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ABSTRACT
This report evaluates two new glass-fiber reinforced polymer concrete reinforcement systems, which have
been designed to serve as a non-corrosive alternative to steel reinforcement in reinforced concrete bridge
girders. Due to the nature of the reinforcement geometry, these systems react in a way to introduce
compressive confinement into the concrete in the inner regions of the system units. The introduction of
this compressive confinement zone will increase particle interaction effects, which results in increased
shear and tensile force resistance contributed by the affected concrete. The system is also well integrated
into the surrounding concrete matrix, therefore eliminating the potential for debonding failures. A proof
of concept is conducted in order to evaluate a set of alternative reinforcement system prototypes. Before
the reinforcement systems are evaluated, technical literature pertaining to alternative reinforcements is
reviewed.
Select specimens provided evidence of mechanically constrictive behavior and enhancements in flexural
capacity. Indications of good bond strength and shear strength contribution from the flexural
reinforcement systems were also found. The overall finding is that these reinforcement geometries do
show potential and should be the subject of further study in a more extensive project.
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1.

INTRODUCTION

Fiber reinforced polymer (FRP) composites have been progressively implemented into construction
practices for reinforced concrete (RC) structures over the past several decades. This is largely in response
to the demand for non-corrosive alternative reinforcements needed to avoid the ever expanding problem
of corrosion damage in conventional steel bar concrete reinforcement (rebar). While corrosion is a
potential problem for nearly all steel RC members, it affects transportation structures to a greater degree,
due to unprotected weather exposure in combination with the practice of applying deicing chlorides to
road surfaces. Approximately 15% of the RC bridges in the United States have been deemed structurally
deficient as a result of reinforcement corrosion alone (Koch et al. 2001). The design life of many of these
bridges is approaching, so expensive rehabilitation or even total replacement will likely be needed. The
projected cost of these repairs have been estimated to approach $8.3 billion (Koch et al. 2001). By using
non-corrosive materials as an alternative to steel, the deterioration that leads to this costly maintenance
can be avoided for future structures.
The application of FRP as a non-corrosive reinforcing material for concrete transportation structures is
used in various ways. Internal reinforcement, acting as a direct replacement for steel rebar, is sometimes
used for new construction. One example of such an application is the Cookshire-Eaton bridge in Quebec,
Canada, which demonstrates the use of GFRP bars as primary bridge deck reinforcement (El-Salakawy, et
al. 2005). However, FRP is also commonly used as a post-construction strengthening tactic for existing
structures exhibiting early structural deficiencies or requiring increased strength.
FRP presents many advantages, such as providing greater tensile strength than steel, it is lightweight
(one-sixth to one-fourth the density of steel), allowing for easier transport and placement (ACI Committee
440, 2006). Using FRP also yields an environmental impact reduction of about 50%, as compared with
steel from manufacturing to demolition and reuse (Katz 2004).
Despite the advantages of its non-corrosive nature, internal FRP reinforcement has received limited
acceptance from the construction and engineering community since there is still little common knowledge
and experience for its use in RC structures (Porter & Harries 2007). Other issues seem to impede
acceptance as well. For example, there is currently a lack of uniformity between commercial
manufacturers, which makes reliable design difficult with varying properties and deformation geometries.
FRP reinforcement also typically has a higher initial cost (Okelo & Yuan 2005). The ductility of steel
allows for yielding before failure, which acts as an early indicator to complete failure. However, ductility
is not exhibited in FRP, and this is often viewed as a disadvantage of this material. The stress-strain
behavior of FRP is nearly linear, which means that tensile failure of FRP reinforced concrete is more
sudden than that of steel reinforced concrete.
Using a new kinematically active FRP reinforcement system, this research develops a reinforcement
solution to some of the intrinsic issues that have limited the use of FRP as internal concrete reinforcement
in new transportation structures. By imparting compressive forces to surrounding concrete, the shear
strength can be improved due to forced confinement effects (Ahmed, El-Salakawy, & Benmokrane 2010).
The bond strength is also improved with the use of complex reinforcement geometries that promote good
incorporation of the reinforcement structure into the surrounding concrete matrix.
Two types of kinematically active GFRP reinforcement systems are evaluated in this research. The first of
which is referred to as Type II reinforcement and is an assembly composed of six intertwining helical
cords of FRP (3 CW and 3 CCW). When deflection occurs in the tensile zone of the concrete beams, this
assembly shows constrictive behavior similar to that of an arterial stent. (Kleinstreuer, et al. 2008) The
other reinforcement system (Type III) is a mat consisting of several FRP cords cast in a sinusoidal shape,
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and paired together with opposing patterns. The opposing pairs are then arranged in an interlocking
fashion. As these cords are forced to “straighten” from beam deflection and tensile forces, the cords
impart opposing lateral forces through the adjacent concrete matrix. These opposing forces should create
a localized constriction effect in the concrete as well.

1.1

Objectives

The primary goal of this research is to explore the possible advantages of manipulating FRP geometry in
a way to address typical issues that have historically contributed to limited use of FRP in RC structures.
Specifically, the work described in this report addresses the following objectives:
Objective 1: Experimentally observe and measure the increase of flexural and shear strength achieved in
the beam specimens, as compared to a control specimen using conventional FRP reinforcement.
Objective 2: Characterize changes in the deflection behavior of the beam, as compared to a control
specimen using conventional FRP rebar.
Objective 3: Observe bond strength effects, as compared to a control specimen using conventional FRP
bar reinforcement.

1.2

Concept

The concept design of the proposed reinforcement system intends to improve upon the functionality of
concrete reinforcement. The following components of reinforcement strength and performance are
addressed by this design:
 Tensile reinforcement strength
 Shear contribution of flexural reinforcement
 Bond strength
These components are addressed by different aspects of the reinforcement geometry. The traits of the
geometric properties are similar for the two proposed specimen reinforcement systems.

1.2.1 Tensile Strength
Concrete found in the tensile region of traditional reinforced concrete beams contributes little to beam
strength after cracking occurs. Tensile loading is primarily resisted by the reinforcing bars, while the
primary function of the surrounding concrete is to serve as a protective barrier for the reinforcement and
hold it at an adequate position to adequately resist tensile forces. The concept design of the proposed
reinforcement configuration utilizes portions of the concrete in the tensile region for flexural strength
contributions.
Internal static friction forces at crack interfaces are increased through the application of constriction in the
off-axis direction of the beam. This is achieved through the design of the reinforcement geometry, which
compresses its shape when tension is applied. The reinforcement systems achieve “constrictive zones”
with specific kinetically reactive geometries that exhibit a collapsing behavior when axial forces are
applied. The tension in the reinforcement causes the curvature of the reinforcement cords to straighten.
When these cords are confined by a rigid matrix, such as concrete, the matrix is forced into compression.
The anticipated location of the constriction zone areas are shown by the blue shapes in the illustration in
Figure 1.1. As can be seen in Figure 1.1, they are assumed to be circular in nature for simplicity (and
computational purposes) but may have a different shape in reality.
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Figure 1.1 Theoretical constriction zone locations
The compressive forces create increased normal stresses at crack interfaces, which subsequently increase
the interfacial static friction, promoting stiffness of the concrete in tension. A network of the interacting
cement and aggregate particles link to form a loading path for a portion of the tensile forces to be carried
by the concrete in the compression zone. With concrete contributing to tensile strength, the reinforcement
is relieved of some loading, increasing the overall capacity of the system. This action is demonstrated in
Figure 1.2. The axial tensile loading of the beam in flexure is shown by the black arrows, while the
constrictive force of the reinforcement reaction is shown by the gray arrows. Representative interaction
forces (normal and shear) are indicated at the crack interface.

Constrictive force

Tensile
loading

Flexural
crack

Static friction
resistance (typ.)
Normal interface
force (typ.)
Constrictive force

Figure 1.2 Constriction contribution to flexural strength
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1.2.2 Shear Strength
The vertical travel component of the proposed reinforcement system will also provide contribution to
shear strength. According to ACI 440.1R-06 “Guide for the Design and Construction of Structural
Concrete Reinforced with FRP Bars” (2006), “Orientation of the fibers in an off-axis direction across the
layers of fiber will increase the shear resistance, depending upon the degree of offset.” Therefore, the
components of the reinforcement crossing the shear cracking interface will take on a portion of the shear
stress in its strong axis, as the diagram in Figure 1.3 demonstrates. This is expected to be reasonably
stronger than the typical dowel action strength that is observed with straight-rod reinforcement. The
portion of this shear stress that is taken depends on at what orientation the cord and shear interface
intersect. With a cross-helical or multi-wave configuration, this advantageous alignment is possible in
most shearing orientations regardless of where cracking occurs along the reinforcement.

Tensile fracture
plane resulting
from shear forces

θ
Reinforcement
Axis

Tensile force from
shear

Tensile fracture
plane resulting
from shear forces

θ

Reinforcement
Axis

Tensile force from
shear

Figure 1.3 Shear strength mechanics of concept flexural reinforcement
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Contributions to shear strength also result from the aforementioned constrictive action described in
section 1.1.1. The constrictive action is anticipated to help bind together the cracked concrete of the beam
as well as increase the shear friction forces at the shear cracking interface. A diagram of these forces is
shown in Figure 1.4.

Constrictive force

Normal interface
force (typ.)
Static friction
resistance (typ.)

Tensile
loading

Tensile
loading

Shear crack

Constrictive force
Figure 1.4 Constriction contribution to shear strength

1.2.3 Bond Strength
Current applications of internal FRP reinforcements exhibit highly variable bond strength due to the high
variability of deforming techniques (e.g., sand-coating, fiber wrapping, resin deformations, etc.) and
material properties (Harajli & Abouniaj 2010). This issue is addressed by the proposed reinforcement
system by the high integration of the reinforcement geometries into the surrounding concrete matrix.
Rather than relying on shear forces at the surface treatments of the reinforcement for bond strength, the
shape of the reinforcement resists pull-out forces directly at the “saddle” region shown in red in Figure
1.5.
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Pull-out force

Pull-out
resistance

Pull-out
resistance

Pull-out force

Pull-out resistance

Figure 1.5 Mechanical bond reactions of helical (upper) & wave (lower) reinforcement

1.3

Methodology

The experimental phase of this project consisted of the fabrication and testing of 12 model beam
specimens. Each specimen was laid out as a simply supported specimen with a third-point loading
configuration. The beam specimen was monitored for deflection, reinforcement strain, and applied forces
in order to determine general structural behavior of the new system. Specimens are also compared with
traditional FRP straight bar reinforced beams of a similar design. Each type of specimen was fabricated
with and without shear reinforcement in order to provide isolated performance of failure modes in shear
and flexure. The results of the testing procedures are then used for a cross-examination of performance in
order to determine unique structural traits, performance controlling parameters, and fitness for structural
application. The failure modes observed in the specimens are then used to validate the concept design and
make recommendations as to whether a more comprehensive quantitative study should be undertaken.

1.4

Organization of Report

This report is divided into five chapters. The first and current chapter introduces the concept and
investigates the demand for alternative reinforcement development. This is followed by the literature
review (Section 2), which summarizes the background of composite development, as well as the state of
current research and guideline publications involving the use of GFRP materials as primary alternative
reinforcement. Known characteristics of commercially available GFRP reinforcement that are relevant to
the concept reinforcement system are then reviewed. This is followed by a review of studies performed on
other proposed composite-based alternative reinforcement systems. A summary is then provided on
studies involving composites with similar fiber geometry to the reinforcement system. This chapter is
concluded with coverage of the mezzo-scale behavior of the concrete under the proposed loading
configuration from the constriction action of the concept reinforcement system.
Section 3 outlines the methods used to design, fabricate, and evaluate the concept reinforcement system.
This begins with a description of the acquisition of the material properties used for the design and
analysis of the GFRP reinforced concrete specimens. The design procedures of the specimen beams are
then described in detail. This is followed by a description of the fabrication processes of all of the GFRP
6

reinforcement components along with a description of the beam casting procedures. Details of the
instrumentation of the beam specimens are then described. Finally, a description of the testing procedures
is provided.
Section 4 provides a detailed description and interpretation of the results of the experimental testing. This
is organized beginning with the chronological outline of testing events highlighting correlations between
loading, deflection, and strains with visible beam cracking and failures. General deflection behaviors are
then analyzed with attention given to beam stiffness. Exploration of internal concrete damage
observations are then described in a section on the section analysis of one of the specimen beams. The
reinforcement strain behavior is then described and interpreted. A comparative analysis of the beam
specimens is then presented at the end of the section.
The final Section (5) presents the conclusions, contributions, and recommendations of future work for
continuing investigations of this reinforcement concept.
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2.

LITERATURE REVIEW

2.1

Background

The use of composite fibrous material has taken many roles in other fields and applications before it
slowly became accepted as a concrete reinforcement alternative. With its initial development near the end
of World War II fiber reinforced polymer (FRP) composites have a strong beginning in the aerospace
industry, where they are still widely used today. The first U.S. Department of Transportation funded
project in 1988, “Transfer of Composite Technology to Design and Construction of Bridges,” was carried
out by Plecnik and Ahmed (ACI Committee 440, 2006). This pioneering research preceded an expansion
in further investigation of FRP reinforced structures, which has collectively produced several codes and
guidelines for FRP reinforced concrete design. This recent interest in the implementation of FRP
reinforcement for concrete structures is supported by various studies of the economic and environmental
benefits offered by FRP.

2.1.1 Research Trends
Research topics that investigate FRP use for reinforced concrete are disproportionately greater in the
repair/retrofit fields. Internal FRP reinforcement research seems to trend mostly toward bridge deck
applications, bond properties, and shear behavior of FRP reinforced beams.
In 2004, an NSF-sponsored workshop was held in order to identify past trends and future needs for FRP
research. This workshop concluded that for more thorough acceptance and utilization of FRP
reinforcements, research topics should focus on solving issues primarily related to durability and
performance. It also addressed the importance of the advancement of new materials and system designs
(Porter & Harries 2007). The system designs being called for could include the innovative reinforcing
schemes presented in this research.

2.1.2 Active Building Codes and Design Guidelines
Due to the anisotropic nature and high tensile strength of FRP, proprietary design guidelines must be
followed for a successful reinforced concrete system. There are currently only a few publications
dedicated to providing specifications for the use of FRP as concrete reinforcement. Some of the major
organizations that have produced such documents in recent years include the Japanese Society of Civil
Engineers (JSCE), the Canadian Standards Association (CSA), and the American Concrete Institute
(ACI).
Much of the specimen design and background information for this research is based on the ACI 440.1R06. This publication has been derived from international sources of experimental, analytical, and field
observation studies. According to this publication, despite several successful applications of FRP
reinforcement, there is still great demand for continued research to improve the performance of FRP
reinforcement for factors such as fire resistance, durability, bond fatigue, and bond splicing (2006).

2.1.3 Economic and Environmental Effects
Much attention is focused on FRP as a reinforcement alternative, due to the existing state of the U.S.
economy in combination with an aged infrastructure with many facilities nearing the end of their design
lifespans. A study initiated by the National Association for Corrosion Engineers (NACE) and released by
the Federal Highway Administration (FHWA) indicated that of the 583,000 bridges in the U.S., about
35,250 have been deemed structurally deficient due to corrosion of steel reinforcement. The rehabilitation
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and future maintenance of these deficient bridges is estimated to cost up to $8.3 billion dollars in the next
10 years. This value can be increased by a multiple of 10 to account for indirect costs to people and
industries affected by these actions (Koch et al. 2001). These estimates serve as a good indicator of the
importance for a solution to concrete reinforcement corrosion. A reliable non-corrosive alternative could
greatly reduce these costs in the future.
Katz (2004) performed an environmental impact evaluation of the use of FRP reinforcing bars as a direct
replacement for steel rebar. This study included a “cradle to grave” analysis of similarly designed bridge
decks considering the erection, maintenance, and disposal periods of the structures lifetime. The
maintenance stage showed the most significant difference of 36% in the point system of the Eco Indicator
99 lifecycle impact assessment tool. This point spread can be owed to the nearly non-existent amount of
maintenance required by the FRP reinforced deck. The resulting data from the Eco-indicator 99 analysis
concluded that an environmental load reduction of approximately 50% could be achieved through the use
of FRP reinforcement rather than conventional steel rebar.

2.2

Conventional FRP Concrete Reinforcement

Literature published regarding the structural performance of conventional GFRP bars was examined in
order to develop a background on the benefits and faults of the currently commercially available material.
This information is used to address the inherent issues of GFRP reinforcement. The different factors of
reinforced concrete structural behavior have been categorized and described in the following sub-sections.

2.2.1 Bond
ACI 440.1R-06 (2006) states that bond force is primarily transferred by the following factors:
 Adhesion resistance (chemical bond)
 Friction resistance
 Mechanical interlock (interface irregularities)
While adhesion and friction resistance are expected to have negligible change with the use of the
proposed reinforcements, the mechanical interlock function is expected to be improved greatly. Unlike
the mechanical bond that is achieved by surface deformities in straight FRP bars, the interlocking action
will be achieved through the integration of the reinforcement geometry as described in section 1.2.3 of
this report.
Studies of bond performance of FRP internal reinforcement have been an area of demand for future
research in FRP concrete reinforcements (ACI Committee 440, 2006; Porter & Harries 2007). Studies
conducted by Okelo and Yuan (2005) indicated that bar diameter, spacing, and embedment all have large
influences on reinforcement bonding as well as bar deformation geometry. Standardizing the deformation
contribution of bond effects presents a challenge since there is no current publication stating
manufacturing standards (such as ASTM A 616/A applies for steel reinforcement). Several techniques for
bar geometry deformation are currently used; these include sand-coating, surface texturing, helical wraps,
grooving, and resin deformation. Each of these forms of geometry deformation exhibit different
mechanical properties, making standardization of performance prediction difficult.
While evaluating the bond strength guidelines published in ACI 440.1R -06, Harajli and Abouniaj
(2010) compared the bond performance and behavior of both ribbed and fiber wrapped GFRP
reinforcing bars with spliced and pullout specimen configurations. Their observations concluded
that bond strength is largely dependent on the mechanical actions controlled by surface
deformations since the ribbed reinforcement exhibited more splitting failures in the concrete matrix
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rather than pullout de-bonding. It was also stated that regardless of the reinforcement type, the
GFRP bond strength was observed to be two to three times lower than steel reinforcement. This
work indicates that capitalizing on the mechanical action of the concept reinforcement bond strength
can greatly be increased.

2.2.2 Deflection
The serviceability design recommendations of ACI 440.1R-06 (2006) indicate that FRP reinforced beams
are by nature less stiff than steel reinforced beams. The following traits of FRP reinforcement are the
cause of this reduced stiffness in FRP reinforced concrete beams:
 Relatively lower modulus of elasticity than steel
 Brittle-elastic nature
 Bond characteristics
As a result of this decreased stiffness, ACI 440 states that serviceability deflection criteria typically
control the design.
The ACI 440.1R-06 refers to the ACI 318 “Building Code Requirements for Structural Concrete” (2011)
for controlling deflections. Two design methods are provided in this code for one-way flexural members:
the direct method of limiting computed deflections and the indirect method of limiting member thickness.
The direct method is required to be used by the ACI 440.1R-06 due to the different material properties of
steel reinforcement for which the ACI 318 minimum thickness requirements are based on.
Traditional methods for calculating deflection involve the use of the effective moment of inertia (𝐼𝑒 );
however, it was proposed by studies from Bishoff and Gross (2011) that this over-predicts the true
deflection values. Empirical factors are applied to the traditional deflection calculations, as prescribed by
ACI 440.1R-06. However, the application of these factors is limited to rectangular sections of specific
elastic modulus to design strength ratio (𝐸𝑓 /𝑓𝑓𝑢 ) ranges. Bishoff and Gross have proposed the use of the
following a more widely accurate equation for determining the effective moment of inertia:
𝐼𝑒 =

𝐼𝑐𝑟

2
𝑀
[1−𝜂( 𝑐𝑟 ) ]
𝑀𝑎

≤ 𝐼𝑔

where: 𝜂 = 1 −

𝐼𝑐𝑟
𝐼𝑔

[2.1]

2.2.3 Flexure
The flexural design guidelines stated in ACI 440.1R-06 (2006) specify that the flexural capacity is
dependent on the selection of the two modes of failure: concrete crushing or FRP rupture. Since FRP
rupture is often sudden and catastrophic, this decision allows for the marginally more progressive option
of concrete crushing failure to serve as a harbinger to collapse.
The failure mode is controlled with the reinforcement ratio parameter. The concrete crushing mode is
achieved by setting the reinforcement ratio to be greater than the balanced reinforcement ratio (𝜌𝑓 >
𝜌𝑓𝑏 ). The contrary of this is used for FRP rupture (𝜌𝑓 < 𝜌𝑓𝑏 ). The following equation is used to obtain
the balanced reinforcement ratio:
𝑓′

𝜌𝑓𝑏 = 0.85𝛽1 𝑓 𝑐

𝑓𝑢

𝐸𝑓 𝜀𝑐𝑢
𝐸𝑓 𝜀𝑐𝑢 +𝑓𝑓𝑢
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[2.2]

The effect of this controlling parameter was validated by Kassem, et al. (2011) with their experimental
evaluation of 24 full-scale concrete beams reinforced with either carbon, glass, or aramid FRP bars. In
each specimen, the concrete crushing failure mode (𝜌𝑓 > 𝜌𝑓𝑏 ) was designed for the beam, and all beams
failed accordingly. In the interest of observing the tensile capacity of the proposed reinforcement systems,
the FRP rupture mode is used for the design of the experiment specimens.

2.2.4 Shear
ACI440.1R-06 (2006) specifies that the shear contribution of FRP reinforcing bars is comparatively
worse than that of steel reinforced members due to the low stiffness of the FRP flexural reinforcement.
The effect of the low stiffness in the flexural reinforcement leads to a reduced depth to the neutral axis,
ultimately reducing the compressive zone found in the member cross-section and increasing the shear
crack width. This results in a reduction in shear contribution from the compressive zone and aggregate
interlock. This aspect of shear strength is addressed with the constrictive action described in section 1.2.1
where aggregate interlocking and compressive stresses are recovered.
A study conducted by Maitra, et al. (2010) investigated load transfer of aggregate interlocking in
unreinforced concrete pavement. The work confirmed that load transfer is dependent on not only
aggregate geometry, nature of the fractured surface, and fracture area, but also joint opening and load
magnitude. The opening and load characteristics are proposed to be controlled by the constriction aspect
of the proposed reinforcements. By inducing compressive forces, crack openings in the effective region of
the reinforcement presumably close, increasing the normal interaction forces of the crack interface. It is
assumed that this will heighten the effect of aggregate interlock for shear.
Direct shear strength contribution of the flexural reinforcement through the dowel action of the FRP bars
is also postulated to be worse than that of steel due to the weak interlaminar shear strength of FRP (ACI
Committee 440, 2006). Interlaminar shear strength is low in FRP because of the uniaxial nature of the
fibers. FRP does not typically include fibers that transcend the layers bonded by the relatively weak
epoxy matrix. However, it is also stated in ACI 440.1R-06 that off-axis orientation of fibers increases the
shear resistance of the reinforcement, varying with the degree of offset. Off-axis fibers that can contribute
to shear strength are found in both of the concept reinforcement designs as described in section 0.

2.3

Alternative FRP Reinforcements

Hybrid reinforcement systems (HRS) have become a popular alternative reinforcement concept that
utilizes the advantages of FRP materials. They are often pursued due to their potential for achieving
simulated ductility through progressive failure. There have been multiple approaches to designs of HRS
rebar that involve variations in fiber orientation and material.
As an alternative to the linear failure behavior and poor bond strength typically observed in FRP rebar,
Harris, et al. (1998) studied the performance FRP rebar that is created by strategically braiding yarns of
various fiber materials before embedding the braid in a polymer matrix via a pultrusion process. This
HRS rebar exhibited a bilinear stress-strain behavior by inducing progressive failure in a two-step
process. This type of behavior simulates ductility, allowing for a limit-state design approach that would
otherwise not be possible with conventional straight-fiber FRP rebar. Bond strength of the braided rods
also shows improvement over conventional FRP reinforcement since the braiding naturally provides a
textured surface to the rebar. While this solution addresses several inherent issues of FRP reinforcement,
it would not be a viable alternative for most transportation structures since this method requires high
modulus materials in order to function as equivalent to steel reinforcement. Aramid and carbon
reinforcement strands were used for the braided fibers, which have a relative cost of approximately 15-20
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and 8-60 times the price of e-glass fibers, respectively (Mazumdar 2002). The use of these high modulus
fiber materials with their inherent cost mean these braided reinforcements would not be viable for general
use in transportation infrastructure.
In an attempt to produce a ductile composite reinforcement, Etman (2011) also investigated an HRS
reinforcement, but with distinct differences from Harris’s studies. Etman explored the use of
unidirectional composite rods composed of a solid steel or aluminum core, surrounded by one or two
layers of glass, carbon, or a combination of the two fibers. This study was able to achieve ductility with
these HRS rebar, but combinations of carbon fibers and an aluminum core prove to be less efficient than
conventional steel. This was determined to be an insufficient solution for use in general transportation
structures because these rebars still contain a metallic core, and thus the potential for corrosion of the steel
or alkaline damage of the aluminum is still present. The materials proposed for this arrangement are also
more expensive than steel or pure GFRP reinforcement.

2.4

Braided Composite Mechanics

Studies in braided composites were reviewed for their mechanically similar behavior to the proposed
reinforcements. An article produced by Harte and Fleck (2000) investigated the mechanical properties of
several coupon samples of braided composite tubes under tensile forces. These tubes were composed of
braided GFRP at varying helix angles in order to compare the effect that the braid helix angle had on the
failure mechanics of the samples. It was found that the helix angle was the primary influential parameter
in the behavior of these composites, and that with a smaller helix angle the strain measure in the axial
direction of the tube decreased when put into tension. This indicated that in order to avoid excessive
deflection of the reinforcement units, smaller helix angles are more likely to produce stiffer reinforcement
reactions.
Also found in the Harte and Fleck studies was a critical initial helix angle of 𝜃 < 45° that was identified
to be the range at which the tube deformation maintained diameter-reducing (constrictive) properties
when put into tension. This was determined with an analytical outline of the braided composite mechanics
using the following equations defining the transverse strain between strands (𝑒𝑡 ) with respect to the initial
helix angle (𝜃0 ) and the deformed helix angle (𝜃):
𝑠𝑖𝑛 2𝜃

𝑒𝑡 = 𝑙𝑛 (𝑠𝑖𝑛 2𝜃 )
0

[2.3]

This analysis indicates that the prototype design of the concept reinforcement must maintain a helix angle
of (𝜃 < 45°).
A similar study by Ayranci and Carey (2010) investigated the effects of radius of curvature to the analysis
of elastic behavior of braided composites. It compared numerical analysis results providing longitudinal
odulus of flat unit cell (assumed in the Harte and Fleck studies) and curved unit cells of various
curvatures. The results of which were validated with the use of experimental data of braided aramid FRP
specimens. The results of these observations concluded that the curvature does affect the longitudinal
elastic modulus of the composite greatly. The observed difference in longitudinal elastic modulus
between a braided tube of a similar radius of curvature as the concept reinforcement (30 mm [1.2 in]) and
a flat braided section was reported to be about 1.54%. The accuracy of which this occurs is not relevant to
this research. However, the analytical results of the helix angle effects were in good agreement with the
Harte and Fleck findings.
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2.5

Concrete Particle/Aggregate Behavior

The shear strength of reinforced concrete increases after initial cracking due to particle and aggregate
interaction. Ahmed et al. (2010) showed that shear strength supplied by stirrups is provided not only by
the direct axial tension at the point intersection of crack faces and stirrups, but also by the confinement
effects caused by the stirrups. This confinement maintains smaller shear cracking allowing for greater
aggregate interaction between the crack faces. The confining effect will also be present in the
compression zones of both helical and wave reinforcement assemblies, regardless of the presence of
stirrups.

2.6

The Potential Value in Alternative FRP Reinforcing Schemes

The non-corrosive nature of FRP makes it an intriguing alternative to steel reinforcement for concrete
structures. FRP is distinct from steel in many ways, and yet current approaches to using FRP for internal
reinforcement of concrete structures are based on the same cylindrical bar paradigm used for steel rebar.
The literature review has shown that when FRP is used in bar form, the resulting reinforced concrete
beam has more brittle flexural behavior and higher deflection. The FRP bars also have a lower bond
strength. This study investigates an alternative geometrical configuration for FRP reinforcement that is
intended to capitalize on the unique features of FRP and move away from the practice of just replacing
steel with FRP.
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3.

METHODS

This section discusses the processes used in the experimental evaluation of the novel FRP reinforcements.
An explanation of key decisions methodology and data acquisition techniques are provided below.

3.1

Collecting Material Properties

Material properties of the different components of the experimental test specimens were required in order
to perform an accurate design of the beam specimens. Small representative samples of the GFRP and
concrete components were independently created and tested in order to determine the material properties
of these elements representative of the materials as they were fabricated in the lab.

3.1.1 GFRP Material Properties
Fabrication methodologies have a significant effect on the way a composite material ultimately performs.
Physical properties such as fiber volume fraction and selection of matrix material are often governed by
the fabrication of the FRP material. Therefore, a uniform fabrication method was used in all components
of this study in order to maintain consistency in material quality. This allows for more direct comparative
analysis.
There are several commonly used methods for manufacturing FRP components. Typically, commercially
manufactured FRP rebar is produced using the pultrusion fabrication method. For this process, yarns of
glass fibers are drawn through a thermoset resin bath and then immediately through a heated die, which
simultaneously shapes the composite materials and cures the resin. While pultrusion is very practical for
high-volume continuous cross-section items, its limitations in geometric complexity and requirements for
specialized machinery make it an impractical method for the reinforcement prototypes presented in this
study (Mazumdar 2002).
The filament winding process is ideal for producing tubular composites much like the helical
reinforcement in this study. This process involves emitting a resin impregnated fiber yarn from a moving
dispenser onto a rotating cylindrical mandrel. However, the use of this process is impractical for this
study due to the low volume of units required, high initial capital needed for the specialty equipment
required, and the incompatibility of this process with other reinforcement designs (Mazumdar 2002).
The highly customizable production and low capital costs associated with the hand lay-up method,
wherein yarns of glass fiber are coated with an epoxy resin and placed by hand onto a form, made it the
technique of choice for this study. This allows for the practical production of a relatively low quantity of
FRP units to be created. The flexibility of this method allows for the different types of FRP units to be
fabricated in a similar manner, which should make comparisons between the different reinforcement
forms more valid. However, one drawback of wet-layup construction is the potential for variation
between batches.
The glass fiber component of the GFRP composite is Owens Corning ME 3021, a unidirectional
continuous fiber composed of Owens Corning Advantex fibers, which exhibit improved acid resistance
over traditional E-glass fibers. The manufacturer supplied material properties of these fibers embedded in
general purpose polyester resin with a 35.5% class fiber content are listed in Table 3.1. This material was
chosen due its suitability for general GFRP applications, low cost, and versatility.
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Table 3.1 Owens Corning ME3021 Roving Composite Specifications
Property
Dry Range
Wet Range
[Test method]
[MPa (psi)]
[MPa (psi)]
Tensile Strength
59 - 98
58-94
[ASTM D 638]
(8,500 - 14,000)
(8,500 – 14,000)
Tensile Modulus
7,542 - 14,893
5,626-11,562
[ASTM D 638]
(1,094,000 - 2,160,000)
(816,000 - 1,677,000)
Flexural Strength
166 – 307
132-259
[ASTM D 790]
(24,000 – 44,500)
(9,280 – 37,600)
Flexural Modulus
6,939 – 12,065
6,053 – 13,217
[ASTM D 790]
(1,006,000 – 1,750,000)
(878,000 – 1,917,000)
The polymer matrix selected for the GFRP composite is a general purpose epoxy resin manufactured by
System Three. It is a two-part (epoxy resin and hardener) system that yields a medium-modulus hardened
epoxy. The cured material properties of this resin (for ambient temperature cure) are shown in Table 3.2.
Table 3.2 System Three Multi-Purpose Epoxy Resin Cured Properties
Property
Property Value
[Test source]
Tensile Strength
51.71 MPa
[ASTM D638]
(7,500 psi)
Tensile Elongation
11%
[ASTM D638]
Tensile Modulus
2,240.80 MPa
[ASTM D638]
(325,000 psi)
Flexural Strength
86.184 MPa
[ASTM D790]
(12,500 psi)
Flexural Modulus
(350,000)
[ASTM D790]
Heat Deflection Temperature

119°F

Compressive Yield Strength
[ASTM D695]
Compressive Ultimate Strength
[ASTM D695]

(12,000 psi)
(12,500 psi)

A series of five sample GFRP rods were fabricated using the standard hand-layup method. The rods
consisted of a 610 mm (24 in.) straight section with two 152 mm (6 in.) hooked regions at each end to
promote a sufficient bond for anchorage to the testing machine load heads. The upper image in Figure 6
demonstrates the GFRP coupon without the anchorage components.
The hooked ends of sample coupons were cast into anchors made of steel pipe filled with an epoxy resin
(see Figure 3.1). The steel anchors were equipped with a slotted plate on the coupon end to prevent bond
failure between the pipe and the epoxy anchor. A nut was welded to the loading end to be attached to the
loading machine.
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Figure 3.1 GFRP coupon fabrication - (top) w/o anchorage (bottom) anchorage casting frame
During the fabrication of the GFRP coupons, the number of yarns required to fill the lay-up form was
exactly 10 yarns per coupon. This value was then divided by the cross-sectional area of the coupon to get
a yard density value of 0.566 yarns/mm2 (365 yarns/in2) Using this approximate yarn concentration value
with the component cord cross-sections, the number of yarns per cord were calculated as shown in Table
3.3.
Table 3.3 Glass Fiber Yarn Count
GFRP Component

Cord Area

Yarn Count per Cord

Coupon

17.7 mm2 (0.0274 in2)

10

I

31.2 mm2 (0.0484 in2)

17

II

31.7 mm2 (0.0491 in2)

18

III

18.7 mm2 (0.0290 in2)

10

Stirrup

20.2 mm2 (0.0313 in2)

11

The sample specimens were tested in tension according to the ASTM D7205 Standard Test Method for
Tensile Properties of Fiber Reinforced Polymer Matrix Composite Bars (2012). The coupons were loaded
into a United SFM-300KN testing machine shown in Figure 3.2, where the applied loading was measured
by an internal load cell and strain was measured with an extensometer. The results of these tests are
shown in Table 3.4.
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Figure 3.2 GFRP sample specimen in testing machine
Table 3.4 Sample GFRP Rod Test Data
Sample
ID

Width
[mm (in)]

Height
[mm (in)]

Area
[mm2 (in2)]

S11

3.96
(0.156)
2.87
(0.113)
3.61
(0.142)
3.51
(0.138)
3.56
(0.140)
3.51
(0.138)

5.11
(0.201)
5.03
(0.198)
4.88
(0.192)
4.95
(0.195)
5.21
(0.205)
5.05
(0.199)

20.3
(0.0314)
14.5
(0.0224)
17.6
(0.0273)
17.4
(0.0269)
18.5
(0.0287)
17.7
(0.0274)

S12
S13
S14
S15
Average

Ultimate
Tensile
Force
[kN (lb)]
9.68
(2,180)
7.98
(1,790)
7.97
(1,790)
7.94
(1,790)
9.25
(2,080)
8.72
(1,960)

Ultimate
Tensile
Stress
[MPa (ksi)]
309
(69.4)
357
(80.1)
292
(65.7)
295
(66.3)
332
(72.5)
320
(71.9)

Young’s
Modulus
[MPa (ksi)]
34,400
(4,990)
35,200
(5,110)
50,900
(7,390)
36,000
(5,220)
41,200
(5,970)
40,400
(5,860)

3.1.2 Concrete
The model beam specimens are designed to simulate general structural performance that could be
expected in a typical GFRP reinforced bridge component using commercially available GFRP reinforcing
rods. Therefore, concrete properties that would typically be required for transportation structures were
selected from the AASHTO LRFD Bridge Design Specifications (2006). The specifications require the
use of Class A general structural use normal weight concrete. The required properties of this concrete are
listed in Table 3.5.
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Table 3.5 AASHTO Class A Concrete Specifications
Minimum Cement Content
277 kg/yd3 (611 lb/yd3)
Maximum W/C Ratio (by weight)
0.49
6.0±1.5%
Air Content Range [%]
Coarse Aggregate
25.4 mm (1.00 in) - No. 4 sieve
28-Day Compressive Strength
27.6 MPa (4 ksi)
Due to the low volume of concrete required for the model specimens (making a redi-mix truck delivery
impractical), the premixed Quikrete Mix #1101 was selected. Using the manufacturer’s provided
properties to approximate water/mix (w/m) ratios, three sets of concrete sample test cylinders were cast at
varying strengths. These sample cylinders were tested, according to the ASTM C39 Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens, in order to determine an
appropriate w/m for the desired concrete ultimate strength (𝑓𝑐′ ) of 27.58 MPa (4,000 psi). The results
from the tests are displayed in Table 3.6.
Table 3.6 Quickrete Mix #1101 Test Cylinder Data
Target Strength
Cylinder ID
w/m
[MPa (psi)]
1.1
1.2
0.0937
27.58 (4,000)
1.3
1.4
2.1
2.2
0.103
24.13 (3,500)
2.3
2.4
3.1
3.2
0.112
20.68 (3,000)
3.3
3.4

Actual Strength
[MPa (psi)]
ERROR1
35.01 (5,078)
38.89 (5,641)
37.07 (5,377)
29.45 (4,271)
29.34 (4,255)
29.42 (4,267)
32.02 (4,644)
19.03 (2,760)
20.00 (2,901)
20.00 (2,901)
19.28 (2,796)

The values produced by this test are used to derive equation [3.1] for the w/m ratio as a function of
desired strength. For concrete with an ultimate strength of 27.58 MPa (4,000 psi), equation [3.1] results in
a w/m ratio of 0.1025. This ratio is used for the casting of the specimen beams.
𝑤

(𝑚) = −0.00003𝑓𝑐′ [𝑀𝑃𝑎]2 + 0.0004𝑓𝑐′ [𝑀𝑃𝑎] + 0.1143

1

Results for cylinder 1.1 discarded due to equipment error
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[3.4]

3.2

Specimen Design

The concept reinforcement systems presented in this study are being evaluated for their potential as
corrosion-free alternatives to steel bar reinforcements in transportation structures. This is the first
evaluation of this novel concept, thus simple testing conditions are selected in order to obtain data on
standard structural performance characteristics. A rectangular beam girder design was used as the
specimen model prototype. Simple beam mechanics allows for reliable interpretation and analysis of the
reinforcement system. Select dimensions of the prototype beam were maintained throughout this study to
grant simplified comparative analysis procedures between each specimen. The dimensions of the
prototype were then reduced to a 1:3 scale for laboratory testing to ease replication efforts and loading
frame requirements. These dimensions are listed in Table 3.7. Further details of testing configuration are
present in section 3.6.
Table 3.7 Specimen Dimensions
Dimension

Prototype

Model

Beam length

4572 mm (15 ft)

1524 mm (5 ft)

Beam width

609.6 mm (24 in)

203.2 mm (8 in)

Clear cover

50.8 mm (2 in)

16.93

mm(0.6667 in)

3.2.1 Fiber Nomenclature
In order to clarify the difference between the specific components used in the GFRP components, the
following descriptive nomenclature is used throughout this document.
 Strand – A single glass fiber unit
 Yarn – A collection of glass strands that are wound on a spool by the manufacturer
 Cord – A single GFRP component that makes up the unit assembly of the concept reinforcements

3.2.2 Reinforcement
The beam specimens were designed with three unique flexural reinforcement types. Each flexural
reinforcement type was included in two identical beams with shear reinforcement and two without. The
combination of these reinforcement configurations created six unique beam reinforcement assemblies.
Identical pairs of each of these beam specimens (12 total) were created and tested.
The tensile design properties of the GFRP were taken as the average of the results from the sample
coupon test listed in Table 3.3:
 Ultimate tensile stress (𝑓𝑦 ): 320 MPa (71.9 ksi)
 Modulus of elasticity (𝐸𝑓 ): 40,400 MPa (5,860 ksi)
Just as conventional steel reinforcement requires bar deformations to ensure adequate bond to the
surrounding concrete, GFRP requires some form of mechanical resistance at its interface with concrete.
Several techniques have been employed with commercially produced GFRP bars to achieve a similar
effect. Some of the more commonly found techniques in commercial FRP reinforcement are: sandcoating, surface texturing, helical wrapping, deep denting (grooving), and deformations in the resin. Sandcoating was selected for this study due to its compatibility with the hand lay-up fabrication method, and
its ability to achieve adequate bond (Okelo & Yuan 2005).
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3.2.2.1 Flexural Reinforcement Design
The geometric parameters of the specimen flexural reinforcement were chosen to allow for examination
of the following three major characteristics:


Kinematic action vs. Axial loading
The effect of the constrictive action of the proposed reinforcement is compared with the direct
axial force transfer mode of traditional rebar. This is the primary investigation of this research.



Helical vs. Wave
Two different geometries are tested to achieve the desired constrictive action. Both helical and
wave forms naturally tend to straighten when put in tension, which is the desired mechanical
reaction. The effectiveness of one shape over the other is compared.



High vs. Low wavelength
Since there is no previous research on reinforcement geometries of this kind, little is known about
the effects of geometric parameters. The wavelength of the waveform (or helix observed in twodimensional geometry) appears to be the most influential parameter for the function of this
reinforcement. The helical reinforcement is designed with high-wavelength geometry, and the
wave is designed at low-wavelength in order to isolate the effects of the form. By choosing
practical high and low values of the wavelength dimension, the approximate value of the
wavelength with the highest tensile resistance while also providing good constrictive behavior is
targeted. The dimensions of these parameters are shown in Table 3.8.

Table 3.8 Specimen Reinforcement Wave Geometry
Reinforcement type

Cord Angle

Cord Wavelength

II

10°

905.1 mm (35.63 in)

III

45°

59.32 mm (2.335 in)

A complete detailed record of the design calculations and the reinforcement shop drawings can be found
in Appendix A and Appendix B, respectively. The general flexural reinforcement design configurations
are categorized into the following three groups:


Type I (Control)
Composed of a collection of 12 straight rods with a square cross-section.
The bars are placed in three rows consisting of four bars. This configuration is shown in Figure
3.3. This flexural reinforcement type will be applied to beams to be used as control specimens.
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Figure 3.3 Type I flexural reinforcement


Type II
Assemblies consisting of cords cast in an interlaced triple-helix configuration.
Two of these assemblies will be placed at an even spacing in a row in the conventional location
for flexural reinforcement.

Figure 3.4 Type II flexural reinforcement
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Type III
A single mesh assembly consisting of 20 FRP cords formed in sinusoidal shapes that are bonded
together. The cords are interlaced to form a mat configuration. The mat will be placed flat in the
tensile region of the beam.

Figure 3.5 Type III flexural reinforcement
The cross-sectional dimensions were kept similar between all specimens to ease comparative analysis
practices and reduce the skewing of results from size effects. The effective depth of the reinforcement (𝑑)
and cross-sectional area of the reinforcement (𝐴𝑓 ) are specified in Table 3.9.
Table 3.9 Specimen Reinforcement Dimensions
Reinforcement Type

Reinforcement Area (𝑨𝒇 )

Effective Depth (𝒅)

I

374.7 mm2 (0.5808 in2)

164.9 mm (6.493 in)

II

380.1 mm2 (0.5892 in2)

160.6 mm (6.323 in)

III

374.2 mm2 (0.5800 in2)
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163.7

mm (6.444 in)

3.2.2.2 Shear Reinforcement Design
The notation and description of the two shear reinforcement varietals are as follows:

o Type a
Standard shear reinforcement as prescribed by the ACI 440.1R-06. This reinforcement is used to
increase the shear strength of the beam so that it should fail in flexure only, providing an event
that will present data on the performance of the flexural reinforcement being observed.

Figure 3.6 Beam specimens with shear reinforcement
o

Type b
Shear reinforcement will be completely omitted from the beam specimen as seen in Figure 3.3Figure 3.5, which allows the beam to fail in shear, enabling experimental determination of shear
strength gain provided by the prototype flexural reinforcement.

3.2.3 Specimen ID Nomenclature
For the 12 beam specimens presented, the following identification system shown in Table 3.10 has been
devised.
Table 3.10 Specimen Nomenclature
Flexural
Shear
reinforcement reinforcement
a
I
b
a
II
b
a
III
b

Replicate

Specimen ID

1
2
1
2
1
2
1
2
1
2
1
2

Ia-1
Ia-2
Ib-1
Ib-2
IIa-1
IIa-2
IIb-1
IIb-2
IIIa-1
IIIa-2
IIIb-1
IIIb-2

Truncations of the specimen ID indicate all specimens within the nominal grouping (i.e., type IIa
indicates all type II flexural reinforce specimens with shear reinforcing).
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3.3

Specimen Reinforcement Fabrication

While the general lay-up procedure remained uniform for each type of reinforcement, the processes by
which lay-up forms were created and used varies. Logistical and geometric restrictions resulted in
different requirements for each of the reinforcement types. Custom lay-up forms were created in the lab
and were used in different ways.
The basic structure of all of the forms consisted of a silicone channel, supported by a rigid structure.
Molds were created for casting the silicone channels using various techniques as required by the differing
geometries and complexities of the required GFRP components. A two-part tin-catalyzed silicone was
chosen as the form channel material. This allowed for cured GFRP units to easily be removed from the
form, while also allowing for multiple uses of the lay-up forms.

3.3.1 Type I Fabrication
The type I reinforcement required a straight channel for the GFRP lay-up procedure. The lay-up channel
consisted of a prismatic square cross-section in a silicone medium, supported by a rigid acrylic frame (see
Figure 3.7). The acrylic frame serves a dual purpose. The first function is as a channel from which the
silicone form is cast. The second function serves as a straight rigid frame to support the silicone form
while the GFRP lay-up is in progress.
5.56mm.

5 SPA. @ 5.56mm.
= 27.80mm.

12.70mm.

SILICONE
FORM

7.14mm.
50.80mm. 25.40mm.

ACRYLIC
PLATES (TYP.)

5.56mm.

12.70mm.

7.14mm.

Figure 3.7 Type I lay-up jig cross-section
The type I reinforcement is fabricated in a six-phase process in which several custom fabrication
components were created and used. Figure 3.8 illustrates the phases of fabrication for each individual
reinforcing rod produced. Arrows indicate the order in which the phases are executed.
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Phase 1:
Mold assembly

Phase 2:
Silicone form casting

Phase 3:
Reconfiguration of jig
Phase 4:
Fiber lay-up

Phase 4:
De-molding/tooling

Phase 5:
Sand-coating

Figure 3.8 Type I fabrication process
3.3.1.1 Silicone Form
The silicone used for the lay-up form is cast into one side of the form molding side of the frame assembly.
The silicone used is the GI-1110 produced by Silicones, Inc., which is specifically formulated for
molding. It was chosen for its high flexibility and high chemical resistance, making the de-molding
process of the GFRP forms reusable for several of the required castings.
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Figure 3.9 Silicone casting in type I mold
3.3.1.2 Lay-up Jig
After the silicone had fully cured, the acrylic plates which make up the mold were carefully disassembled
and the silicone form was removed. The acrylic frame assembly was then reassembled, and the silicone
form was fitted into the form support side. Additional support blocks were added to each end of the
acrylic frame, which provides stabilization and locations for fiber anchors.

Figure 3.10 Type I lay-up jig
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3.3.1.3 GFRP Lay-up
The lay-up process began with anchoring the first yarn (single unit of fiber grouping wound on a spool) of
the ME 3021. The activated epoxy (epoxy/hardener mixture) was then applied as a thin coat onto the
empty form in order to ensure full saturation at the fiber/form interface. The yarn was straightened to
ensure all fibers in the grouping were aligned and no knotting had occurred. The yarn was then cut to
length and a tensioning weight was attached to its free end in order to maintain slight tension in the fibers
to keep them aligned during the lay-up process. The yarn was coated in the epoxy resin and placed into
the form channel. The yarn was gently pressed into place with a brush to remove voids and promote fiber
alignment. This process was repeated until 17 yarns were saturated and placed.
3.3.1.4 De-mold/tooling
After curing, the GFRP was removed from the form. This begins with cutting the ends of the GFRP rod to
remove the tensioning weights and anchorage point. The silicone form containing the GFRP was then
removed from the acrylic frame and flexed to release the GFRP rod. The rod was then examined for flaws
and, if deemed necessary, excess hardened epoxy was ground off. The inspected and cleaned rod was then
trimmed to 1.4891 m (58.625 in.) to comply with clear cover requirements for a 1.524 m (60.00 in.) long
beam.

3.3.2 Type II Fabrication
The type II GFRP reinforcement was cast in several large units, requiring two per beam. This process
requires a cylindrical form onto which the GFRP composite can be cast, while allowing for a repeatable
de-molding procedure. The diagram seen in Figure 3.11 outlines the multi-stage process that was used to
fabricate this reinforcement.
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Phase 1:
3D printing form molds
Phase 2:
Casting silicone forms

Phase 3:
Assembling jig

Phase 6:
Sand-coating

Phase 4:
GFRP Lay-up
Phase 5:
De-mold/tooling

Figure 3.11 Type II fabrication process
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3.3.2.1 Form Molds
Due to the complex geometric requirements for the type II forms, custom 3D printed molds were used to
fabricate the silicone form components. The mold was printed with ABS plastic on an Afinia H840 3D
printer shown in progress in Figure 3.12.

Figure 3.12 3D printing in progress of type II form molds
Three-dimensional shapes for these molds were designed in AutoCAD. The channels that the GFRP are
cast into were achieved by the spiraling protrusions on the interior of the mold. The topography of the
mold includes centering pegs to keep the inner post at an appropriate distance from the sides of the mold.
Pegs and holes are also designed to insure alignment between mold sections. These various components
are annotated in Figure 3.13.

Figure 3.13 Rendering of the type II mold
The three-dimensional drawing was exported into an stereolithography (.stl) file and imported into the
proprietary Afinia software. The Afinia software then created a command code that was loaded onto the
internal memory of the Afinia H840 printer, and the mold was printed.
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The mold was created in three sections to allow for easier de-molding. The forms produced from this
mold are a repeatable pattern that was duplicated to provide the silicone forms for the full length of the
jig.

Figure 3.14 Type II assembled mold unit
3.3.2.2 Silicone Form
The mold was closed around the bottom of the support dowel and the same GI-1110 silicone that is used
for the type I forms was poured into the open area between the mold and the dowel. Silicone was allowed
to fill the bottom two sections of the mold completely, while the top section was only partially filled.

Figure 3.15 Type II silicone casting
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Although three sections were used, the silicone that fills into the third section of the mold was trimmed
away so that a cleanly cut edge can be achieved for proper alignment when the forms are placed in series
on the dowel. Figure 3.16 shows a finished mold section that was replicated seven times in order to
complete the type II jig.

Figure 3.16 Type II silicone form mold
3.3.2.3 Jig
The form sections were placed in an alternating pattern as demonstrated in Figure 3.17. With the common
ends matching, the grooves in the forms are aligned to be continuous for the entire length of the jig.

Figure 3.17 Type II form section configuration
A 3D printed end cap was created and attached to the support dowel at the bottom of the forms. This end
cap served to keep the form sections in place, as well as to align the fiber yarns as they are wound through
the jig. The jig was suspended from the ceiling for the lay-up process.
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Figure 3.18 Type II lay-up jig
3.3.2.4 GFRP Lay-up
The procedures for the type II reinforcement were similar to that of the type I. A light coating of activated
epoxy resin was first applied to the channels of the form. The ME 3021 was anchored at the end of the jig
and thoroughly coated with the epoxy resin before being placed into the form channel. After a yarn had
been placed into a channel, it was wound around an anchor point, saturated in epoxy, and passed through
a new channel. This process was repeated until the yarn passed through each of the six available channels.
A tensioning weight was then fixed to the end of the fiber and suspended below the form. The yarn was
then brushed down to remove voids and align fibers in each channel. A total of 18 yarns were placed in
this manner before the GFRP composite was left to cure.
3.3.2.5 De-molding/tooling
After the GFRP had cured, the superfluous fibers attached to anchor points and tensioning weights were
then trimmed off. The interior supporting dowel was extracted from the silicone forms. This allows the
silicone forms to be collapsed into the center of the GFRP component and removed.
Burs and excessive epoxy build-up were ground away from the GFRP. The type II unit was then trimmed
to the same 1.4891 m (58.625 in.) as the type I component.

3.3.3 Type III Fabrication
The type III reinforcement assemblies were configured in such a way that the entire reinforcement unit
cannot be cast together in the manner that the type II was. The type III reinforcement is composed of a
series of interlaced sinusoidal shaped cords of GFRP. This configuration required that one cord be cast at
a time using the standard hand lay-up procedures on a collection of “half-wave” shaped silicone forms.
These individual cords were manually interlaced and secured together to form the type III mat. The
diagram in Figure 3.19 illustrates this process.

32

Phase 2a:
Casting of support block mold

Phase 1a:
3D printing master support block

Phase 5:
Casting silicone form mold

Phase 1b:
3D printing form mold

Phase 6:
De-molding form component

Phase 3a:
Casting of support block

Phase 4a:
De-molding support block

Phase 7:
Mounting form components

Phase 8:
GFRP lay-up

Phase 9:
De-molding/tooling

Phase 10:
Interlacing/tying GFRP strands

Phase 11:
Sand-coating

Figure 3.19 Type III fabrication process
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3.3.3.1 Support Block and Form Mold
Similar to the type II form molds, the complex geometry of the type III reinforcement assemblies
necessitated the use of custom 3D printed form molds. A rigid support block was required to support the
flexible silicone form in the type III jig. In order for adequate functionality, the support block topography
was required to have the following features:
 Form curvature – Curved surface at the interface of the silicone form to supply even support along
the lay-up channel
 Fastener hole – A method of fixing the support block to a flat panel
 Silicone ties – Geometry that will maintain the attachment of the silicone form to the support block
 Alignment keys – Structures that correspond to shapes in the form mold
The entire type III jig required 130 of the silicone forms, so five molds were created using the master
support block to facilitate mass replication. The support block mold was created from two separate
silicone pieces that make up a two-part closed mold. Each part of the mold was cast individually with
alignment keys, a filler gate, and a vent created during the castings. Figure 3.20 shows one of the finished
support block molds.
The support block was then cast out of epoxy resin. The molds were closed and activated resin was
poured into the filler gate. The casting was allowed to fully cure before the support block is de-molded
and trimmed. Figure 3.20 shows the finished support block.

Figure 3.20 Type III (left) support block mold (right) support block
A mold was required for casting the silicone form onto the support blocks. This was also created with the
use of 3D printing. The mold contains the corresponding key ridges to the notches found on the support
block. When in place, the support block was suspended above the bottom of the mold to allow space for
the silicone form to be cast, as demonstrated in Figure 3.21.
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Figure 3.21 Type III form molds and support blocks
3.3.3.2 Silicone Form
The activated silicone mixture was cast into the form mold with the support block inserted into the mold.
Excess silicone was then cast off level with the top of the mold. After curing, the support blocks with
their attached silicone forms were removed from the mold.
3.3.3.3 Mounting Form Components
The forms were fixed to a flat panel in an alternating pattern. The forms were laid out in five rows of 26.
Posts were also fixed to the panel to serve as an anchorage and diversion points for the required fiber yarn
outside of the silicone forms. A diagram of this configuration is shown in Figure 3.22. Removable bolts
were used as fasteners to allow for repeatable de-molding. Figure 3.23 shows a series of the mounted
forms.
Anchor post
Diversion posts
Diversion
posts

Anchor post

Figure 3.22 Type III form configuration diagram
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Figure 3.23 Type III form configuration
3.3.3.4 GFRP Lay-up
A thin coating of the activated epoxy mixture was applied to the casting surfaces of the forms before the
fiber yarn was placed. Fiberglass yarns were fixed to an anchor point on the panel on one end of a row of
forms. For each of the five rows, the yarn was individually coated with the epoxy and wound into each
form notch. When transitioning to the next row of forms, the yarn was strung across the intermediate
diversion post and continued into the next row, as demonstrated in the yarn path diagram in Figure 3.24.
After each yarn had been cast into each row, a tensioning weight was suspended on the end for the yarn.
After a tensioning weight was placed, the form was brushed over to remove voids and align the glass
fibers. The process was repeated until a total of 10 yarns occupied the jig.

Yarn path
Figure 3.24 Type III yarn path jig diagram
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3.3.3.5 De-molding/Tooling
After the GFRP cords were allowed to cure, they were removed from the lay-up jig. The superfluous fiber
material attached to the tensioning weights and various posts were removed. Every other silicone form
was then removed and the GFRP cords were pried from the remaining forms. The cords were then cut to
length as done in the other reinforcement fabrication procedures. The cords were also inspected for major
flaws and trimmed of excess cured epoxy.
3.3.3.6 Interlacing
After the individual type III GFRP cords were de-molded and tooled, the cords had to be assembled into a
mat configuration. This process began with weaving the individual cords together into a 4-cord unit as
shown in Figure 3.25. The 4-strand unit is configured so a pair of GFRP cords lies independently on a
plane that perpendicularly intersects the plan of another pair of cords.

Figure 3.25 Assembly process of type III reinforcement
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Five individual 4-cord units are then fixed together at the extremities of the units. The cross-sections
represented in Figure 3.26 demonstrate the two different possible joining configurations that occur in an
alternating pattern along the mat assembly.

Connected Strands

Connected Strands
Connected Strands

Connected Strands
Figure 3.26 Type III mat assembly diagram
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3.3.4 Stirrup Fabrication
For the stirrup fabrication, a multi-phase process was employed. This process involves the fabrication of
silicone forms which were used in the assembly of a lay-up jig that has the capacity of casting five
stirrups at a time. After the casting and curing process, the GFRP stirrups were sand-coated to promote
adequate bond strength. The entire fabrication process is outlined in the diagram in Figure 3.27.

Phase 1:
Acrylic form mold assembly

Phase 2:
Silicone form casting

Phase 3:
Jig assembly

Phase 4:
GFRP lay-up

Phase 5:
De-molding/tooling
Phase 6:
Sand-coating

Figure 3.27 Stirrup fabrication procedures
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3.3.4.1 Form mold
The stirrup form molds consist of four layers of 4.50 mm (0.117 in.) thick acrylic plates that were bolted
together. These plates include base, support, and mold ring components that are labeled in Figure 3.28.
The base plate provides a flat surface for the other plate components to be fastened to. The interior
support plates act as a rigid structure for the silicone form to rest on and are not removed after the
molding process. The outer mold ring plates give shape to the lay-up channel and are removed after the
silicone is cast and cured. The shape of these acrylic plates were achieved by laser CNC cutting to create
a cavity of the required geometry of the silicone form. Figure 3.29 shows the complete stacked
configuration of the form mold.
Support
Plates

Base Plate
Mold Ring
Plates

Figure 3.28 Separated layers of the stirrup form mold

Figure 3.29 Stirrup form mold
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3.3.4.2 Silicone Form
The activated silicone was cast into the cavity of the form mold. It was then struck-off along the face of
the mold and support plates and allowed to cure. After curing, the mold ring plates were removed, leaving
the silicone form around the inner support plates. Figure 3.30 shows the form mold before and during
casting.

Figure 3.30 Stirrup form mold before (left) and during (right) silicone casting
3.3.4.3 Jig Assembly
The silicone forms were mounted onto a flat panel surface in series. They were aligned to facilitate
multiple simultaneous castings. Anchor and diversion posts were also mounted on the panel to provide
support for the necessary sections of fiber yarns that do not pass through the forms.
3.3.4.4 GFRP lay-up
The silicone form molds were coated with a thin layer of the activated epoxy. Fiberglass yarns were then
fixed to the anchor point on the panel and extended to align the glass fibers. The yarn was then coated
with the activated epoxy along the estimated length that will pass along the silicone form. The coated yarn
was then placed into the form channel and another section of yarn was prepared and placed until the yarn
had been placed in all of the five casting forms. At the end of the last form, small weights were fixed to
the free end of the yarn to act as tensioning devices.
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Figure 3.31 GFRP lay-up of stirrups
3.3.4.5 De-molding/tooling
The GFRP was trimmed of all excess fibers and the stirrups were removed from the jig along with the
silicone form. The silicone was removed from the stirrup and returned to the jig. Significant burs and
unnecessary epoxy was ground off.

3.3.5 Sand-coating
The standard sand-coating procedure was used to coat all the GFRP components created. In this
procedure, a thin layer of the epoxy resin was applied to its surface. Sand was then poured onto the GFRP
and it bonds to the uncured epoxy. The component was then placed on a rack until the epoxy was fully
cured.
For the select components of the flexural reinforcement, allowances had to be made for the
instrumentation of the reinforcement with strain gauges. Bare GFRP is needed for proper adhesion, so
sections of the GFRP cords (two per specimen) were masked at the mid-span before sand coating.

3.3.6 Reinforcement Strain Instrumentation
The tensile stress experienced by the reinforcement used in the specimens was monitored through a
network of foil strain gauges. The KFH-10-120-C1-11L3M3R series gauges from Omega Engineering
Inc. were fixed to the exposed GFRP near the mid-span of the flexural reinforcement where reinforcement
strain was expected to be the greatest as caused by the maximum moment of the beam. Using this beam
geometry, the equations [3.2] and [3.3] are given to provide the maximum moment and shear forces given
a load provided and measured by the hydraulic actuator.
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Figure 3.32 Force location analysis
𝑙

𝑀𝑚𝑎𝑥 = 𝑃 (6) = 0.2371𝑚 ⋅ 𝑃
𝑉=

𝑃
2

[0.9444 𝑓𝑡 ⋅ 𝑃]

[3.5]
[3.6]

Two strain gauges were located at the upper and lower extremities in order to monitor the strain gradient
that varies as a function of beam depth. A cyanoacrylate adhesive was used to bond the gauge to the
GFRP surface. A thick coating of epoxy was then applied to the gauge and exposed wires to protect the
gauges during the concrete casting.
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3.3.6.1 Type I Strain Gauge Configuration
In order to locate strain gauges at the top and bottom extremities of the reinforcement groups, two rods
from the type I group were instrumented. The instrumented rods were then configured with one located in
the upper row of reinforcement and one located in the bottom row of reinforcement. This configuration is
shown in a diagram in Figure 3.33.

Instrumented rod

Instrumented rod
Figure 3.33 Type I strain gauge location

Figure 3.34 Type I strain gauge
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3.3.6.2 Type II Strain Gauge Configuration
To align the strain gauges with the loading axis of the type II reinforced beam, they were attached at cord
intersections located near the mid-span of each reinforcing unit as shown in Figure 3.36. The
reinforcement units are oriented so that the gauges are located in the upper and lower extremities of the
reinforcing system. A diagram of this configuration is shown in Figure 3.35.

Instrumented strand

Instrumented strand

Figure 3.35 Type II strain gauge location

Figure 3.36 Type II strain gauge
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3.3.6.3 Type III Strain Gauge Configuration
Two cords in each of the type III assemblies are instrumented at a wave peak near the mid-span of the
reinforcement. During the assembly of the type III mats, the instrumented cords are oriented to locate the
strain gauges at the top and bottom of the mat as shown in Figure 3.37.

Instrumented strand

Instrumented strand

Figure 3.37 Type III strain gauge location

3.3.7 Reinforcement System Assembly
After strain instrumentation was installed on the GFRP reinforcement, two sets of the six different
assemblies described in section 3.2.2 are assembled. Eighteen-gauge tie wire was used to fasten all
connections. All of the beams are configured according to the design specifications and drawings shown
in Appendix A and Appendix B, respectively.

Figure 3.38 Type Ia reinforcement assembly

46

3.4

Casting/Curing of Concrete

The concrete for the specimens was cast in four separate pours with three concrete cylinder samples taken
from each pour. The cylinders were tested following the ASTM C39/C39M-12a. Table 3.11 shows the
ultimate compressive stress (𝑓’𝑐 ) results of these tests.
Table 3.11 Specimen casting concrete cylinder compression test results
Pour ID

Specimen ID

Ultimate Compressive
Stress (𝒇′𝒄 )

A

Ia-1, Ia-2, Ib-2

27.189 MPa (3943.5 psi)

B

IIa-1, IIa-2, IIb-2

23.242 MPa (3370.9 psi)

C

Ib-1, IIb-1, IIIb-2

29.836 MPa (4327.3 psi)

D

IIIa-1, IIIa-2, IIIb-1

22.183 MPa (3217.3 psi)

Reusable wooden forms were developed for the concrete casting of each specimen. All surfaces of the
form to be in contact with concrete were treated to reduce water absorption during the initial curing.
The pour procedures were identical for all four of the specimen beams; 0.27 yd3 of the Quikrete mix
#1101 is mixed for each pour. A w/cm ratio of 0.11 is used in order to achieve an ultimate compressive
strength of approximately 27.6 MPa (4 ksi). The concrete was poured into the forms to a depth of 203 mm
(8 in.), and a mechanical vibrator was used to consolidate concrete to all parts of the form. After a 24hour initial cure, the specimens were removed from the form where they were cured in the lab. Plastic
covering was used to cover the specimens during the 28-day cure time to retain moisture.

Figure 3.39 Specimen forms assembled with reinforcement in place for pour B
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3.5

Instrumentation

3.5.1 Deflection Monitoring
The mid-span deflection behavior of each beam specimen was monitored with the use of a string
potentiometer transducer. A sacrificial string was run from an anchor point at the mid-span on the bottom
of the specimen. The string was diverted to the string potentiometer located in a protective housing to
avoid possible damage from the failing beam shown in Figure 3.40. The string potentiometer produces a
resistance that was read and recorded by the CR 1000.

String pot.
housing

Figure 3.40 String potentiometer arrangement

3.5.2 Force Monitoring
The force applied to the beam was determined by monitoring the load forces applied by the actuator and
resulting load effects, i.e., moment and shear, were computed. The p-delta transducer within the actuator
was used to apply the desired force. Specifically, it is an internal force sensor housed in the MTS 244.23
hydraulic actuator. The signal this sensor provides was first read by the MTS Flextest GT. The Flextest
GT applied calibration adjustment and relayed the signal to a Cambel Scientific CR1000 data logger.
From the force data that were recorded in the CR1000, the corresponding shear and maximum moment
values found in the specimens was calculated using the beam geometry presented in Figure 3.41.
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3.6

Testing Procedures

The 12 specimens were all tested using the same self-reacting loading frame. A rendering of this loading
frame is shown in Figure 3.40. The Ia-2 and Ib-2 specimens were tested under load control conditions
with a constant loading rate of 453.6 kg/sec (1,000 lb/sec). Due to unstable control errors produced by the
hydraulic actuator system, the remaining specimens were tested in deflection control with a displacement
rate of 0.01577 mm/sec (0.0006209 in/sec). For both of these loading methods, force was applied to the
specimen until complete collapse occurs or deflections well above serviceability thresholds are reached.

Figure 3.41 Testing frame rendering
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4.

EXPERIMENTAL RESULTS

The 12 beam specimens were tested to determine their behavior in multiple facets of structural
performance. During the experimental testing, three types of data were collected for the duration of
loading until significant failure was achieved where ultimate strength and serviceability states were
exceeded. Table 4.1 describes the various sources of data recorded from the tests and the structural traits
that are derived from these sources.
Table 4.1 Specimen Data Outline
Data Source
Applied loading
Beam deflection
Reinforcement strains

Structural Traits
Flexural Strength
Shear Strength
Deflection Behavior
Beam Stiffness
Average reinforcement stress
Maximum reinforcement stress
Strain gradient

Each test was videoed and photographed in order to create a record of the visible damage that resulted
from the loading. This visual evidence was used to sync and categorize visible damage events with
internal events that were monitored with the specimen instrumentation. The categories used to define the
damage events are as follows:
 Flexure-tension cracking (F-T)
Cracking caused by flexural forces in the tension zone typically located at the bottom portion of
the beam between the loading points, and propagating upward
 Flexure-compression cracking (F-C)
Cracking caused by flexural forces in the compression zone typically originating along the top
portion of the beam spanning horizontally, and propagating outward toward the loading points
 Flexural compression swelling (F-Cs)
Visible upheaval caused by flexural micro-cracking in the compression zone at the top of the
beam between loading points and expanding upwards
 Shear (Sh)
Diagonal cracking caused by shear forces at the regions between the loading points and the
supports
 Interface slipping (IS)
The sudden shifting of fractured concrete along the fracture interfaces
 Internal compression (IC)
Cracking caused by internal constriction forces originating near the mid-span at the level of the
flexural reinforcement and propagating outward
The following sections provide a description of the given key structural behaviors for each specimen.
Behaviors unique to each type of specimen will also be described in detail, followed by a discussion,
interpreting of the sources of the unique behaviors.
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4.1

Flexural Strength Behavior

4.1.1 Type Ia - Conventional Beam with Stirrups
4.1.1.1 Ia-1 Results
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After previous testing attempts2, the beam was successfully loaded to failure. During the loading, three
types of failure modes (F-T, F-C, and Sh) were indicated by crack initiation and propagation before a
sudden complete collapse occurred. Figure 4.1 shows a chronological record of events with maximum
resisting moment and reinforcement strain values throughout the procedure.
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Figure 4.1 Ia-1 testing events
This specimen exhibited unique behaviors with the presence of flexural-compression damage. Flexuralcompression swelling began to manifest when the resisting moment reached 28.6 kN-m (21.1 kip-ft.).
This was just before the ultimate moment was reached at 28.9 kN-m (21.3 kip-ft.).
In the testing of this specimen, visible compression cracking occurred in four phases. These flexuralcompression cracks began forming at the mid-span near the top of the beam. New cracks formed,
progressing downward through the beam as shown in the series of images in Figure 4.2.

2

Testing was first attempted under load-controlled conditions 453.6 kg/min (1 kip/min). Loading reached 11.71 kip
and the actuator used began experiencing an unstable feedback loop. The loading procedure was then aborted.
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F-C (1)

F-C (2)

F-C (3)
Figure 4.2 Compression cracking

F-C (4)

The next significant events in the testing procedure involved two occurrences of crack interface slipping
in the compression damaged zone. These slips occurred at 26.3 kN-m (19.4 kip-ft.) and 23.6 kN-m (17.4
kip-ft.). Both slipping events produced significant drops in resisting moment.
A sudden flexural-tension crack completely fracturing the full cross-section of the beam occurred at a
maximum moment of 18.4 kN-m (13.6 kip-ft). This weakened the total beam resisting moment by about
12 kN-m (8.85 kip-in.). It is after this failure that the beam was considered completely failed, and the test
stopped.
4.1.1.2 Ia-2 Results
Loading of the Ia-2 specimen was advanced until it exhibited damage characteristics from flexuralcompression immediately before the complete tensile failure of the reinforcement at the time of failure.
Figure 4.3 shows a chronological record of the damage events compared with maximum moment and
reinforcement strain values throughout the procedure.
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Figure 4.3 Ia-2 testing events
At a resisting moment value of 14.1 kN-m (10.4 kp-ft.), the specimen began exhibiting signs of visible
flexural-tension crack initiation at the bottom of the beam. These cracks continued to propagate vertically
upwards throughout the loading period.
Visible compression damage began to show at an ultimate moment of 28.3 kN-m (20.9 kip-ft.). This
damage is characterized by horizontal cracks ranging from 25–50 mm (1 - 2 in.) below the top surface of
the beam, and extending approximately 130 mm (5.12 in.) from the mid-span in each direction until they
terminate. Just after the ultimate load was achieved, complete collapse of the beam occurred as a result of
flexural-tensile failure.
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Figure 4.4 Ia-2 compression damage
4.1.1.3 Discussion
The flexural-compression damage behavior exhibited in the Ia-1 specimen is typically desired for GFRP
reinforced concrete beams according to current standards (ACI 440.1R-06). This compressive damage
behavior is designed into the beam in order to promote progressive failure in lieu of beam ductility
achieved by using steel reinforcement. This was not the intention of the specimen design though, and it is
thought that this compressive failure has occurred due to the quality of the concrete. In this experiment,
the isolated behavior of the GFRP reinforcement without the influence of concrete failure is desired.
Therefore, the data from the Ia-1 specimen were discarded from further analysis.
The specimen Ia-2 exhibited typical tension controlled flexural behavior with the complete tensile
fracture of the GFRP reinforcing bars. This specimen will be regarded as the typical expected behavior
for conventional GFRP reinforcement under tensile control conditions.
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4.1.2 Type IIa – Helical Reinforcement with Stirrups
4.1.2.1 IIa-1 Results
By observing the progressive damage patterns of the shear reinforced helical GRFP specimen IIa-1, it can
be noted that flexural cracking forms at regular intervals along the bottom of the beam (represented by the
red annotations in Figure 4.5). However, this cracking terminates at the approximate level of flexural
reinforcement, and no further flexural-tension crack propagation appears. The termination points of these
cracks are ultimately joined by horizontal cracking running parallel to the flexural reinforcement.

F-C
IC

F-T
Reinforcement location

Figure 4.5 Specimen IIa-1 annotated failures
The beam reaches its ultimate loading with a resisting moment of 26.7 kN-m (19.7 kip-ft.). After this
point, flexural-compression damage begins to manifest in several stages as shown in Figure 4.6. The first
of two sudden compression failures initiates and a 38.1 mm (1.50 in.) section of concrete spalls off the top
face of the beam between the loading points (see Figure 4.5). The loading was continued until the
flexural-compression damage completely depleted the beam resistance.
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Figure 4.6 IIa-1 testing events
4.1.2.2 IIa-2 Results
The primary failure location of the IIa-2 specimen was located outside of the maximum flexural moment
zone. Signs of shear and flexural-tension damage were evident in the failure of this specimen. The testing
events shown in the chart in Figure 4.7 indicate that early signs of shear damage in the form of diagonal
cracking that widened as loading progressed.
Flexural-tension cracking then appeared when the moment reached approximately 12.8 kN-m (9.44 kipft.). The resisting moment to continue to climb to a peak value of 25.6 kN-m (18.9 kip-ft.) before it began
to shed load. A sudden flexural-compression failure event then occurred shortly after the beam’s force
resistance began to drop. This flexural-compression cracking appeared to influence the widening and
internal slipping of the initial shear crack formation until virtually no loading was being resisted by the
beam. The image in Figure 4.8 indicates the varieties of damage visible and relative locations after the
testing procedures.
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Figure 4.8 IIa-2 annotated failure
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4.1.3.1 Discussion
Flexural-tension failure mode was partially achieved during testing of these specimens; however, the
ultimate failure appeared to be primarily controlled by a concrete compression failure mode. While
unwanted flexural-compression damage was experienced, the damage behavior of the IIa-1 specimen
provided strong indications of the intended constriction effect of the flexural reinforcement. These
indications are shown by the presence of the horizontal internal cracking.
The failure behavior of specimen IIa-2 did not comply with the intended design of the specimen. Loss of
beam depth from concrete compression failure is thought to be the source of the inconsistent behavior.
Since significant flexural-compression damage did not occur until the time that ultimate strength was
reached, data during the load gaining stage of the test will be used for analysis.
The effectiveness of the reinforcement configuration used in both these specimens is supported by the
flexural-compression failure mode that the specimen exhibited. This indicates that the beam may be overreinforced for tension controlled conditions to occur. An over-reinforced condition was not present in the
Ia-2 control specimen, meaning that flexural gains could have been achieved by the concept
reinforcement geometries.

4.2.1 Type IIIa – Wave Reinforcement with Stirrups
This series of reinforcement combines the sine wave mat with shear stirrups to induce flexural forces to
act as the primary mode of failure. Despite the maximum moment being located between the loading
points, both beam failures occurred outside of the two loading areas. After the initial concrete fractures, a
region of progressive load “stepping” was observed with load linearly increasing and then suddenly
shedding load. The stepping continued with a downward trend until no loading was being resisted.
4.2.1.1 IIIa-1 Results
The key unique behaviors exhibited by the IIIa-1 specimen can be isolated into three different stages of
loading. The first of which is identified as the initial “load-gaining” stage, at approximately 0–375
seconds of the testing duration, where the beam generally resists the advancement of loading from the
actuator. During this stage the cracking moment is achieved at approximately 5.74 kN-m (4.23 kip-ft.)
where a dramatic loss in stiffness occurs and then is quickly recovered. The initiation of flexural-tension
cracking is then observed as loading continues.
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Figure 4.9 IIIa-1 after testing
The second stage of loading, occurring at approximately 375–925 seconds of testing duration, indicates a
“stable load-shedding” behavior where shedding initially begins after a moment of 5.74 kN-m (4.23 kipft.) is achieved 377.2 seconds into the loading procedures. The load building and shedding occurs at a
range of 4.82–5.54 kn-m (3.56–4.09 kip-ft.) without a significant trend toward net load gain or shedding.
The ultimate load for the specimen was reached at 5.91 kN-m (4.36 kip-ft.) where the third stage of
loading begins.
The third stage occurs between approximately 925 seconds into the testing duration and continues until
the testing procedures are terminated. During this stage of loading, an “unstable load-shedding” behavior
is observed where a load stepping condition is observed with a downward trend on beam net resistance.
This downward trend continues until the beam no longer provides load resistance.
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Figure 4.10 IIIa-1 testing events
4.2.1.2 IIIa-2 Results
The type IIIa-2 specimen initially exhibited similar behaviors as seen in the IIIa-1 specimen. The main
difference being that the IIIa-2 specimen did not exhibit a significant “stable load-shedding” stage that
was seen in the IIIa-1 test.
Several flexural-tension cracking events occurred during the building portion of the load applications. As
the resisting moment increases, the flexural-tension crack beneath the left loading point progressively
opens, as shown in Figure 4.11. Flexural resistance in the beam continued building until an ultimate
moment of 11.4 kN-m (8.41 kip-ft.) was reached.
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Figure 4.11 Primary flexural crack in IIIa-2
After the ultimate moment is achieved, a large drop in resistance occurs, followed by a progressive load
shedding of the resisting forces. The load shedding behavior continues until no load is being resisted by
the beam and the loading procedures are terminated.
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Figure 4.12 IIIa-2 testing events
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4.2.1.3 Discussion
The unique behavior exhibited by the type IIIa specimens includes the presence of the stepping behavior
observed in the load shedding phase of the testing. This action was likely caused by the entanglement of
the flexural reinforcement as it was pulled by the flexural-tension forces from the cracked faces of the
beam. This behavior could likely be reduced or eliminated with changes in the design geometry.
Low flexural resistance is postulated to result from poor tensile stiffness characteristics of the short
wavelength wave configuration used in these specimens. The function of this design allows for excessive
deformation of the concrete matrix leading to premature brittle failure and spalling of concrete essential
for the constrictive behavior of the reinforcement to be effective.

4.2

Shear Strength

4.2.1 Type Ib – Conventional Beam without Stirrups
4.2.1.1 Ib-1 Results
Typical shear failure behavior showing diagonal cracking extending from the loading point to the beam
support was exhibited. All visible damage is categorized as shear failures. Figure 4.13 exhibits significant
observable events that occurred during the test, and the corresponding maximum moment and average
reinforcement strain over the duration of the testing procedure.
The maximum shear force experienced by the beam reaches 70.1 kN (15.8 kip), where it began to exhibit
a sudden shear crack formation. This crack spans a diagonal distance from the left loading point to the left
support roller.
As loading continued, the shear crack widened significantly followed by a series of interface-slipping
events. The first of these slipping events resulted in a significant drop in load resistance from the beam.
The photo in Figure 4.14 shows the shear crack after the slipping action has taken place. After a period of
continued loading, a second interface-slip occurs just before the complete collapse of the beam. The
collapse is a result of a complete failure in the GFRP reinforcement.
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Figure 4.13 Ib-1 testing events

Figure 4.14 Ib-1 shear crack (rear view)
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4.2.1.2 Ib-2 Results
Several aborted tests were attempted on Ib-2 before a successful and completed test was achieved.3 The
damage behaviors observed in this test can all be categorized as shear controlled events. Figure 4.15
illustrates the observable damage and failure events taking place during this test in relation to the
measured shear forces and average reinforcement strain.
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Figure 4.15 Ib-2 testing events
As loading is applied, little to no apparent indications of damage were observed until the beam reached
29.9 kN (6.73 kip) of maximum shear force. At this point, a small shear crack quickly formed to the left
of the left loading point and extended diagonally to the left roller bearing. This crack branches into two
different cracks before it terminates at both the top and bottom of the beam. Figure 4.16 illustrates the
observed cracking pattern.

3

Previously aborted test of Ib-2 include:
 (1st) Midpoint loading was aborted after 23.5 kN was reached due to indications of structural instability in
the loading frame
 (2nd) Midpoint loading was aborted after 14.8 kN was reached due to indications of structural instability in
the loading frame
 (3rd) Midpoint loading was aborted after 36.2 kN was reached due to indications of structural instability in
the loading frame
 (4th) Midpoint loading was aborted after 57.9 kN was reached due to the occurrence of a feedback loop error
in the hydraulic actuator system
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Figure 4.16 Ib-2 initial shear cracking
The shear force reaches 30.5kN (6.86 kip) when the ultimate failure of the beam occurs. This was a
sudden failure along the initial shear crack formation.
4.2.1.3 Discussion
Both of the Ib specimens exhibited similar failure behaviors, with the Ib-1 ending in a more sudden
collapse immediately after the ultimate load is achieved. This immediate collapse can be attributed to the
force-controlled loading procedures that were used.
It can be noted that after inspection of the collapsed Ib-2 specimen, evidence of debonding failure was
found for the bottom row of reinforcing bars. Three of the bars shown in Figure 4.17 remained intact after
the full collapse of the specimen, indicating insufficient bond. Similar evidence to a lesser extent was
observed in the remains of the Ib-1 specimen, which left one bar in the bottom row of reinforcement
partially intact after failure.

Figure 4.17 Debonding failure of Ib-2
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4.2.1 Type IIb – Helical Reinforcement without Stirrups
4.2.2.1 IIb-1 Results
The IIb-1 specimen exhibited shear cracking on both ends of the beam during the loading, with the right
end crack hosting the ultimate failure of the beam.The chart in Figure 4.20 indicates that the load
resistance of the beam remained relatively stable and that these shear cracks did not begin to appear until
approximately 14–15 kN (3.1 – 3.4 kip) of shear force had been applied. The cracks were located at the
typical shear fracture locations, running diagonally from the loading points on each side to the support
rollers, as shown in Figure 4.17. However, these cracks did not propagate past the point of the flexural
reinforcement until the time of the collapse event that is shown in progress in Figure 4.18. This collapse
occurred at the time that the ultimate shear forces of 44.2 kN (9.94 kip).

Figure 4.18 IIb-1 shear cracking before collapse event

Figure 4.19 IIb-1 at time of collapse
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Figure 4.20 IIb-1 testing events
4.2.2.2 IIb-2 Results
The IIb-2 exhibited shear cracking formation on only the left side of the maximum shear region between
the left loading point and left supports. The crack formed immediately after the ultimate applied shear
force of 27.0 kN (6.07 kip). Rather than exhibiting typical shear failure behavior by exiting at the bottom
of the beam, the cracking propagated to the end face of the beam as shown in Figure 4.21. A progressive
failure followed the ultimate shear force as illustrated in Figure 4.22. As loading continued, flexuraltension cracking began to form in the concrete beneath the shear fracture. Complete collapse was
achieved as the reinforcement in the damaged region failed at a negligible shear force. This failure path
left a shallow section of concrete and reinforcement to support the loading, which quickly failed locally in
flexure-tension.

67

4000

14

3500

12

3000

10

2500
8
2000
6
1500
4

1000

2

500
0
0

500

1000
Test Duration [sec]

Ave. GFRP Shear

Moment

Sh (1)

Sh (2)/F-T

1500

Resisting Moment [kN-m]

Average Reinforcement Strain [μ-strain]

Figure 4.21 IIb-2 failure patterns before collapse

0
2000

Ulimate Moment

Figure 4.22 IIb-2 testing events
4.2.2.3 Discussion
The most notable common unique behavior exhibited by these specimens is the primary cracking path,
which diverted around the flexural reinforcement. These cracks spanned from the loading point to the end
face of the beam, which greatly reduced the effective depth of the remaining beam section below this
shear fracture. This weakened portion of the beam collapsed from localized flexural failure.
In the IIb-1 sample, the initial shear cracks were momentarily arrested at the level of the flexural
reinforcement. This behavior serves as an indication that the reinforcement configuration is supplying
shear force resistance. Further evaluation of the type II configuration, with modifications to the system
parameters, would be necessary in order to quantify the shear strength contribution.
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4.2.3 Type IIIb – Wave Reinforcement without Stirrups
4.2.3.1 IIIb-1 Results
The IIIb-1 specimen exhibited multiple flexural-tension cracks. As loading builds, a vertical flexuraltension crack forms directly beneath the left loading point and progressively widens. Shortly after the
ultimate shear load of 18.6 kN (4.18 kip) is achieved, a second flexural crack opens beneath the loading
head and progressively opens as the loading is advanced. These two cracks are then joined by horizontal
cracking as seen in Figure 4.23. The concrete in the region between the main flexural cracks then began to
spall off, exposing the reinforcement. At this point, a region of load shedding is observed where load is
built up and released in a stepping progression. The spalling of concrete continues as the beam deflects
further, leading to an ultimate collapse at a negligible applied shear force.

Figure 4.23 IIIb-1 during testing
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Figure 4.24 IIIb-1 testing events
4.2.3.2 IIIb-2 Results
During the load building phase of the IIIb-2 specimen, the beam first exhibits flexural-tension cracking
beneath the left loading point. This crack widens as the loading reaches an ultimate shear force of 14.3 kN
(3.21 kip). Immediately after the ultimate load is achieved, additional flexural cracking occurs, along with
a sharp drop in the force resistance. The additional crack formations join with the initial cracking near the
mid-height of the beam as shown in Figure 4.25. Figure 4.26 shows the stepping load-shedding period.

Figure 4.25 Type IIIb-2 specimen during loading
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Figure 4.26 IIIb-2 testing events
4.2.3.3 Discussion
Despite being unreinforced for shear failure, the general failure mode of the beams appeared to be from
flexural-tension forces. In both specimens, the failures were located under the left loading point. This
behavior is thought to be caused from the freedom of deflection allowed by the conceptual design of the
flexural reinforcement.
The short waveform pattern allowed for early brittle failure in the concrete by being highly deformable in
the axial direction, without applying large lateral constriction forces into the concrete. The resistance of
the concrete matrix to this lateral constriction force is essential for adequate functionality of the concept.
Changes in the design parameters of this concept, particularly the wavelength of the cords, would be
necessary for an effective evaluation of this reinforcement for its shear force resistance properties.

4.3

Deflection Behavior

Data collected from the mid-span deflection are used to determine stiffness characteristics of the
specimens. The stiffness of the specimens reflects the serviceability potential of the beam. A complete
collection of the data derived from each specimen is shown in Appendix C. Data collected from the IIa
series of specimens are observed to be the most relevant since the type IIb are not suited to represent
flexural-tensile behavior, and the prototype design of the type III reinforcement proved to be insufficient
for accurate concept representation.
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Although tensile rupture was not achieved by the IIa series beams, general stiffness behaviors leading up
to the ultimate strength of the beam before the flexural-compression failure is used to compare with the
stiffness of the straight-rod Ia-2 control specimen. The chart in Figure 4.27 shows the deflection behavior
of the IIa beam specimens with respect to the resisting moment. The behavior of the Ia-2 control
specimen is also plotted in this chart for comparison. A linear trend line is matched to each of the
specimens, which represent the cumulative stiffness of each beam. The equations displayed in Figure 4.26
indicate that the two IIa specimens exhibited higher stiffness than the control.
Another comparison of the specimen stiffness is shown in Figure 4.28 where the instantaneous stiffness is
taken at the ultimate moment of the IIa specimen and the Ia-2 control specimen. These values are
calculated by dividing the mid-span deflection value at the ultimate moment, with the total applied load to
the beam that supplied the ultimate moment. This comparison also exhibits higher stiffness values for
both IIa specimens.
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Figure 4.27 IIa beam deflections
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4.4

Section Analysis of Helical Reinforced Beam with Stirrups

Indications of the constrictive behavior proposed in the reinforcement system concept developed the form
of atypical surface cracking parallel to the flexural reinforcement for the type IIa beam specimens, as
shown in Figure 4.29. It was thought that the constrictive action of the type II reinforcement created
tensile regions in the concrete matrix outside the constriction zones. This evidence warranted further
internal investigation of the damaged beam in order to confirm the origins of the cracking.

Figure 4.29 Surface constrictive cracking in IIa-1 (left: side view, right: bottom view)
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The specimen is cut in six different locations indicated by the diagram in Figure 4.30. The six cuts created
10 internal cross-section faces.4 The locations of the cuts were chosen to isolate the following areas of
damage:
 Debonding of flexural reinforcement – [A.1, A.2, F.1, F.2]
Debonding damage (such as what occurred with the type Ib beam specimens) would typically be
located at the beam ends due to relatively smaller development length.
 Shear cracking – [B.1, B.2, E.1, E.2]
Although reinforced shear cracking
 Constrictive action – [C, D]
The cross-section faces are ground flat in order to more clearly show deep cracking and eliminate
insignificant surface flaws. The faces were individually photographed. A diagram showing the cut
locations and face orientation with respect to the beam is shown in Figure 4.29. The entire collection of
the cross-section images can be found in Appendix D.
No apparent cracking was observed from the sections cut at the ends of the beam (A.1, A.2, F.1, F.2).
This result confirms that no debonding effects were present in this specimen at the beam ends. The
intermediate sections cut in the shear damage regions of the beam (B.1, B.2, E.1, E.2) contained
horizontal cracking across the face of the cross-section. These cracks were observed to be from shear
failures and did not indicate any unique interaction with the flexural reinforcement.

4

Concrete between the C and D cuts was discarded after being destroyed from testing damage in conjunction with
the beam slicing process.
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Figure 4.30 Specimen IIa-1 section cut diagram
The two cross-sectional faces near the mid-span of the beam (C, D) exhibited indications of damage
around the constrictive zone of the reinforcement. The section C cut at approximately 584 mm (23 in.)
from the end of the beam is shown in Figure 4.30. The cracking pattern and reinforcement locations are
highlighted for visibility. Cracking patterns at the right reinforcing unit are concentric with the
reinforcement cross-section and extend to the side faces of the beam. The surface cracks on the side faces
of the beam are the previously mentioned atypical cracks. This indicates that the reinforcement’s kinetic
action created tensile stress, pulling the concrete in the constriction zone away from its surrounding
matrix.

Figure 4.31 Section cut C
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The section cut at the mid-span of the beam (D) also exhibited indications of constrictive reinforcement
behavior. This section cut is shown in Figure 4.32. The highlighted cracking pattern shows concentric
cracking around both reinforcement units, and exiting to the side and bottom faces of the beam.

Figure 4.32 Section cut D (mid-span)
The results of the section analysis comply with the theoretical mechanics of the constrictive reinforcement
design. Concentric cracking was only found near the mid-span of the beam where the highest internal
moment forces (and subsequently the highest reinforcement tensile forces) are located in this loading
configuration. Excellent bond strength, proposed by the reinforcement concept, is also indicated from this
analysis due to the absence of cracking around the reinforcement at the beam ends.

4.5

Reinforcement Strain Analysis

The reinforcement strain data indicate the magnitude of loading being resisted by the GFRP
reinforcement. The average of the upper and lower strain readings was taken to represent a total average
strain experienced by the entire flexural reinforcement system at its mid-span cross-section. In order to
determine if any of the concrete in the constrictive zone was contributing to tensile strength, the
reinforcement strains in various specimens are compared to the loading resisted by the beam.
Since it was determined that the concept design of the type III specimens was not successful, the type II
reinforcement specimens are used for this analysis. The tensile properties of the reinforcement are
desired, so only the shear reinforced specimens are considered. Figure 4.33 plots the function of applied
load with respect to average reinforcement load in order to demonstrate this property.
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Figure 4.33 IIa reinforcement elastic modulus index
The linear trend of these load-strain curves provide a quantitative representation of the relationship
between these specimens. It can be noted that the two type II specimens exhibit steeper curves, meaning
that less strain is experience by the GFRP, while more loading is being resisted by the entire beam
system. This behavior supports the concept of the constrictive reinforcement properties.

4.6

Comparative Analysis

The data collected from the experimental testing were consolidated in order to perform a comparative
analysis to determine the relative performance of each variation of the concept reinforcement. This
section is intended to show any direct effect experienced by the specimens reinforced with the concept
GFRP systems.

4.6.1 Ultimate Moment
Table 4.2 shows the ultimate resisting moment achieved by the specimens reinforced for shear. The
ultimate resisting moment is the highest maximum moment calculated from the loading data before the
specimen exhibited complete collapse or extreme deflection that would exceed serviceability
requirements.
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Table 4.2 Ultimate Moment Comparison of Specimens Reinforced with Stirrups
f'c
Ultimate Applied Load Ultimate Moment (Mu)
Specimen Failure
ID
Mode
[Mpa]
[psi]
[kN]
[kip]
[kN-m]
[kip-ft]

Ia-1
Ia-2
IIa-1
IIa-2
IIIa-1
IIIa-2

F-C
F-T
F-C
F-C
F-T
F-T

27.19
27.19
23.24
23.24
22.18
22.18

3943
3943
3371
3371
3217
3217

122.0
119.2
112.8
108.2
24.94
47.95

27.43
26.80
25.35
24.32
5.606
10.78

28.93
28.26
26.73
25.65
5.912
11.37

21.335
20.848
19.717
18.916
4.360
8.385

Figure 4.34 shows the relative magnitude of the ultimate flexural strength values. From this comparison it
can be noted that the Ia-1 control specimen achieved the highest ultimate moment. This, however, is not
regarded as an accurate representation of the tensile behavior of the reinforcement since the specimen
failed by concrete compression (F-C). Because the beam failed in this manner, accurate information on
the behavior of this reinforcement can only be observed to the point that the concrete began to fail.
Section 4.1.1.1 describes the concrete crushing behavior occurring when the ultimate strength is achieved.
Ia-2, the replicate of the control specimen Ia-1, demonstrated the second highest flexural strength. This
value is valid for evaluating the flexural performance of the reinforcement since the observed failure
mode was from tensile rupture of the reinforcement.
The specimens of the IIa variation showed good agreement in ultimate moment values. However, this
result does not serve as a reliable comparison to the control specimens for evaluation of the type IIa
reinforcement’s capacity since the failure for both of these specimens were observed to be from concrete
compression. Complete tensile rupture, as shown by specimen Ia-2, is needed in order to isolate adequate
tensile reinforcement behavior. When considering the varying compressive strength of the concrete, it
should be noted that the compressive strength of the type Ia specimens are 3.95 MPa stronger than the IIa
specimens. Therefore, the relatively weaker concrete strength in the IIa specimens is likely responsible for
the lower ultimate moment results of the specimens.
When applying the actual concrete compressive strength values to the design calculation to determine a
projected flexural capacity the resulting flexural strengths are 9.15 kip-ft for the type Ia and 8.65 kip-ft for
the type IIa. The type Ia specimen has a capacity of 5.83% greater than the type IIa. This value is
relatively close to the 9.19% change determined in the experimental testing, supporting the proposed
influence of the concrete compressive strength.
The ultimate load values of the type III reinforcements are clearly much lower than either the Ia or IIa
series specimens. It is believed that this is a result of using low-wavelength geometry. After initial beam
cracking, high axial deformation of the reinforcement has been observed to create heavy localized
damage around the GFRP cords. This leads ineffective tensile action of this reinforcement variety.
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Figure 4.34 Ultimate moment force in specimens with shear stirrups

4.6.2 Ultimate Shear
Table 4.3 shows the ultimate shear resistance achieved by the specimens not reinforced for shear. The
ultimate shear resistance is the highest maximum shear force calculated from the loading data before the
specimen exhibited complete collapse or extreme deflection that would exceed serviceability
requirements.
Table 4.3 Ultimate Shear Force Comparison of Specimens not Reinforced with Stirrups
f'c
Ultimate Applied Load Ultimate Shear (Vu)
Specimen Failure
[Mpa]
[psi]
[kN]
[kip]
[kN]
[kip]
ID
Mode
Ib-1
Sh
29.84
4327
70.10
15.76
35.05
7.880
Ib-2
Sh
27.19
3943
61.03
13.72
30.51
6.860
IIb-1
Sh/F-T
29.84
4327
88.34
19.86
44.17
9.930
IIb-2
Sh/F-T
23.24
3371
54.00
12.14
27.00
6.070
IIIb-1
F-T
22.18
3217
37.28
8.380
18.64
4.190
IIIb-2
F-T
29.84
4327
28.69
6.449
14.34
3.225
Figure 4.35 demonstrates the relative magnitude of the ultimate shear strength values. These data indicate
that reasonable agreement in shear strength was achieved between the two control specimens (Ib-1 and
Ib-2). The observed failures of these specimens demonstrated debonding of the flexural reinforcement,
which according to the literature review is a realistic scenario for GFRP failure. This provides a good
control value for which to compare the other specimen’s shear performance with.
A close grouping of ultimate shear strength values was not achieved with the two type IIb specimens.
This is possibly due to the difference of the concrete compressive strength being 6.6 MPa between the
two IIb specimens. This value partially affects the shear strength of the concrete, and therefore suggests
that the effect of concrete contribution to shear strength may have played a large role in the different
ultimate shear strengths between the two specimens. However, one of the control specimens (Ib-1) and
the IIb-1 specimens were cast with the same batch of concrete. When comparing the results of these two
specimens, there is good indication of substantial shear strength gain in the IIb-2 specimen with an
ultimate loading of 9.12 kN greater than the control specimen of the same concrete strength.
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Ultimate Shear Resistance [kN]

The specimens of the IIIb group exhibited a relatively closer agreement than the IIb group. Much like the
IIIa specimens, very low ultimate strength was exhibited. The observed failure modes of these specimens
appeared very similar to the flexural failures of the shear reinforced specimens of group IIIa. Little if any
shear type behavior is reflected in these ultimate strength values.
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Figure 4.35 Ultimate shear force in specimens without shear stirrups
4.6.1

Strain at Ultimate Loading

Table 4.4 indicates the calculated average reinforcement stress at the time that the ultimate moment was
reached in the specimens with shear stirrups. Data collected by the strain gauges attached to the
reinforcement were used to determine these values. The strain values were applied to the known elastic
modulus values from the GFRP sample coupon testing in order to determine an average reinforcement
stress at ultimate loading.
At higher applied loads several strain gauges failed, likely due to the deformation of the concrete that
their wires passed through. Using data approaching the failure, an equation was fitted to relate the applied
loading to the known corresponding shear. These equations were then used to extrapolate the data needed
to develop an estimate of the reinforcement strain at the ultimate loading point. These extrapolated figures
are noted in Table 4.4.
Table 4.4 Ultimate Reinforcement Stress
Strain at
Reinforcement Stress
Ultimate Applied Load Ultimate
Specimen
(fy)
ID
Load
Failure
[kN]
[kip]
[μ-strain]
[kPa]
[psi]
Mode
Ia-1
F-C
122.0
27.43
11229**
454.0
65.85
Ia-2
F-T
119.2
26.80
12667**
512.1
74.28
IIa-1
F-C
112.8
25.35
12658**
511.8
74.23
IIa-2
F-C
108.2
24.32
10456**
422.8
61.32
IIIa-1
F-T
24.94
5.606
594.69
24.04
3.487
IIIa-2
F-T
47.95
10.78
3420.2
138.3
20.06
**Strain values extrapolated
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The relative magnitude of the average reinforcement stress values from the specimens is shown in Figure
4.36. It can be noted from this figure that the stresses measured during the ultimate loading of the
specimen Ia-1 is 58.1 kPa less than the specimen Ia-2. The greatest difference between these specimens is
the failure mode in which the Ia-1 failed by concrete compression, and the Ia-2 failed by tensile rupture.
This agrees with the lower stress value for the Ia-1 specimen since the concrete failed before rupture
strains could develop in the reinforcement.
A significant difference in the reinforcement stress values was observed in the IIa specimen group as
well. The varying data are thought to be due to variability in the quality of concrete since both beams
failed in concrete crushing modes. While both of the specimens were cast in the same pour, the possibility
of voids or flaws in the compressive zone of the beam exists. Since none of the IIb specimens achieved
tensile rupture, significant comparison of reinforcement stress cannot be made.

Average Reinforcement Stress at
Ultimate Moment [kPa]

Very low stresses were read at the ultimate strength of the IIIa series specimens. This is believed to be
due to the concrete of the beam primarily resisting the tensile forces developed from flexural bending.
This behavior is insufficient for concrete reinforcement and cannot be usefully compared to the other
reinforcement systems under its current design.
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Figure 4.36 Average reinforcement of specimens with shear stirrups

4.6.5 Deflection at Ultimate Loading
Table 4.5 shows the calculated beam stiffness of each specimen at the time the ultimate loading was
reached. These values were developed from the ultimate load data and the corresponding beam deflection
measure at the time of the ultimate load. This assessment is used to indicate the suitability of the
reinforcement systems to address serviceability requirements.
Figure 4.37 shows the relative magnitudes of the specimens reinforced with shear stirrups. The control
specimen Ia-1 indicates the highest of the beam stiffness with the Ia-2 specimen indicating 1.014 kN/mm
below it. Such a wide spread could be attributed to the differing failure modes between these control
specimens.
The IIa specimen group is in good agreement with one another and indicates only a marginal gain in
stiffness when compared with the Ia-2 control specimen alone. However, due to the close grouping of the
IIa values with the Ia-2 control, no significant trend can be shown from the beam stiffness with the use of
the IIa specimen configuration.
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Table 4.5 Beam Stiffness at Ultimate Load
Ultimate Applied
Deflection at Ultimate Load Stiffness at Ultimate Load
Specimen
Load
ID
[kN]
[kip]
[mm]
[in]
[kN/mm]
[kip/in]
Ia-1
122.0
27.43
22.78
0.8970
5.355
30.58
Ia-2
119.2
26.80
27.64
1.088
4.314
24.64
IIa-1
112.8
25.35
24.71
0.9730
4.563
26.05
IIa-2
108.2
24.32
22.25
0.8760
4.862
27.76
IIIa-1
24.94
5.606
13.59
0.5350
1.835
10.48
IIIa-2
47.95
10.78
15.90
0.6260
3.016
17.22
Ib-1
70.10
15.76
11.91
0.4690
5.885
33.60
Ib-2
61.03
13.72
10.34
0.4070
5.904
33.71
IIb-1
88.34
19.86
18.87
0.7430
4.681
26.73
IIb-2
54.00
12.14
8.763
0.3450
6.162
35.19
IIIb-1
37.28
8.380
13.44
0.5290
2.774
15.84
IIIb-2
28.69
6.449
6.909
0.2720
4.152
23.71
Large deflections are likely accountable for the low beam stiffness exhibited by the IIIa group of beam
specimens. This reinforcement type allowed for large crack openings and localized concrete damage
around the reinforcement cords before significant tensile load was taken by the GFRP. This specimen
group did not provide sufficient stiffness to be compared to the others for its reinforcement contribution.
The beam stiffness data produced by the control specimens for the Ib control specimens are in very good
agreement and provide a sufficient baseline value for shear failure of the specimen beams.

Beam Stiffness at Ultimate
Moment [kN/mm]
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Figure 4.37 Beam stiffness of specimens with shear stirrups
The remaining specimens of both group IIb and IIIb do not show such a close agreement with their
respective kind. While the specimen IIb-2 does indicate a slight increase in stiffness, it does not provide
sufficient evidence of repeated behavior, and is not significant enough to determine if this increase is
from the reinforcement alone.
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Beam Stiffness at Ultimate Shear
Force [kN/mm]

As with the shear reinforced specimens, the IIIb specimen group exhibits significantly lower stiffness
than the other specimen groups in its shear reinforcement category. This is believed to occur for the same
reasons given for the shear reinforced specimens previously described, and cannot be reliably compared
to the other specimen groups.
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Figure 4.38 Beam stiffness of specimens without shear stirrups
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IIIb-2

5.

CONCLUSION AND RECOMMENDATIONS

The exploration of innovative reinforced concrete concepts is important for the future development of
affordable, safe, and durable structures for the future of the U.S. transportation system. Technological
advances in materials science, design principals, and construction methods must be continually
implemented and adapted into common design procedures in order to avoid the high levels of deficiencies
and required rehabilitation costs that are currently plaguing the transportation infrastructure with
increasing urgency. This report has explored the use of FRP concrete reinforcements in novel
configurations with the primary objective of enhancing structural traits and characteristics of the
reinforcing material.

5.1

Conclusion

From the results of the experimental program presented herein, it is concluded that the concept
reinforcement provided some indications of advantages over conventional GFRP reinforcing bars. Faults
were also identified in the concept design, which helped identify controlling parameters of the
reinforcement system. Key findings are summarized as follows:
 Effects of the proposed mechanical constrictive properties of the type II (helical) reinforcements
were observed in the specimens reinforced for shear by the presence of horizontal surface cracks
propagating outward from the mid-span of the group IIa beams. These effects were further
investigated and observed through a section-analysis process, which identified concentrically
formed cracking patterns around the reinforcement as described in section 4.4.
 Qualitative evidence of shear resistance contribution was observed in the group IIb beams from
the diversion of shear cracking away from the flexural reinforcement to the end faces of the
beams. It is unclear if the shear force resistance was contributed from the constrictive action
creating improved interaction mechanics or variable fiber orientation of the proposed reinforcing
system.
 Evidence of increased pull-out strength of the type II (helical) reinforcement has been observed
by the comparison of the failure mode of the Ib control group, which both exhibited debonding
failures, and the IIb specimen group, which exhibited good bond under similar conditions.
 While indications of an effective reinforcement system were found, further investigation would
be required in order to establish quantitative evidence of advantage gained by the reinforcement
system. Without more consistent data supporting the proof of concept, the structural
improvements of the presented specimen test could be incongruous with typical behavior.

5.2

Contributions

The primary goals of this research were to provide an evaluation of the structural adequacy of the
presented concept reinforcement system and to form a groundwork for which further development of
alternative reinforcements can be built. This objective was achieved by showing close correlation of
structural traits between the concept reinforcement specimens and the controls that represent conventional
reinforcement. The latter was achieved with the following key developments that were discovered
through this research:
 Good indications of shear contribution of the helical (II) reinforcement provide the potential for
significant reduction or possible omission of shear reinforcement components with further study
and optimization of the concept design.
 Effects of geometric parameters were determined from the experimental testing. Primarily, the
variation of wavelength configurations indicated that relatively longer wavelengths provide
constrictive action while still maintaining adequate tensile strength. This was indicated by the
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5.3

relatively poor performance of the type III (wave) reinforcements, which exhibited low flexural
and shear strength with high deflection and observed damage.
The helical configuration provides adequate performance with less complex fabrication needs. As
indicated in the methods section of this report, the wave type (III) reinforcement involved a more
complex fabrication process than the helical type (II). Unless design improvements or
fabrications techniques can simplify this, it is not likely to develop into a feasible alternative
reinforcement.

Recommendations for Future Research

This report establishes a background for the exploration of alternative reinforcement geometries. Future
contributions can refine and advance the development of the concept reinforcement into a reliably
functioning alternative reinforcement. Suggested future contributions include:
 Continued experimental testing addressing the controlling design parameters established in this
research and exploring various other loading configurations can be further investigated in order to
identify common behaviors of the concept reinforcement system. More conclusive evidence than
what was presented in this research is needed for constrictive reinforcements. This testing might
also include different types of specimens – such as pull-out specimens – that could test other
properties of the reinforcement in a cost effective way.
 Analytical modeling of the concept reinforcement systems could be performed in order to analyze
the concrete-reinforcement interaction behaviors and determine the effect of geometric and
material property parameters. Geometric parameter variations in dimensions such as constrictive
zone volume, strand count, or wavelength could be manipulated in order to observe the stress
distribution that occurs from the reacting concrete matrix. Manipulation of the material properties
of both the reinforcement (carbon or aramid) and concrete matrix (ultra-high strength or fiber
reinforced) could also be observed in order to determine their effect on interaction properties.
 Design optimization could be performed using additional experimental testing and analytical
modeling in order to refine the performance of the concept reinforcement.
 This study is intended to evaluate the concept reinforcement for transportation structure
applications. However, further exploration of other structural applications can be performed in
order to identify suitable uses for the concept reinforcement, which capitalizes on the system’s
characteristics. Additional applications to explore include, but are not limited to, buildings,
seismic resistance, blast protection, or nuclear containment facilities.
 Further investigation of the mechanical interactions on the mezzo-scale of the concrete in the
constriction zones of the reinforcement should be investigated in order to effectively manipulate
this property of the concept reinforcement.
 Cost estimate studies must be conducted to determine the feasibility and potential savings of the
concept reinforcement. While studies have shown the long-term benefits of using GFRP
reinforcement, the controlling parameters (e.g., manufacturing cost and transportation) may cause
a shift in feasibility relative to conventional GFRP bars.
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APPENDIX A. SPECIMEN DESIGN CALCULATIONS
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APPENDIX B. SPECIMEN DESIGN DRAWINGS5

Figure B.1 Ia Cross-section

5

Note: All dimensions are presented in millimeters.
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Figure B.2 Ia Side
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Figure B.3 Ib Cross-section
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Figure B.4 Ib Side
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Figure B.5 IIa Cross-section
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Figure B.6 IIa Side
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Figure B.7 IIb Cross-section
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Figure B.8 IIb Side
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Figure B.9 IIIa Cross-section
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Figure B.10 IIIa Side
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Figure B.11 IIIb Cross-section
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Figure B.12 IIIb Side
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APPENDIX C. EXPERIMENTAL DATA
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Figure C.3 IIa Beam Deflection Curve
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Figure C.5 IIIa Beam Deflection Curve
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Figure C.6 IIIb Beam Deflection Curve
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Figure C.8 Ib Reinforcement Elastic Modulus Index
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Figure C.9 IIa Reinforcement Elastic Modulus Index
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Figure C.10 IIb Reinforcement Elastic Modulus Index
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Figure C.11 IIIa Reinforcement Elastic Modulus Index
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Figure C.12 IIIb Reinforcement Elastic Modulus Index
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APPENDIX D. SECTION ANALYSIS PHOTOS

Figure D.1 Section cut A.1

Figure D.2 Section cut A.2
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Figure D.3 Section cut B.1

Figure D.4 Section cut B.2
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Figure D.5 Section cut C

Figure D.6 Section cut D
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Figure D.7 Section cut E.1

Figure D.8 Section cut E.2
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Figure D.9 Section cut F.1

Figure D.10 Section cut F.2
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