultimate tensile strain (eg, -1 STD)

E; := 18000ksi = 124.1056-GPa

Egy = 017565
Ocfy = .001338
n:=23

.2
Ap ypig = 0.0018
’ m

bf =b=06in

Ag = bg-Ap ypin = 0.0324in”

df =h=12in
Ftu = 241ksi
OFy = 11ksi

ffu = Ftu = 241-ksi

Efd = Efu - O-Efll =0.0162

Efel = Efu =0.0176

Analytical approximations to the tensile stress-strain curve

fri(en) = Epeg

Stress-strain curve equation
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Tensile stress-strain curve

3x10 /
2 210’
g fi(q) /
w 7
1x10
0
0 51077 0.01 0.015
il
Strain
Eg : - .
ng = — =36 Ratio of modulus of elasticity of FRP Reinforcement to modulus
Ec elasticity of concrete

Calculate Strain in Each Material to Determine the
Neutral Axis Location and Failure Mode

Effective level of strain in the FRCM reinforcement

. . Efe1'X

ex) = e, if €ey < %

Efe1’* | Efel'X

if <&y
h —x (h = x)
Strain in concrete
(h —x) . . .

€a(X) = T-s (X Strain in the reinforcing steel

g(x) = sc(x)-(d—;xj Strain in the compressed steel
d'=1.6895in
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o500 = | Egegx) if edx) <egy Stress level in the reinforcing steel
fy if Esy Sex) gy
90.31ksi — fy
—— (e (X) —e,) + £, if €, <E(X
0.020 - e, (500 —egn) + Ty i ey <20

o) = |Ege(o if [e0] <egy Stress level in the compressed steel
fy if |5 2egy

op(x) = Ep-e(x) Stress level in the FRCM

Calculate the Internal Force Resultants and Check Equilibrium

€% ..
gq(x.y) = y Strain in concrete
in
X
in €.1(X,y)
1
€c0 . .
C.(x) = b- dy-in Compressive force in the concrete
€c1(x.y)
1+
€c0
70
Tension force in the reinforcemen
Tiot(X) = Ay o (%) + Ap-op(x) + A'g-0'(x) ension force In the reinforcement

Ctot(x) = Cc(x)

Neutral Axis Location

Static equilibrium

f1(%) = Cip(x) = Tyoe(x)

XOI =0.2.d

u

X, = 1.4443in d' = 1.68951in

Input an anticipated value of neutral axis depth

X, = root(fl (XOI) , XOI)

Neutral axis depth
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Verify Neutral Axis Location

Tio(Xu) = 39-7kip
Ciot(xy) = 39.7-kip

Neutral yi< 1 ocation = if (| Trot(¥u) = Crot(¥u)| <-00000011bf ,"OK" , "Re-Evaluate" )

|Neutraleis.Location ="OK" |

Determine Failure Type

h —x, h —x, h —x,
FailureType = | "Failure by Concrete Crusing" if € <Efe] N Ecyr < Egq’ p

h - Xy h - Xy h - Xy
"Failure of Steel" if € | —— | <€ ANE | —— | <€,
sd d-x, fel sd d-x, cu X

"Failure of FRCM" otherwise

|FallureType = "Failure of FRCM |

Ege(¥y) = 00176

Check vielding of steel

Yieldingggee) = if (€4(x,) = €5y, "YES","NO")
Yielding .| = "YES"
£ = £4(xy) = 0.014404

€'y(xy) = 0.0004

e¢(xy) =0.002403



Determine Flexural Strength

M, = AS-O'S(xu)-(d - Xu) + A'S-o"s(xu)~(d' - xu) + Af~0'f(xu)~(h - Xu)

+b| oy dy-in”
2

Mn
P, = 4— =112.06 kN

Loy
E.X
1
Xg = o) = 0.00166 —
- Xu mn
2
(Xn'Lo )
An = ——= = 12.68 mm
12
Cracking Moment
Ef Es Es
bh= + —Ap(h) + — Ao (d) + —-A(d)
2 E, E, E,
Ny = =6.2586in

b-h + Af + A'S+ AS

3 2
(b-n°) h Ey 2 [ Es . 2
Iy = o+ b.h.(E _NA) + (E— - 1]-Af~(h ~Np) "+ (E— - IJ-AS~(d ~Np)" o

C

2 ateny

M, = f £ Cracking moment
(h=Ny)
M
P, = 4— = 30.94kN
Lo
3
rer(to)]
or = =0.173-mm
48-E
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Yielding Moment
e,y = 0.0024 Strain in the reinforcing steel
Xy S . .
€ =gy train in concrete
ey(xy) = | Esy d—x
y
y? Strain in th d steel
g =€ train in the compressed stee
sy = Esy| 5 % p
y
h - Xy .. .
ery(xy) = Egy Strain in the FRCM reinforcement
Wy Y| d—x
y
Tsy = By sy Stress level in the reinforcing steel
o"sy(xy) = Es.e'sy(xy) Stress level in the compressed steel
O'f(xy) = Ef~€fy(xy) Stress level in the FRCM

Calculate the Internal Force Resultants and Check Equilibrium

€ X
_ Sy -
ecly(xy,y) =y Strain in concrete
A
in
Yy
(-
in ) (scly(xy,y)j
2 C
€
0 . .
C.[(x,)=0b < dy-in Compressive force in the concrete
cylXy 5 P
€ X
Iy{XyY
[ayly)
€0
70
Ttoty(xy) = AgOg + Af-O'f(xy) Total tension force in the reinforcement

Ctoty(xy) = Ccy(xy) + A's-o"sy(xy) Total compression force
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Neutral Axis Location
fly(xy) = Ctoty(xy) - Ttoty(xy) Static equilibrium
Input an anticipated value of neutral axis depth
X0y = 0.2d
Xy = rOOt(fly(XOy)’XOy)
Xy =2.22in Neutral axis depth

Verify Neutral Axis Location

Tioty(Xy) = 24.3kip
Cioty(*y) =243 kip

Neutral o i 1 ocationy = if (| Troty(Xy) = Croty(¥y)| <-0000001kip,"OK" ,"Re-Evaluate” )

|Neutraleis.Location ="OK" |

My = As'o'sy'(d - Xy) + A's-o"sy(xy)-(xy - d') + Af-O'f(Xu)~(h - Xu)

y
[ (xy-)
in € X.
I\ Xy Y
2.5" Ciy\y
€c0 .2
+b- y 5 dy-in
€ X
1ylxyy
()
€c0
70
My
P = 4.— =68.4-kN
y LO

v | o

=

=0.6105



APPENDIX G

RC Slab Bridge Simulation based on FDOT Example #2

The objective of this appendix is to determine the minimum loads that a typical
reinforced concrete slab bridge structure will experience under service conditions. In
order to take a realistic approach to the justification for the minimum loads applied, a
simulation of a typical reinforced concrete slab bridge will be performed. The bridge will
be analyzed and design according to AASHTO LRFD 2010 specifications for an HL-93
truck load configuration. The flexural response will be determined and the minimum
loads will be converted to equivalent levels of stress in the reinforcing steel. The
dimensions and characteristics of the concrete slab bridge under investigation will be
taken from FDOT Design Example #2: Cast-in-Place Flat Slab Bridge Design. The
design parameters will be as follows:

Bridge Geometery and Material Properties

Design Method: AASHTO LRFD 2010

Design Loading: HL-93 Truck

Bridge Type: 3 Span Continuous

Concrete Compressive Strength: f”. = 4,500 psi (Class II Bridge Deck)
Environmental Classification: Slightly Aggressive

Reinforcing Steel: ASTM A615, Grade 60

Concrete Cover: 2” All surfaces (superstructure)
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Bridge Geometry:

DVRECTION OF STATIONING —__

END BRIDGE
FFAW. END BENT 3

.l‘\\/\ i
S \\ \\ \\-\

BEGIN BRIDGE FOO000" (TLI Typd \_
FFEBNW. END BEAT | RETAINING WALL

PLAN

RETAINING WALL

€ consT. SA. 9

Figure 1 - Horizontal Profile

105'-C" (OVERALL BRIDGE LENGTH)

MEASURED ALONG € CONST.
BEGIN BRIDGE -0 | 3/ | 350
F.F.BW. END BENT :H\\ | ‘
END BRIDGE
" FFBW. END BENT 3
60 ¢ asiw 2 € aflp.-r 3 &0
EdJ. | . E..
50 | | ; | e}
30 H \ 30
20 GROUND LNE 20
0 10
0 a

Figure 2 - Vertical Profile
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¥ (T ransverset
X (Longffud/nal} s9/-r
i 2 | i/
-8 20 MECAK mme:?‘{ g’
[ o 2 LAVES p 120" = 240’ g0 o 2 LINES © 120 = 240" e\
SHOULDER SHOULDER SHOULDER SHOULDER

\ \ Y

—] SLOPE: G2 FT/FT

t t

SLOPE: 02 FT/FT [—

Figure 3 — Typical Cross Section
Overall Bridge Length: 105 ft
Design Span Length: 35 ft
Bridge Width: 89 ft - 1 in.
Number of Design Lanes: 3
Material Properties
Unit weight of Concrete: p. = 145 Ib/ft?
Reinforcing Steel: Ey = 29,000 ksi

Resistance Factor for Tension and Flexure: ¢ = 0.9

Determine Deck Thickness: For continuous reinforced slabs with main reinforcement

Lspan+10ft
30 !

parallel to traffic: tmin = max( 0.54ft)
tslab =18in

Design Life: 75 years
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Dead Load Analysis

Results are taken from FDOT Design Example #2 as shown in Figure 3.

Bridge Length = 105 ft
Bridge Width = 89.0833 ft
# of Traffic Barriers = 2 each
# of Median Barriers = 1 each
No. of spans = 3 each
End Span Lengths = 35.000 ft
Interior Span Lengths = 35.000
Concrete Weight (DC) = 0.150 kcf
Traffic Railing Barrier (DC) = 0.418 kIf
Median Barrier (DC) = 0.483 klf
Wearing Surface and/or fws (DW) = 0.015 ksf
Barriers & Median (DC) = 0.0148 ksf =[(2 x 0.418 kif) + (1 x 0.483 kif) ]/ 89.0833 ft = 0.0148 ksf
18 in = Thickness Bridge Slab (DC) = 0.225 ksf =18in./12) x 0.15 kef = 0.225 ksf
Additional Misc Loads (DC) 0.000
Components & Attachments (DC) = 0.240 ksf = 0.0148 ksf + 0.225 ksf+ 0 ksf = 0.24 ksf
span ratio = 1.00
Use tables 1.0 and 1.1

(From "Moments, Shears and Reactions for Continuous Highw ay Bridges" published by AISC, 1966)

Influence Line Coordinates DC MOMENTS DW MOMENTS|] DC SHEARS DW SHEARS)

Pt. AISC Table 1.0 1.1 (FT-KIP/ET) (FT-KIP/ET) (KIP/ET) (KIP/EFT)
0 A 0.0000 0.0000 0.0 0.0 3.4 0.2
1 0.1 0.0350 0.0340 10.3 0.6 25 0.2
2 0.2 0.0600 0.0580 17.6 1.1 1.7 0.1
3 0.3 0.0750 0.0720 22.0 14 0.8 0.1
4 04 0.0800 0.0760 235 1.5 0.0 0.0
5 0.5 0.0750 0.0700 22.0 14 -0.8 -0.1
6 0.6 0.0600 0.0540 17.6 1.1 -1.7 -0.1
7 0.7 0.0350 0.0280 10.3 0.6 2.5 -0.2
8 0.8 0.0000 -0.0080 0.0 0.0 -3.4 -0.2
9 09 -0.0450 -0.0540 -13.2 -0.8 -4.2 -0.3
10 B -0.1000 -0.1100 -29.4 -1.8 -5.0 -0.3
B -0.1000 -0.1100 -29.4 -1.8 4.2 0.3

11 1.1 -0.0550 -0.0555 -16.2 -1.0 3.1 0.2
12 1.2 -0.0200 -0.0132 -5.9 -0.4 2.1 0.1
13 1.3 0.0050 0.0171 1.5 0.1 1.0 0.1
14 1.4 0.0200 0.0352 59 04 0.0 0.0
15 1.5 0.0250 0.0413 7.3 0.5 0.0 0.0
16 1.6 0.0200 0.0352 59 04 -0.7 0.0
17 1.7 0.0050 0.0171 1.5 0.1 -1.4 -0.1
18 1.8 -0.0200 -0.0132 -5.9 -0.4 -2.1 -0.1
19 1.9 -0.0550 -0.0555 -16.2 -1.0 -2.8 -0.2
C -0.1000 -0.1100 -29.4 -1.8 -4.2 -0.3

20 C -0.1000 -0.1100 -29.4 -1.8 5.0 0.3
21 21 -0.0450 -0.0540 -13.2 -0.8 4.2 0.3
22 2.2 0.0000 -0.0080 0.0 0.0 3.4 0.2
23 2.3 0.0350 0.0280 10.3 0.6 2.5 0.2
24 24 0.0600 0.0540 17.6 1.1 17 0.1
25 2.5 0.0750 0.0700 22.0 14 0.8 0.1
26 2.6 0.0800 0.0760 235 1.5 0.0 0.0
27 2.7 0.0750 0.0720 22.0 14 -0.8 -0.1
28 2.8 0.0600 0.0580 17.6 1.1 -1.7 -0.1
29 2.9 0.0350 0.0340 10.3 0.6 -25 -0.2
30 D 0.0000 0.0000 0.0 0.0 -34 -0.2

Figure 3 — Dead Load Analysis
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Equivalent Strip Widths

The superstructure is designed on a per foot basis longitudinally. However, in order to
distribute the live loads, equivalent strips of flat slab deck widths are calculated. The
moment and shear effects of a single HL.-93 vehicle or multiple vehicles are divided by
the appropriate equivalent strip width. The equivalent strips account for the transverse
distribution of LRFD wheel loads. This section is only applicable for spans greater than
15 feet.

For One Design Lane:

Eonerane = 10 + SW

Modified Length L; = min(Lg,qn, 60ft) =35 ft
Modified Width: W; = min(Wy,.;q4¢, 301t) = 30ft
Equivalent width for one lane load Ep; o1 qne= 14.31t

For Two or More Design Lane:

12W
Eonerane = 84 + 1.44, /L W; <

L

Modified Length L; = min(Lg,qn, 60ft) =35 ft
Modified Width: W; = min(Wp,q4., 60ft) = 60 ft
Number of Lanes: N, = 2N,

Equivalent width for one lane load Eryorqne= 12.5ft

The equivalent strip is the smaller of the two values: E = 12.5ft



Live Load Analysis
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Determine the live load moments and shears due to HL-93 live load on the continuous

flat slab structure. The design live loads will consists of the HL-93 vehicle moments,

divided by the appropriate equivalent strip widths. This will result in a design live load per

foot width of flat slab.

£.J.

€ BENT 2

HL-

-

93

P i, W . 1

=

€ BENT 3

I

P~

Figure 4 — HL-93 Loading

GROUND LINE

The HL-93 loading is the maximum of the combined design tandem and lane load or

design truck and lane load, where the lane load is not considered for the fatigue limit state.

A live load analysis was performed using the a Mathcad program “FDOT Live Load

Generator.” For the design truck, the axle spacing is taken as 14ft from the front to middle

axle and 30ft from the middle to rear axle. The design tandem is taken as two 25-kip axles

spaced at 4 ft. Both the design truck and design tandem load configurations are shown in

Figure 5.

32 kips
14 to 30 ft

32 kips

14 ft

8 kips

25 kips 25 kips

41

3

/

Figure 5 — HL-93 Design Truck (Left) and Design Tandem (Right)

Results from LRFD Example #2 for the HL-93 live load envelopes are shown in Figure 6.



HL-93 Live Load Envelopes

(10th points) Service | Strength | Fatigue
Pt. "X"distance +M -M +M -M +M -M_ Mgange
0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 35| 2209 -23.0| 386.6 -40.2 92.7 -5.8 98.5
2 7| 369.4 -46.0/ 6465 -80.4| 156.0 -11.6 167.5
3 10.5( 460.8 -69.0] 806.4 -120.7| 1955 -17.3 2128
4 14| 4950 -92.1| 866.3 -161.1| 209.2 -23.1 2323
5 175 4828 -115.0 8449 -201.3] 1984 -289 227.3
6 21| 4331 -137.7| 7579 -241.0| 1711 -347 2058
7 245 340.6 -161.5| 596.1 -2826| 138.0 -40.5 1785
8 28| 213.3 -184.5| 373.3 -322.9 949 -59.1 154.0
9 315 88.1 -232.9| 154.2 -407.6 39.8 -1179 157.7
10 35 76.1 -383.5| 133.2 -671.1 27.0 -1869 213.8
11 38.5 89.5 -275.7| 156.7 -482.5| 487 -1222 170.8
12 42| 215.3 -228.7| 376.8 -400.2 956 -81.2 176.8
13 455 3224 -196.6| 564.2 -3441| 1243 -67.5 1918
14 49| 386.1 -165.5| 6757 -289.6| 136.6 -54.0 190.5
15 52.5| 403.4 -133.9] 706.0 -234.3| 1344 -40.5 174.9
16 56 386.1 -165.5| 675.7 -289.6] 136.6 -54.0 190.5
17 59.5] 3224 -196.6| 564.2 -344.1| 1243 -67.5 191.8
18 63| 2153 -228.7| 376.8 -400.2 956 -81.2 176.8
19 66.5 90.1 -275.7| 157.6 -4825 48.7 -122.2 170.8
20 70 76.1 -383.0/ 133.2 -670.3 27.0 -1869 213.8
21 735 87.5 -2329| 153.1 -407.6 39.8 -1179 157.7
22 77| 213.3 -184.5| 373.3 -322.9 949 -59.1 154.0
23 80.5| 340.6 -161.5| 596.1 -282.6| 138.0 -40.5 1785
24 84| 433.1 -137.7\ 7579 -241.0| 171.1 -34.7 205.8
25 87.5| 482.8 -115.0| 8449 -201.3] 1984 -289 2273
26 91 4950 -92.1| 866.3 -161.1|] 209.2 -23.1 2323
27 945 460.8 -69.0| 806.4 -120.7| 1955 -17.3 2128
28 98 369.4 -46.0| 646.5 -80.4| 156.0 -11.6 167.5
29 101.5] 220.9 -23.0| 386.6 -40.2 92.7 -5.8 98.5
30 105 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure 6 — HL-93 Live Load Envelopes
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The design values can be obtained by dividing the moments by the distribution width, E

= 12.5ft and for fatigue, Eppnerane= 14.3ft as shown in Figure 7.

Design Live Load Envelopes Eg= 125t
Efatigue = 14.3 ft
(10th points) Service | Strength | Fatigue

Joint "X" distance +M -M +M -M +M -M  Mgange
0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 815 17.7 -1.8 30.9 -3.2 6.4 -0.4 6.8
2 7 29.6 -3.7 51.7 -6.4 10.8 -0.8 11.6
3 10.5 36.9 -5.5 64.5 -9.7 13.6 -1.2 14.8
4 14 39.6 -7.4 69.3 -12.9 14.5 -1.6 16.1
5 17.5 38.6 -9.2 67.6 -16.1 13.8 -2.0 15.8
6 21 346 -11.0 60.6 -19.3 11.9 -2.4 14.3
7 24.5 272 -129 477  -22.6 9.6 -2.8 12.4
8 28 171 -14.8 299 -258 6.6 -4.1 10.7
9 31.5 71 -18.6 123 -32.6 2.8 -8.2 10.9
10 85) 6.1 -30.7 10.7  -53.7 1.9 -13.0 14.8
11 38.5 72 -221 125 -38.6 34 -8.5 11.8
12 42 172 -183 30.1  -32.0 6.6 -5.6 12.3
13 45.5 258 -15.7 451  -27.5 8.6 -4.7 13.3
14 49 309 -13.2 54.1 -23.2 9.5 -3.7 13.2
15 52.5 323 -10.7 56.5 -18.7 9.3 -2.8 12.1
16 56 309 -13.2 541 -23.2 9.5 -3.7 13.2
17 59.5 258 -15.7 451 -27.5 8.6 -4.7 13.3
18 63 172  -18.3 30.1  -32.0 6.6 -5.6 12.3
19 66.5 72 -221 126 -38.6 3.4 -8.5 11.8
20 70 6.1 -30.6 10.7 -53.6 1.9 -13.0 14.8
21 73.5 70 -18.6 122 -32.6 2.8 -8.2 10.9
22 77 171 -14.8 29.9 -258 6.6 -4.1 10.7
23 80.5 272 -129 477 -22.6 9.6 -2.8 12.4
24 84 346 -11.0 60.6 -19.3 11.9 -2.4 14.3
25 87.5 38.6 -9.2 676 -16.1 13.8 -2.0 15.8
26 91 39.6 -74 69.3 -12.9 14.5 -1.6 16.1
27 94.5 36.9 -5.5 64.5 -9.7 13.6 -1.2 14.8
28 98 29.6 -3.7 51.7 -6.4 10.8 -0.8 11.6
29 101.5 17.7 -1.8 30.9 -3.2 6.4 -0.4 6.8
30 105 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure 7 — HL-93 Design Load Envelopes
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The service, strength, and fatigue limit states used to design the bridge section are

calculated and shown in Figure 8.

Limit State Design Loads
Service | Strength | Fatigue
(10th points)| 1.0DC + 1.0DW + [1.25DC + 1.50DW + 1.0DC +1.0DW + 1.5LL
1.0LL 1.75LL MRange = 0.75LL ; -M,,, = 0.75LL
pt. "X"dist +M -M +M -M +M M Mgange  -Mnin
0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 815 28.6 9.1 44.7 10.6 20.6 10.3 6.8 -0.4
2 7 48.3 15.1 75.4 17.3 35.0 17.5 11.6 -0.8
& 10.5 60.3 17.9 941 20.0 43.8 21.6 14.8 -1.2
4 14 64.6 17.6] 100.9 18.7 46.7 22.6 16.1 -1.6
5 17.5 62.0 14.2 97.2 (815 441 20.4 15.8 -2.0
6 21 53.4 7.7 84.3 4.4 36.5 15.1 14.3 -2.4
7 24.5 38.2 -2.0 61.5 -8.8 25.3 6.7 124 -2.8
8 28 171 -14.8 299 -258 9.9 -6.1 10.7 -4.1
9 &4 -7.0 -327 -54  -504 -99 -26.3 10.9 -8.2
10 35| -251 -61.9( -288 -93.2| -284 -50.7 148 -13.0
11 38.5] -10.0 -39.2 -9.2  -60.3] -121 -29.9 11.8 -8.5
12 42 11.0 -245 222 -39.9 3.7 -147 12.3 -5.6
13 45.5 274  -142 471 -25.6 14.5 -5.5 18,8 -4.7
14 49 371 -7.0 619 -153 20.5 0.6 13.2 -3.7
15 52.5 40.1 -2.9 66.3 -8.9 21.8 3.6 121 -2.8
16 56 371 -7.0 619 -153 20.5 0.6 13.2 -3.7
17 5915 274 -14.2 471 -25.6 14.5 -5.5 13.3 -4.7
18 63 11.0 -245 222 -39.9 3.7 -147 12.3 -5.6
19 66.5| -10.0 -39.2 -9.1 -60.3|] -12.1 -29.9 11.8 -8.5
20 701 -251 -61.9( -28.8 -93.1 -284  -50.7 14.8 -13.0
21 785 -7.0 -327 -55 -504 99 -26.3 10.9 -8.2
22 77 171 -14.8 299 -258 9.9 -6.1 10.7 -4.1
23 80.5 38.2 -2.0 61.5 -8.8 25.3 6.7 124 -2.8
24 84 53.4 7.7 84.3 4.4 36.5 15.1 14.3 -2.4
25 87.5 62.0 14.2 97.2 {815 441 20.4 15.8 -2.0
26 91 64.6 17.6] 100.9 18.7 46.7 22.6 16.1 -1.6
27 94.5 60.3 17.9 941 20.0 43.8 21.6 14.8 -1.2
28 98 48.3 15.1 75.4 17.3 35.0 17.5 11.6 -0.8
29 101.5 28.6 9.1 44.7 10.6 20.6 10.3 6.8 -0.4
30 105 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure 8 — Limit State Design Loads

The moment values for fatigue were plotted along the longitudinal axis of the beam for

the entire span as shown in Figure 9. The maximum peak moments were recorded for

each span. All moment diagrams indicate that the lowest maximum moment occurred in

span #2. This value is determined to be 21.8 kip-ft (261.6 kip-in).
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Moment (kip-in)
S
[ —

2 V V

Distance (ft)

Figure 9 — Moment vs. Distance along Bridge Length
Flat Slab Design
LRFD Example #2 designed the slab section to resist the maximum shear and
moment force effects calculated in Figure 8. The factored resistance was determined as

M, = ¢M, where ¢=0.9. The slab is designed with #8 bars spaced at 8 O.C.
|7¢|"1
| _%_
I
1

Asfy
0.85f°ch’

The nominal flexural resistance was determined as M,, = A,f, (d — %) where a =
The equation for M, indicates that the yield strength of the steel controls the flexural
capacity. This value is determined to be M,, = 114.3 kip-ft. The fatigue moment calculated
previously (21.8 kip-ft) was divided by M, to determine a percentage. This percentage
reperesents a fraction of the yield capacity of the system and is equal to 19%. Based on this

value, the minimum percentage used in the fatigue loading configuration for study 3 is

chosen to be 20% of the static yield capacity.
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