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Abstract

The behavior of Fiber-reinforced polymers (FRP) bars under compression is not fully
understood yet due to the limited research in this area; therefore, American concrete
institute (ACI) does not recommend using FRP bars in compression. However, the
long-term durability, weathering resistance, and exceptional mechanical properties of
FRP bars justify the need for their use in compression members. The main objectives
of this study are to evaluate the mechanical properties of Glass FRP (GFRP) and Basalt
FRP (BFRP) bars under compression and examine their performance as main
longitudinal reinforcement in reinforced concrete columns. In the first part of this
research, a series of static tests were conducted on GFRP and BFRP specimens of
different diameters. Steel grips filled with epoxy were used at the top and bottom
surfaces of the FRP bar to avoid premature failure at the ends and ensure pure
compression. The second part of this research numerically investigated the behavior of
FRP-RC columns under concentric and eccentric loading using the mechanical
properties of FRP bars obtained experimentally. For this purpose, nonlinear finite
element models were developed and verified using the experimental results conducted
previously at the AUS construction lab. The verified FE models were then utilized to
conduct a parametric analysis to simulate the compressive behavior of concrete
columns reinforced with GFRP and BFRP bars. Interaction diagrams were also
developed based on the FE analysis considering different design parameters such as the
cross-section of the column, type and ratio of longitudinal and lateral reinforcement,

and loading eccentricities.
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Chapter 1. Introduction

In recent years, fiber-reinforced polymer (FRP) bars have been used to reinforce
concrete members in tension, whereas their contribution in compression has been
ignored because of the insufficient number of research. In this chapter, the advantages

of FRP bars will be discussed along with examples of their current applications.

1.1. Overview

The main reason behind replacing steel bars with FRP bars in reinforced
concrete structures is that steel corrodes with time. Therefore, steel reinforcements
require rehabilitation and regular maintenance. Thus, in order to achieve the targeted
performance, objectives and properties, a composite material which combines two or

more constituents (e.g., Fiber reinforcement and binder or matrix resins) is introduced.

FRP contains two-component composite materials of polymer matrix and a high
strength fibers embedded in. The mechanical and physical properties of FRPs are
governed by their manufacturing process which affects micro-structural configuration
and the properties of their constituents. In which the fibers are dominantly accountable
for the mechanical properties, the polymeric matrix transfers the load and provides
environmental protection. Additionally, the FRP bars manufacturing process is
controlled by the resin. In addition, fillers decrease the cost and may sometimes
enhance the performance, providing advantages such as shrinkage control, surface

smoothness and crack resistance [1].

There has been substantial research on the development of FRP composites and
their innovative applications, and many publications have resulted in an improved
structural performance. FRP composites are being endorsed as twenty-first century
materials because of their superior corrosion resistance. The original FRP composites
used glass fibers (GFRP) which were made available by the growing industry following
the second World War. The blend of high strength and stiffness structural fibers
combined with lightweight, cost-effective and corrosion resistant polymers results in
materials with mechanical characteristics and durability that are much better than any

of the both elements alone [2].

Over the last ten years, there has been substantial increase in using FRP

composites in construction and in structural engineering. FRP composites have been
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recognized to be important for usage in the building of new structures and for
rehabilitating old buildings. Indeed, for structural applications where high strength and
stiffness to weight ratios are essential, FRP composites are the optimal choice [3].
Nevertheless, the applications of advanced composite materials in civil engineering
have been developing slowly, primarily due to economic reasons. This class of
materials has been extensively studied and used in the structural and aerospace
engineering fields, such as aircraft construction [4]. Their main advantages, such as
tailorable design features, and high ratio of strength to weight notably surpass materials
of conventional civil engineering. The ACI 440.1R-15, however, does not allow
considering the FRP contribution as compressive reinforcement in concrete columns.
Although FRP materials can resist compressive load, there are several matters that
surrounds using FRP for compression [5].

Compression members are generally handled with extra care during installation
and preparation. If the surface of the compression element sample is not completely
perpendicular to the fixed end surface or if the loading is not at the centroid of the cross-
sectional area of the sample, eccentricity will be induced. Eccentricity will create a
moment on the sample, resulting in inaccurate results (underestimated values). Testing
an FRP bar under compression with eccentric loading causes the behavior of the bar to

change from an axial compression-resisting element to a flexural-resisting element.

1.2. Problem Statement

The construction industry does not usually take the leadership into adopting new
technologies, and frequently resists implementing them. Additionally, the present
practice of substitution of conventional materials by unconventional composite
components in traditional structural systems has shown that the use of unconventional
composites in civil construction is difficult to justify, not only in an economical point
of view, but also in a structural one. [6]. The new materials should be tested, and their
abilities and advantages have to be validated before the new materials can be employed
in the field of construction. Furthermore, both structural and economic factors are to be

considered during the process of introducing new materials.

Steel reinforcing bars have been used since the early stages of the modern
construction era. Despite their competence as structural members, steel reinforcing bars

are metallic material that are vulnerable to various environmental conditions, such as
15



corrosion. Corrosion can degrade a steel bar dramatically and reduce its strength. To
counter the effect of corrosive environments, non-metallic reinforcement bars, such as
FRP reinforcements, were proposed. However, while steel bars have an advantage of
being ductile, FRP bars are brittle, which means that they have linear elastic stress-
strain behavior until failure. Thus, the engineering community had to be more stringent
with the use of FRP bars. This can be noticed when comparing the factors of safety
between ACI 440.1R code and ACI 318.

FRP bars are anisotropic and their implementation is only accepted in some
loading cases. FRP bars are now accepted as part of structures where they can resist
tensile forces. In contrast, the usage of FRP bars in compression is still not accepted by
the engineering community due to the lack of experiments and the belief that FRP bars
do not have enough strength to resist compression.

1.3.  Thesis Objectives
The main objectives of this research are:

1- To evaluate the mechanical properties of GFRP and BFRP bars in
compression and their potential of replacing conventional steel
reinforcements in columns.

2- Todevelop afinite element model of a reinforced concrete column with FRP
bars, using the compression properties of GFRP and BFRP from testing.

3- To conduct a parametric study and develop interaction diagrams for GFRP
and BFRP RC columns considering different reinforcement ratios, cross-

sections and loading eccentricities.

In this research the main parameters are the type of loading, material and
diameter of bar, and the fixing arrangement. Experimental tests are conducted to obtain
the mechanical properties (strength and elastic modulus) of GFRP and BFRP bars under

static compression loadings.

1.4. Research Contribution and Significance
The idea of using FRP bars as compression reinforcement is still new research-
wise. Investigating the capability of FRP bars in compression is needed so that they can

be accepted and considered in the latest codes for compression members. Few
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researchers have studied the behavior of FRP bars under compression, but have not
reported solid results to show the reliability of FRP under compression. In this thesis,
experimental tests are conducted on GFRP and BFRP bars under static compressive
loadings to investigate their behavior under compression. A special test setup and
sampling technique is utilized to ensure pure axial loading on the bars to accurately
estimate their ultimate strengths and modulus of elasticity. Also, a finite element model
of a reinforced concrete column with FRP bars is developed and verified, then utilized

to conduct a parametric analysis.

1.5.  Thesis Organization

The remainder of the thesis is structured as follows: Chapter 2 presents the
literature review and information about both the mechanical and physical properties of
FRP bars. This is followed by discussing finite elements modelling and challenges.
Chapter 3 outlines the experimental program of this thesis, including details of the bar
specimens tested and descriptions of the test set-ups. Chapter 4 describes the FE
modelling, definitions and steps and the parametric study. Then, the results of the
experimental tests and parametric study are detailed in Chapter 5. Lastly, Chapter 6

offers conclusion of the thesis and suggests future work recommendations.
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Chapter 2. Background and Literature Review

In this chapter, the mechanical and physical properties of FRP bars will be
discussed, different research in this area will be explained. Then a review of existing
research on FE modelling is presented, and then the contribution of this current work

to existing literature will also be considered.

2.1.  Physical and Mechanical Properties of FRP Bars
The main purpose of FRP bars is to replace or be an alternative option for the
steel reinforcement. For that reason, the properties of FRP bars should be compared

with the properties of steel bars to assess their advantages and disadvantages.

FRP bars are orthotropic, which means that the mechanical properties obtained
from testing FRP bars under tension will not be the same as that obtained under
compression. FRP bars consist of high strength fibers such as aramid, basalt, carbon or
glass, embedded in a polymer resin such as epoxy [7]. As a result, the theoretical E
value in the direction of the fiber would be E= EfVt + EmVm, where Esis the fiber elastic
modulus, Vris the fiber volume fraction, Em is the matrix elastic modulus, and Vm =1-
Vs is the matrix volume fraction. Steel reinforcement bars, on the other hand, are
isotropic and assumed to have the same mechanical properties under tension and
compression. Also, FRP bars have lower modulus of elasticity and higher ultimate
strength compared to steel. The properties of FRP bars are not consistent but dependent
on the manufacturing process and quality, which leads to varying FRP properties from
one product to another and from one manufacturer to another. Additionally, in terms of
thermal conductivity, the high durability of FRPs guarantees much more stable
behavior. Consequently, FRP bars do not degrade from aging and weathering, unlike
steel which is not considered as durable and corrodes with time [8]. However it is
critical for the engineer and manufacturer to be able to prove that a given FRP material
system and/or assembly is fire-protected, given the commonly observed limitations of
FRPs under fire [8].

Generally, the density of BFRP is around 2750 kg/m3 while the density of
GFRP is around 2200 kg/m3 [57]. For BFRP bars, the tensile strength can reach up to
1600 MPa and the tensile modulus of elasticity is around 45 GPa [36]. For GFRP bars,
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on the other hand, the tensile strength can reach up to 1200 MPa and the modulus of
elasticity can reach up to 69-86 GPa [30], [33].

The main characteristic values for GFRP and BFRP and other well-known

construction materials are shown in Table 2.1. Data about FRPs have been elaborated
from [2], [8]-[10].

Table 2.1: Summary of the properties of FRP bars, steel, wood and concrete as

reported in previous studies [2], [8]-[10]

Characteristics GFRP BFRP Steel Wood Concrete

Tensile
Strength
(MPa)

Tensile
Modulus of
elasticity
(GPa)

Density
(kg/m®)

700 -1200 800-1600 450 70-100 2t05

40-60 40-60 210 Upto12 Up to 50

2200 2750 7500 200-1400 2200

The advantages and disadvantages of reinforcing concrete columns with FRP

bars in comparison with conventional steel materials are as detailed below:

Advantages:

4-

FRP materials are non-corrosive and non-magnetic.

FRPs are extremely light and strong (high ratio of strength to weight), and
comparatively easy to install.

FRP costs have decreased and FRPs are currently recognized as effective
and efficient structural materials.

FRP materials’ thermal conductivity is low.

Disadvantages:

1- FRPs are linear-elastic materials (Brittle).

2- FRPs have a high initial material cost (without considering life cycle costs).

Since this technology (FRP) is still developing and changes are being frequently

made to design documents in order to incorporate recent findings. New codes, such as
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American Concrete Institute (ACI-440), Japan Concrete Institute (JCI), and ISIS

Canada are being developed.

The main role of fibers is to resist a major percentage of the load acting on the
composite system while the role of the matrix is to transfer loads between fibers. Each
FRP type has its own mechanical and physical property. Glass fibers have a low cost,
a high tensile strength, a high chemical resistance, and a high temperature resistance.
However, glass fibers are very sensitive to scratching and have low fatigue resistance.
Compared to other fibers, carbon fibers have the highest tensile modulus, an
exceptionally high tensile—to-strength ratio, and a high fatigue resistance. Carbon
fibers, though, are the most expensive kind of fibers. Aramid fibers are lighter than
glass fibers and carbon fibers, have a good resistance to impact loading, and have a high
tensile strength, but have a low compressive strength and degrade when exposed to
ultraviolet light. Basalt fibers have a very high scratch resistance and are better than

glass fibers in terms of thermal stability [11].

2.2.  Literature Review

Many studies had also been conducted to evaluate the durability [12]-[15],
flexural [16]-[19], and shear [20]-[25] performances of concrete beams reinforced with
carbon (CFRP), glass (GFRP), and basalt ( BFRP) FRP types of bars. Other studies
investigated the effect of high temperatures on the performance of FRP bars [26].
Hybrid reinforcements of steel and FRP bars were also examined for slender beams
under flexure [27], [28]. However, limited research has investigated the behavior of
FRP bars under compression. Researchers have studied the compression behavior of
FRP bars and compared them with tensile properties of different lengths and sample
diameters. Different setups were made with varying ways of measurement (strain
gauges), methods of fixing the ends as well as strain rates. There is still no concrete
evidence in terms of research to show the capability of FRP bars to carry loads under
compression. The sample setup for FRP bars under compression will affect the results;
parameters such as bar length, fixed ends parts and ends leveling with the surface will

change the test results. Thus, bar samples in compression must be handled with care.

2.2.1. Valuation of FRP under different loading conditions. Many studies
had been conducted to evaluate the durability [12]-[15], [29], the flexural behavior

[16]-[18], and shear behavior [20]-[25] of concrete beams reinforced with various
20



types of FRP bars. Other studies investigated the effect of high temperatures on the
performance of FRP bars [26]. Hybrid reinforcements of steel and FRP bars were also
examined for slender beams under flexure [27], [28]. However, limited research was
conducted on investigating the compressive response of FRP bars. EImessalami et al.
[30] studied the behavior FRP-reinforced columns. Where a wide-ranging literature
review on FRP-reinforced columns was studied in order to improve the understanding

of their performance under different loading conditions.

2.2.2. Capacity of FRP bars under compression. Very limited studies have
studied the mechanical properties of FRP bars under compression. A study by Plevkov
et al. [31] studied the behavior of GFRP and CFRP bars of 10 mm diameter and 50 mm
length under compression. The test samples were placed into a special device which
consists of two steel couplings and a sleeve, as shown in Figure 2.1 The couplings were
fixed with composite glue at the ends of the rods and then placed inside a steel sleeve.
In the study, it was observed that CFRP samples failed by buckling. Moreover, the
modulus of elasticity was found to be 41 GPa for GFRP bars, which is 67% of that in
tension, and 105 GPa for CFRP bars, which is 73% of that in tension.

: %
rRod
\ %
Steel sleeve
S S
\
Steel coupling .
. R N
Lomposite glue [
Lowpasiie glue 13- \
) NP
S
y

V4

Figure 2.1: Sample test setup by Plevkov et al. [31]

Another study by Khorramian et al. [32], studied the behavior of GFRP bars of

13-, 16- and 19-mm diameters. The length of the GFRP bars was 4 times their diameter
21



to allow an unsupported length equal to twice of the diameter. A couple of strain gauges
were placed at the center of the bar on two opposite sides. For the first and third group,
the strain gauges were installed directly on the GFRP bars (applied 16 mm diameter).
For the second group, resin was applied at the center of the bars and the strain gauges
were attached on the surface of the machined resin instead. Based on the results from
these gauges, the average strain value in each GFRP bar was calculated. The alignment
was done by installing adhesive anchors with a level as shown in Figure 2.2 The
specimens were tested by applying a uniform and monotonic compression force of 0.5
mm/min. Overall, the test results were consistent and the elasticity modulus, strength
and proportional limit (effective compressive strain) of the GFRP bars were evaluated.
The results highlighted that the GFRP bars' compressive properties are comparable to
the tensile properties. The modulus of elasticity values for the 13, 16, and 19 mm
diameter bars were 45 GPa, 42 GPa, and 49 GPa, respectively. However, by adding a
methodology to find the proportional limit, the test technique might have been

improved.

.
: 1

—>1|<~ 3.3 mm

- = effective bar diameter
4d,

\

steel plates \
2d, | >« db steel rmgs 2db Adhesives
| Anchors

db i 4 3 mm / /

GFRP bar m
| S
Assembled Components

Figure 2.2: Sample test setup by Khorramian et al. [32]

Tests were also conducted by Khorramian et al. [33] to evaluate the compressive
elastic modulus and strength. The compressive properties of the rebars were examined
by applying a pure-axial load on short GFRP bar specimens with an unsupported length
equal to two times the diameter of the rebars. Two steel caps, including a steel hollow

cylindrical section with an inner diameter of 32 mm (twice the length of the diameter)
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and a depth of 12.7 mm, were used to remove the stress concentration at the ends of the
rebar specimens. It was observed from the tests that the elastic modulus obtained from
compression is close to that obtained in tension. The authors were uncertain whether
the performance of GFRP bars under compression in concrete is the same as in the
coupon test. They have concluded that it was too conservative not to include the GFRP
contribution in compression and have suggested to consider the contribution of
compression GFRP bars as linear elastic materials until concrete reaches its 0.003

mm/mm compressive cracking strain limit. Figure 2.3 shows the test setup.
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Figure 2.3: Sample test setup by Khorramian et al. [33]

Deitz et al. [34] investigated 15 mm diameter GFRP rebars of a length either
less than 110 mm for no buckling or greater than 210 mm to check for buckling. A hole
of 17 mm diameter was drilled in the threaded rod to allow 65 mm of the specimen
inside, as illustrated in Figure 2.4. The hole size was bigger than the diameter of the
rebar to allow some rotation. The authors found that for non-slender rebars, the ultimate
compression strength (f uc) is equal to around 50% of the ultimate tensile strength (f
ut). Also, based on restricted testing, it was found that the elastic modulus in

compression (Erc) can be considered roughly equivalent to that in tension (Exy).
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Additionally, a study by Khan et al. [35] examined the performance of 15 and
16 mm diameter CFRP bars of 60 and 80 mm lengths, respectively, under compression.
Each test specimen, of smooth parallel ends, was placed vertically between the loading
ends, as shown in Figure 2.5. A simplified ASTM D695-10 [36] compression test
method for rigid plastics was conducted. The testing was done using 100 KN Instron
UTM, and specimens were tested under a displacement-controlled rate of 1.0 to 1.3 mm
per minute until failure. The modulus of elasticity in compression for CFRP bars was
1.17 times greater than that of GFRP bars. The modulus of elasticity in compression of
GFRP bars (42.0 GPa) obtained was almost identical to the value (42.5 GPa) reported
by Deitz et al. [34]. Also, the ultimate tensile strengths of CFRP and GFRP bars were
94% and 65% higher than their ultimate compressive strengths, respectively. Moreover,
the compressive elastic modulus of CFRP and GFRP bars were 89% and 33% lower

than their tensile elastic modulus, respectively.
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Figure 2.5: Sample test setup by Khan et al. [35]

Finally, a recent study by Thiyagarajan et al. [37] examined BFRP bars under
compression, as shown in Figure 2.6. The specimen was mounted vertically between
the compression testing machine's steel plates. The load was applied at a uniform rate
until failure. The typical failure mode of the BFRP bars in compression was due to
crushing of longitudinal fibers. It was found that the compressive strength is two times
less than the tensile strength of the BFRP bars. It was also found that the ultimate

compressive strength of the BFRP bars varies with the change in the diameter.

Figure 2.6: Sample test setup by Thiyagarajan et al. [37]

25



Table 2.2 summarizes the test results from the literature review available. The
comparison includes the material type, the diameter of the sample, the unsupported
sample length, the loading rate, and the strength and compressive modulus of elasticity
with respect to the tensile properties. The results were not in agreement together to give
a clear-cut conclusion on the compressive mechanical properties due to the different

sample setups and material manufacturing quality.

Table 2.2: Compressive strength and elastic modulus of FRP bars as
reported in previous studies

Diameter  Length Evalue  Strength

Source Material Loading rate % of % of
(mm) (mm) - -
tension  tension
Plevkov et 67% / 61%
al. [31] GFRP/CFRP 10 50 - 739 /53%
4 times
the
. diameter 102%
;ha(?rr[%rg]lan GFRP 13/16/19 (2 times 0.5mm/min to 62(?) /; 0
' for the 109%
free
length)
Khorramian
and GFRP 16 32 : 122%  106%
Sadeghian
[33]
110 for
Dei no
ale[gi]et GFRP 15 buckling - 100% 50%
' 210 for
buckling
Khan et al. . 33% 65%
[35] CFRP/GFRP  15/15.9 60/80  1tol.3mm/min  a00 194%
Thiyagarajan 2 times 39%,
etal. [37] BFRP 8/10/2012 _ the - 42.4% 35%
' diameter 144.8%

2.2.3. Effect of varying loading rate and type on FRP bars under
compression. Varying the strain rate will change the results of the strength and strain
properties [31]. The effect of strain rate on the tensile properties of GFRP composites
was studied by Rotem and Lifshitz [38] and found that the dynamic strength is three
times the static strength value, while the dynamic modulus is 50 percent higher than the

static modulus value. On the other hand, while investigating GFRP composites, Rotem
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and Lifshitz [38] found that the modulus of elasticity was not affected by the strain rate

and the dynamic failure stress was only slightly more than the static value.

The automatic control system allows one to perform axial strain-controlled or
axial stress-controlled tests. Then, strain-controlled and stress-controlled testing are
deployed to plot a stress-strain curve. Theoretically, both approaches should yield the
same results. In the samples where the material characteristics will yield and reach the
plastic zone at a certain stress value, strain controlled testing will produce accurate
results while stress-controlled testing will not produce accurate results because there
will be a range wherein the strain increases at a constant stress value. However, FRP
materials do not yield, and thus, using stress-controlled testing is accurate. The main
advantage of stress-controlled testing is that it is a closer representation of the behavior
elements undergo in existing structures. Abed et al. [39] performed a series of static
and dynamic compressive tests on different FRP bars. They have reached to a
conclusion that few FRP bars exhibited different variation in their compressive

strengths at high loading rates.

For strain-controlled testing, the test is conducted such that the sample will be
tested at a given strain rate. Generally, the specimen is tested at a uniform strain rate.

With a known strain rate, a stress-strain rate curve can be plotted.

2.2.4. Challenges and observation on concrete columns reinforced with
FRP bars. Because of the discrepancies in the investigated ultimate compressive
strength and compressive modulus of elasticity of the FRP bars and their contribution
as main reinforcement in concrete columns, there is still no theoretical equation
recommended in CAN/CSA S806-12 [40] or in ACI 440.1R-15 [7] to estimate the
maximum axial capacity of FRP-RC columns to carry loads. However, several
theoretical equations to estimate the maximum axial load carrying capacity of FRP-RC
columns have been proposed in previous studies. Nevertheless, these equations have

not been sufficiently assessed using an extensive range of experimental data [41].

The predominant elastic behavior of FRP rebars usually results in minimal
warning before a brittle and sudden failure occurs. Thus, satisfying deflection and
ductility design requirements is a challenge when designing FRP reinforced concrete

structures [42]. The FRP-concrete bond can be enhanced by means of mechanical
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anchorages such as sand coating and surface deformations. Nevertheless, the lower
ductility of FRP rebars will remain a major concern, especially in structures subjected
to dynamic loading [42]. To estimate the mechanical behavior of FRP bars as internal
reinforcement for RC structures, additional analyses should be performed since the
change in the material properties, technological factors and external aspects may

change the general structural performance of newly-developed bars [43].

A study by Prachasaree et al. [44] evaluated experimentally the structural
performance and behavior of GFRP-RC columns under axial compression loading.
Specimens were prepared with various longitudinal reinforcement, transverse
reinforcement and concrete cover. In accordance to this study, the ratio of GFRP
longitudinal and transverse reinforcement slightly affected the columns’ strengths.
Although there was little variation in strength between various types of transverse
reinforcement, the spiral lateral reinforcement was noticed to be the most influential
factor among other factors, such as inelastic deformation and confining pressure. The
effect of the transverse reinforcement on deformability is more prominent than that on
the column strength. Increasing the reinforcement ratio of GFRP increased the
contribution to the confined compressive strength. The concrete cover did not affect the
maximum load strength or late stage deformation, but rather predominantly affected

early confinement effects.

2.2.4.1 Concentrically-loaded short columns reinforced with FRP. The
majority of the studies performed on concentrically-loaded short columns reinforced
with FRP focused at measuring the amount of contribution of the main FRP
reinforcement bars to estimate the ultimate capacities of the tested columns. The
contribution of FRP bars in the columns’ ultimate capacity depends on the type of the
FRP bars used due to the different mechanical properties that they possess. Table 2.1
briefly summarize the properties of GFRP and BFRP bars and compares them with
different well-known construction materials. Comparing FRP bars with steel bars in
terms of contribution was the main concentration of numerous studies, since steel is
one of the mostly used construction material. Several studies such as Tobbi et al. [45],
Afifi et al. [46] and Pantelides et al. [47] has studied the contribution of FRP bars in
short concentric columns and came up with proposed equations. EIMessalami et al. [30]

gathered and analyzed the outcome of hundreds of tests published in over 40 different
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experimental and analytical studies. The gathered columns were categorized in
accordance to their loading regime, slenderness, concrete type, cross sections, and
reinforcement material and ratio. The design equations suggested by numerous authors
were gathered and evaluated to estimate the load-carrying capacities of the columns
tested.

2.2.5. Challenges and observation on finite element modeling of columns
reinforced with FRP. A section analysis with the assumption that “plane sections
remain planar before and after loading” is frequently implemented to analyze the
ultimate strength and various load-deformation relations of beams and columns [48],
[49].

The main bar’s reinforcement in ABAQUS are modelled as embedded
elements, which is a technique used to describe an element that lies embedded in a
group of host elements (concrete) whose response will be used to constrain the
translational degrees of freedom and pore pressure degree of freedom of the embedded
nodes. The embedded element can either be chosen to be truss-in-solid or solid-in-solid,

and this decision is left for the researcher to specify.

Elchalakani et al. [50] designed the geometry of the FE models in Figure 2.7
according to drawings shown in Figure 2.8. The concrete was modelled as a
homogenous three-dimensional solid element. The longitudinal and transverse
reinforcement were modelled as three-dimensional wire elements. With a diameter of
14 mm each and a length of 1.17 m, the six longitudinal bars were described. With a
bar diameter of 10 mm, the ligatures were specified and engineered so that they had a
27.5 mm cover. The behavior of the elastic-plastic behavior of concrete was modelled
in accordance to the well-known damage plasticity model by Liu et al.[51]. GFRP bars
and stirrups were simulated without damage criteria with linear elastic material up to
failure. In ABAQUS, the GFRP bars and stirrups were embedded in the concrete
sections. Therefore, there was no simulation of the interface between the concrete and
GFRP bars. The two materials were regulated by material models of their own. The
ABAQUS built-in constraint "embedment™ was used to model the interaction between
the reinforcement and the concrete. Based on the confinement model by Kappos and
Konstantinidis [52], the concentric columns were partitioned to segregate the regions

of unconfined and confined concrete. The stress distributions for the OPC concrete
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specimens were identical to the GPC specimens. The models obtained an average
difference of 8 percent in peak load between the experimental and FE predictions and
11 percent in deflection at peak load for the OPC concrete specimens. However, the
models appeared to overestimate the maximum load, which is particularly seen for the
columns loaded concentrically. The overestimation occurred only with the eccentrically
loaded column with 75 mm stirrup spacing. For the OPC concrete beam O150-F with
a 15 percent deviation from the experimental outcome, the greatest inaccuracy in the
simulation occurred, indicating the premature failure caused by lapped stirrup opening.

The broad difference between the FE-predicted displacement and the experimental

results also resulted from this.
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Figure 2.7: The typical geometry by Elchalakani of the FE models of,
(a) concentrically loaded columns, (b) eccentrically loaded columns,
(c) GPC and OPC concrete beams (d), OPC concrete columns [50].
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Figure 2.8: Sketch of RC columns by Elchalakani, (a) concentrically
loaded column, (b) eccentrically loaded column, (c) beam. (in mm) [50].

It was found that it is possible to use an available confinement model to reliably
simulate the concrete specimens’ behaviors in elastic and plastic zones of different
types of concrete. It was shown that by selecting the concrete damage plasticity (CDP)
model the experimental load-deflection diagrams were closely estimated. For both
types of concrete specimens, maximum load and deflection at maximum load have been
well predicted at a reasonable degree of precision (on average 14 percent and 11 percent
for GPC specimens and 8 percent and 11 percent for OPC concrete specimens,
respectively). The typical FE results are shown in Figure 2.9 Due to the opening of the
lapped stirrups, the discrepancies primarily came from premature failures. To avoid
such an unfavorable failure mode, it is advised to assemble the specimens using stirrups
with a spacing being at least 50 percent of the perimeter length. It is concluded that
GPC sample models implementing the theory of CDP and the GFRP bar stress-strain
response approach would be appropriate for accurately simulating the behaviors of GPC

columns and beams with sufficiently strong stirrups and creating safe designs.
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Figure 2.9: Typical FEA results for (a) concentrically loaded columns, (b)
eccentrically loaded columns, (c) RC beams [50].

Another study by Abed et al. [53], where they studied the axial behavior of short
circular RC columns reinforced with GFRP bars and spirals, and short square RC
columns reinforced with BFRP bars experimentally and numerically. To predict the
axial behavior of RC columns under concentric and eccentric loading, nonlinear finite
element models were developed. Several parameters such as GFRP ratios of main and
transverse reinforcement were investigated and an interaction diagram was developed
for RC columns. ABAQUS software was used to model the nonlinear finite element
model of both GFRP-RC and BFRP-RC. The used materials were tested in the
experimental program and their properties were incorporated into the finite element
model developed. The nonlinear behavior of the concrete material was modelled by
introducing the actual inelastic properties of the concrete in the model. The concrete
plasticity parameters were defined with 36 dilation angle, 0.1 eccentricity, 1.16 of fno
biaxial compressive strength of concrete over fco uniaxial compressive strength of
concrete, 0.667 of shape of yield surface parameter and a viscosity of 1 x 107

Additionally, to account for large deformation, the nonlinear analysis (NLGEOM)
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option was activated in the model used. On the columns, several load-eccentricities
were applied and the load-displacement graphs for all eccentricities applied were
retrieved. From the FE analysis, the load versus axial strain graphs were obtained.
Under the influence of the longitudinal reinforcement ratios, the modeling of RC
columns reinforced with GFRP bars was carried out by varying the number of
longitudinal bars while maintaining the same diameter. The authors found that the
numerical results of the axial behavior of columns reinforced with FRPs were in lined
with the experimental results. Abed et al. also reported that increasing the reinforcement
ratio of the column would increase the axial capacity as well as the ductility of the
column. The capacity and ductility also increased as the spiral area increased, while
maintaining the pitch at a value in which confinement occurs. When the pitch of the
spirals decreased, the maximum load and ductility increased since confinement is
better.

2.2.6. Evaluation of the mechanical properties of concrete. Concrete is a very
old material. Cement was used in ancient times in Egypt, Greece, and Rome. The word
"cement” comes from a Latin word referring to a solid material to which water has been
added [54]. In 1824, Joseph Aspdin invented the name “portland cement,” and thus
changed the way modern infrastructure would be constructed to the present day [55].
Since extensive and reliable information is available about the mechanical properties

of concrete, the properties were obtained from the literature review.

2.2.7. Failure mechanisms of concrete under different loading rates. The
rate dependency of concrete can be divided into two regimes: the regime with moderate
rate effects for loading rates in the range from 10 GPa/s (static) up to 50 x 10 GPa/s,
and the regime with extensive rate effects for loading rates beyond 50 x 10 GPa/s. It
is assumed that the moisture content plays an important role in the increase in concrete
strength. Crack branching and bridging occur under static loading conditions. Cracks
have more time to grow in the weakest spots due to the low loading rate and thus form
around the aggregate particles. When the loading rate is very high, cracks have less
time to form, and are thus not limited to the weakest spots in the cement mixture, the
transition zone. Hence, cracks do not only occur around the aggregate particles, but also
within them. A set of results and conclusions have been taken from a study by Vegt et

al. [56] where the failure mechanisms in concrete under static loading is studied using
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the Split Hopkinson Bar (SHB), which is used to generate moderate loading rates, and
the Modified Split Hopkinson Bar (MSHB), which is used to generate high loading
rates. The static and the SHB fracture mechanisms are similar, except for the crack
bridging process in the static tests, which makes the failure behavior more ductile than
in the SHB tests. The MSHB's failure is dominated by the presence of several micro-
cracks that spread, evolving into one or more macro-cracks. In this high loading rate
regime, energy dissipation is very high and is dominated by fractures at the micro-scale
rather than at the macro-scale. For the MSHB-test condition, the stress strain relation
originated from the fresh experimental data is affected by the inertia effects in the

structural response, resulting in higher values for the fracture energy [56].

2.2.8. Design equations for FRP-RC columns. Numerous studies have
examined the behavior of rectangular and circular columns reinforced with glass FRP
and stirrups, and have suggested equations to estimate the ultimate concrete capacity
reinforced with FRP main bars in compression. Table 2.3 shows several equations to

predict the axial ultimate capacities of FRP-RC columns.

Table 2.3: Summary of the design equations presented in the literature for
FRP-RC columns

Reference Suggested equation Equation

A- Neglecting the contribution of FRP
IS alf’c(Ag —Ap)

CSA S806-12 [57] (2.1).
a; = 0.85 — 0.0015f’c > 0.67

ACI 318 [58] Fo = 085fc(4g = Ar)

(2. 2).
B- Considering the FRP contribution
P, = 085f' (Ag — Ap) + agfruAr
Afifi et al. [46] (2.3).
ay, = 0.35
PO = 0'85f’CCAC + 0'0035AFRPEFRP
Pantelides et al. [47] (2. 4)

flcc = flc + @£3.3f1rrp
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f _ 2EpgpAsprrpére
WFRP ST d,

Efe = kegfu

(¢ =0.95, k, = 0.55)

Tobbietal. [45]  p, = 0.85f" (4, — Ar) + EcoxApppErge (2.5)

Ac= area of confined concrete core; Ar= area of FRP longitudinal reinforcement; Ag= area of gross column section;

fe=compressive strength of concrete; fcc= compressive strength of confined concrete; a1= reduction factor; &fu=

ultimate FRP strain; Asprre = area of FRP spiral; dc = outside diameter of spiral; s = spiral pitch., Eco= concrete strain

at peak stress

The suggested equations are also listed in Table 2.3 Though some researchers
recommended ignoring the contribution of the longitudinal FRP bars to the columns’
capacities as listed in “A- Neglecting the contribution of FRP”, other researchers
adopted several approaches to determine such contribution as listed in “B- Considering
the FRP contribution”. The next sections discuss the several methods that researchers
have followed to compute the contribution of FRP bars to the ultimate capacities of
FRP-RC columns.

2.2.8.1. Neglecting the contribution of FRP bars in compression. New codes
are allowing the use of FRP bars under compression. Yet, the design guideline ACI-
440.1R-15 [59] prohibits using FRP bars as reinforcement in compression members.
According to CSA-S806 [57] , the nominal unconfined axial load capacity of columns
with FRP longitudinal reinforcement is determined in accordance with Equation 2. 1
(Table 2.3), in which the contribution of FRP bars to the columns’ capacities is not
considered. Ignoring the contribution of FRP bars to the capacities of FRP-RC
columns underestimated the columns capacities averagely by 20% and 13% for
equations 2.1 and 2. 2 respectively for all groups that are confined with steel lateral
reinforcement. This approach underestimates the capacity of FRP reinforced columns.
Hence, the contribution of FRP rebars should be accounted for to a certain extent, in

order to truly determine the actual capacity of FRP reinforced columns.

2.2.8.2. Considering the contribution of FRP bars in compression. Several

researchers have chosen to consider the contribution of FRP bars by applying a
35



reduction factor to account for the low compressive strengths of FRP bars. Equation
2. 2 by Afifi et al. [46] considers the concrete compressive contribution plus to a

reduced contribution from the FRP bars, as shown in Table 2.3.

Other researchers have chosen to account for the contribution of FRP bars by

using the strength of FRP bars at certain level of FRP strain.

Pantelides et al. [47] proposed Equation 2. 4 (Table 2.3), which considers the
strength of confined concrete core, f”cc, while forecasting the capacities of FRP-RC
columns to reflect the spalling of concrete cover observed at failure. In their equation,
Tobbi et al. [45] used & equivalent to the concrete strain limit, eco Equation 2. 5 in
Table 2.3.
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Chapter 3. Experimental Evaluation of BFRP and GFRP Bars under
Compression

This chapter presents a detailed step by step explanation of the description of
the GFRP and BFRP bars test material, the description of the specimen design and
preparation in evaluating the compressive strength of commercially produced ¢8, $12,
and $16 GFRP and BFRP bars, description of the test matrix, an outline of the sample
testing procedure, the instrumentation used in the tests, and the experimental results.

3.1. Test Material

The GFRP and BFRP bars were produced by Galen, a Russian company based
in the city of Cheboksary. The GFRP and BFRP bars were manufactured by pultrusion,
in which the fibers (glass or basalt) are impregnated with polymer binder, and then run
through the system drain bushing. Figure 3.1 shows samples of the BFRP and GFRP
bar specimens prepared for the compression test.

(a) (b)

Figure 3.1: FRP bars samples (a) GFRP bar samples (b) BFRP bar samples

The properties of these bars in tension are shown in Table 3.1 were obtained by
researchers in previous studies [17], [39], [60].
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Table 3.1: Tensile properties of bars reinforcements [17], [39]

Samp_le Dsigms'::r Ultimate Tensile Tensile_ Modulus of
Material (mm) Stress (MPa) Elasticity (GPa)
GFRP 8 983.1+32
GFRP 12 976+46
GFRP 16 874139 44.9+1.3
BFRP 8 1075.1 + 37
BFRP 12 1118.6 + 31
BFRP 16 1121.3 £ 56 49.3+1.1

3.2.  Specimen Design and Preparation

In order to get accurate results on the compressive strength of the GFRP and
BFRP bars, it must be ensured that the loading on the bars during testing is purely
concentric. In addition to that, the effective length of the bars must not be too long and
hence cause buckling. GFRP and BFRP bar specimens were manufactured by a cutting
machine in which bar ends were ensured to be smooth and level. As discussed in the
literature review, when the bar specimens have a length less than three times their
diameter, buckling will not occur. As such, the bars are cut into lengths two times and
three times their diameters. Three types of apparatus were made, and the third testing
apparatus was used. The FRP bars will be fabricated such that the inner diameter of the
steel tubes was 1-1.5mm higher than the diameter of the bar sample. The bars were
placed inside steel grips from both ends. It was difficult to obtain a perfectly flat end

perpendicular to the loading axis with the equipment available.

3.3.  Test Matrix

A total number of 30 GFRP and BFRP bars were tested under compressive axial
loading to study their compressive mechanical properties. The bars are identified and
named systematically based on the material of the bars, their diameter, and their total
length. The first part indicates the material of the bars (GFRP or BFRP). The second
part indicates the diameter of the bars. The third part provides information about the
length of the bars. For example, G12-24 means that the bar is a GFRP bar, has a

diameter of 12 mm, and has a length of 24 mm. Table 3.2 shows the specimen matrix
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used in this study. Five samples were tested for each bar ID, and the average and

standard deviations of the results of each bar ID were recorded.

The results are compared to the tensile values calculated in previous
experiments. The comparison will provide a generalized behavior of the bars in
compression to their behavior in tension. Table 3.2 shows the proposed text matrix for

GFRP and BFRP bars under compression.

Table 3.2: Test matrix

. Sample

Bar ID (Dr:]e:;lr;eter Ieng?h

(mm)
G8-16 8 16
G12-24 12 24
G16-32 16 32
B8-16 8 16
B12-24 12 24
B16-32 16 32

3.4.  Test Setup and Procedure and Instrumentation Used in the Tests

Two test setups were attempted before deciding on the final test setup. The first
test setup included a steel tube welded to a plate. The bar was placed inside the tube
and an epoxy was added to prevent the bar from tilting while testing. Figure 3.2 and

Figure 3.3 show the first arrangement.

FRP bar

6mm Cylinder

(TYP)

Steel plate

ELEVATION VIEW

FRP bar
Grout

Steel plate

Cylinder

Section A-A

Figure 3.2: First attempted test setup sketch
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Figure 3.3: First attempted test setup typical one end

Although the approach of testing the bars by this setup achieved the desired
intent, two major difficulties were encountered which induced undesired eccentricity
and resulted in a tilted bar setup and inaccurate results. The first difficulty was placing
the bar in the middle of the cylinder; even though a mark was drawn on the centroid of
the plate by the fabricator, placing the bar manually in the middle was difficult. The
second difficulty was that the steel plate and cylinder were relatively heavy to the
arrangement, therefore, when placing the second end of the bar into the other plate, the
first arrangement was ruined, and the bar shifted away from the center. This resulted in

immature failure of samples.

A second setup was then attempted. This setup included an open tube filled with
epoxy, with the FRP bar being placed inside the epoxy. The proposed arrangement in
Figure 3.4 and Figure 3.5 was chosen to try to avoid stress concentration at the end of
the bar specimens by using the steel grips. Placing the bar at both ends was done with
a tool that keeps the bar and the end steel grips placed at a 90 degrees angle. Figure 3.5
shows the tool and the way the bars were handled. GFRP and BFRP bars were placed
in the desired opening and then an epoxy was applied to the steel grip. Afterwards, the

alignment arrangement was removed before testing.
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Figure 3.4: Second attempted setup schematic sketch

(b)
Figure 3.5: Second attempted test setup (a) alignment Tool (b) sample specimens
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After conducting the test for the first attempted test setup, and checking the
results and the samples failure mode, it was found that the load at failure was much
lower than expected and the bars encountered premature failure which started from both
ends of the bars. Handling the bars was the main issue; when the bars were placed at
one end, the epoxy had to dry before the other end was fixed, and since the plate and
the ring are relatively heavy, a small amount of tilting was hard to avoid, which caused

an eccentricity of the loading and lead to premature failure.

The second attempted test setup resulted in premature failure modes of the FRP
bars as well. The alignment tool did indeed place the bars at the middle of the grip and
made them completely perpendicular. The alignment tool was placed after applying the
epoxy, and after removing this tool, the epoxy would have bonded to the tool.
Therefore, when the alignment tool was removed, the bars tilted, which made it

extremely difficult to get a completely perpendicular sample.

The typical failure mode from the first two attempted setups is shown in Figure
3.6.

(a) (b)

Figure 3.6: Typical attempted setups 1 and 2 testing outcome (a) typical sample
failure (b) typical tilting of samples during testing

Finally, after two unsuccessful test setups attempts, a third test setup was

adopted as shown in Figure 3.7 and Figure 3.8.
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The length of each FRP bar specimen was two times the diameter, which is less
than three times of its diameter so that the FRP bars do not buckle. Slightly oversized
holes in the ends of the testing apparatus allowed some rotation at the ends of the
specimens, thereby reducing the moments applied by the apparatus while still providing

some end restraint.

teel Cap

ar Sample Specimen

SECTION A-A
1mm for 8®
ELEVATION VIEW twa times bar diameter
SECTION B-B
(a) (b)

Figure 3.7: Used test setup sketch

Figure 3.8: Used test setup
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The compression tests were conducted at a rate of 0.25-0.5 MPa/s using a
universal testing machine (UTM) with a capacity of 3000kN under compression as

shown in Figure 3.9.

(a) (b)

Figure 3.9: Experimental setup of static loading (a) an
overview picture of the testing machine with the bar (b) a
focused picture on the bar inside the testing machine

A cutting machine was used to ensure that the bar ends are completely
perpendicular to the fixed surface. Cutting and shaping was performed by a rotating
part clamped in a chuck. The bars held on a turret. Figure 3.10 shows the cutting

apparatus.

Figure 3.10: Apparatus used for cutting the samples
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3.5.  Experimental Results

3.5.1. Compressive strength of bars and failure modes. Five bar specimens
of each size were tested, and the average compressive strength and their standard
deviations were reported, as shown in Table 3.3 and Table 3.4 for the GFRP and BFRP

bars, respectively.

Table 3.3: Properties of GFRP reinforcements

Bar sg::?cfriél Compressive Cc;ar;}lls:zgseive Star_lda}rd
Diameter Area Strength Strength Deviation
(mm?) (MPa) (MPa) (MPa)
16.7 219 573
16.7 219 544.2
16.7 219 551.5 562.5 23
16.7 219 545.6
16.7 219 598.1
12.7 126.7 504.4
12.7 126.7 480.8
12.7 126.7 510.7 496.1 18
12.7 126.7 472.9
12.7 126.7 511.5
8 50.5 354.3
8 50.5 294.9
8 50.5 287 311.6 27.3
8 50.5 322.7
8 50.5 298.9

Table 3.4: Properties of BFRP reinforcements

Cross- Average

. Compressive : Standard
Bar sectional Compressive o
. Strength Deviation
Diameter Area (MPa) Strength (MPa)
(mm?) (MPa)
16.7 219 420
16.7 219 471.9
16.7 219 440.8 448.2 24.3
16.7 219 454.2
16.7 219 441.8
12.5 122.7 418
12.5 122.7 430.3
416. 19.
12.5 122.7 390.3 66 95
12.5 122.7 405
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12.5 122.7 439.2

8.4 55.4 420.4
8.4 55.4 416.8
8.4 55.4 362.7 394.5 241
8.4 55.4 386.2
8.4 55.4 386.2

In general, the variation in the compressive strength results between the five
specimens were reasonable for all sizes. However, and unlike their tensile strengths, the
compressive strengths of both the GFRP and BFRP reported lower values at smaller
sizes. In particular, the compressive strength of the 8 mm GFRP and BFRP bars were
reduced by 45% and 12% as compared to 16 mm GFRP and BFRP bars, respectively.
On the other hand, the compressive strengths of the BFRP bars were in the range of 35—
41% of their tensile strengths. For the case of the GFRP bars, the compressive strengths
of the 8, 12, and 16 mm bars were about 32, 51, and 64% of their tensile strengths. One
noticeable failure mode was detected throughout the tests. It was a crushing failure
mode in which the glass and basalt fibers separated from the resin matrix, as shown in

Figure 3.11. The young’s modulus in compression of both materials, on the other hand,
was around 80% of that in tension.

(b)

Figure 3.11: Typical samples failure mode (a) GFRP sample (b) BFRP sample
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Chapter 4. Evaluation of RC Columns Reinforced with GFRP and BFRP Bars

The axial behavior of the concrete columns reinforced with GFRP and BFRP
bars is numerically investigated in this chapter. Nonlinear finite element (FE) models
were developed to predict the axial behavior of the reinforced concrete (RC) columns
under concentric and eccentric loading. Different parameters, such as the longitudinal
reinforcement ratios, different cross sections, and transverse reinforcement material for
the RC columns, were considered. The compressive and tensile properties of the GFRP
and BFRP bars investigated in the previous section (Table 3.1, Table 3.3 and Table 3.4)

were utilized in developing the FE model and in conducting the parametric analysis.

4.1.  Finite Element Modeling

This section presents the development and verification of the FE models for
concrete columns reinforced with GFRP bars (GFRP-RC columns) and BFRP bars
(GFRP-RC columns). The commercial software package ABAQUS was used to create
the nonlinear finite element models in which the axial behavior of the GFRP- and
BFRP-RC columns were accurately simulated. The FE model verification was also
performed using a set of experimental tests conducted previously by EIMesalami [61],

[62] on similar columns.

4.1.1 Model material. The materials used in the models include GFRP, BRFP,
steel and concrete. The concrete material was defined in the elastic zone through its
elastic modulus and Poisson’s ratio while the inelastic behavior is defined using the
concrete damage plasticity (CDP) model. CDP approach, that guarantees the
uniqueness and accuracy of the model. In which by this method, the input parameters
obtained for a specific concrete class with a specific characteristic strength can be used
for finite element simulation of the desired concrete. Utilizing the CDP approach allows
defining both the compressive and tensile properties of the concrete material in the FE
analysis. The CDP approach is designed specifically for the use of applications of
materials such as concrete which is subjected to specific type of loadings such as
monotonic or dynamic loading, and can be used for plain type concrete or concrete with

rebar so user can define reinforcement.

Figure 4.1 illustrates the compressive and tensile properties for concrete used

in the present FE analysis.
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Figure 4.1: (a) Inelastic compressive and (b) tensile behaviors of concrete used in the
FE Model.

For the CDP model, the plasticity parameters include the dilation angle of 36,
eccentricity of 0.1, the ratio foo/fco of 1.16, the parameter K of 0.667 and viscosity
parameter of 1.0 x10®°. The GFRP and BRFP materials are defined using the elastic
modulus and ultimate strength. The GFRP and BFRP materials are defined using the
elastic modulus and ultimate compressive and tensile strengths listed in Table 3.1,
Table 3.3 and Table 3.4. The plastic behavior for the steel ties is defined using the yield
strength for Grade 60 steel reinforcement (420 MPa).

The ultimate compressive strength was obtained from the test results, while
Young’s Modulus in compression was taken as around 80% of that in tension based on

the experiments done earlier.

For the eccentric loading cases, the GFRP and BFRP bars subjected to tension will be
given an elastic behavior with the strength characteristics of GFRP and BFRP in
tension, and the GFRP and BFRP bars subjected to compression will be given an elastic
behavior with strength characteristics of GFRP and BFRP in compression obtained
from Table 3.1, Table 3.3 and Table 3.4.

4.1.2 Model geometry. The concrete column was modeled as a homogenous
three-dimensional solid section using eight-node linear brick elements with reduced
integration whereas the longitudinal and transverse reinforcements were modeled using

deformable truss elements, which only carries axial load during bending. The transverse
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reinforcements were defined with cross-sectional areas of 78.5 mm? and designed such
that they were surrounded by a 27.5 mm concrete cover. Figure 4.2 displays the full

model and the reinforcements along with the chosen mesh for the square cross-section
of 180 mm x 180 mm x 1100 mm.

A ¥
ALY

ELLEL
1111
Y

111l

lllllllllllll

(@ (b)

Figure 4.2: (a) Chosen mesh for the square cross section of (180x180x1100)
mm (b) geometry of cage

Three types of geometry were adopted in this study. Figure 4.2 shows the full
model and the reinforcements along with the chosen mesh for the square cross section
of 180x180x1100 mm. To simulate the interaction between the reinforcement and the
concrete, the ABAQUS built-in constraint “embedment” was used. This constraint
restricts the nodes of the reinforcement to the corresponding degrees of freedom of the
host domain. As shown in Figure 4.2 (a), rigid plates were added to the model to ensure
the uniformity of the load applied on the top and bottom surfaces. Moreover, normal
and tangential surface-to-surface contact defined the interaction between the rigid
plates and concrete surfaces using the penalty contact approach. Boundary conditions

and displacement are assigned to the plates through reference points defined on the
center of each rigid plate.
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Static displacement-controlled loading is applied at the rigid plates to obtain the
peak strength of the RC column. The column is restrained at the bottom along the
horizontal and vertical components and also restrained from torsion. At the top, the
column was restrained along the horizontal force component only. To model
eccentricity in ABAQUS, a reference point at the desired eccentricity location must be
first added before adding a rigid plate such that its centroid will be placed at the added
reference point. In the opposite side of the column, a rigid plate was inserted in the
centroid of the column. It shall be noted that a rigid plate is modelled such that failure
shall not occur at that location. The eccentricity was changed by shifting the reference

point and the rigid body to the required new eccentricity location.

A mesh sensitivity analysis was also conducted to select the appropriate mesh
size that provide results accuracy with less computational cost. The model with a mesh
size of 20 mm was considered through the analysis. The G16-0 model by EIMesalamani
[61], [62] was chosen to perform a mesh sensitivity, in which it was found that reducing

the mesh size will not affect the results, as shown in Figure 4.3.

(@)
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Figure 4.3: (a) mesh configuration and (b) load vs. displacement results for the
different element sizes.

4.1.3 FE model verification. The experimental program conducted by
ElMessalami [61], [62] was partially to verify the FE modeling of rectangular concrete
columns reinforced with GFRP and BFRP bars. The experimental program consisted
of twenty-two reinforced concrete columns tested under monotonically increasing pure
axial load. All columns were cast with normal-weight, ready-mixed concrete with an
average compressive strength of 34.4 MPa. The verification results of only nine

columns were presented.

Table 4.1 presents the details and axial capacity results for three selected column

specimens.
Table 4.1: Test matrix, specimens’ details and results [61], [62].
Longitudinal Reinforcement Eccentricity Transverse
Reinforcement
Column Difn?gter Reinforcement (mm) Tvpe |esSpacing  Pmax
ID yp Ratio (%) yp (kN)
(mm) (mm)
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S16-0
B16-0
B16-40
B16-80
B20-0
B20-40
G16-0
G16-40
G16-80

Steel 16 2.48 0 Steel 180
BFRP 16 2.48 0 Steel 180
BFRP 16 2.48 40 Steel 180
BFRP 16 2.48 80 Steel 180
BFRP 20 3.88 0 Steel 180
BFRP 20 3.88 40 Steel 180
GFRP 16 2.48 0 Steel 180
GFRP 16 2.48 40 Steel 180
GFRP 16 2.48 80 Steel 180

1300
1060
595
340
1070
750
1050
590
350

The column labels represent the reinforcement type and quantity, where the first

letter refers to the longitudinal reinforcement type (B = basalt, G = glass, and S = steel).

The first number after the letter refers to the diameter of the longitudinal reinforcement

(16 or 20 mm) and the second number refers to the eccentricity value (0, 40, or 80 mm).

Figure 4.4 and Figure 4.5 show the geometry and cross-sections detailing of the test

specimens that were used in the FE model verification.

Ui \
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7#10 mm ties-_ 40:1::
@ 60 mm \ -
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1100 440
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@35 mm =\ 150
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(=]
|
—_—
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Figure 4.4: Experimental column by EIMesalami [61], [62].
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Figure 4.5: Columns cross section (in mm) by EIMesalami [61],
[62].

Figure 4.6 and Figure 4.7 show the FE verification results as compared to the

experimental data for the nine selected GFRP- and BFRP-RC columns.

The comparisons of the load vs. displacement curves (Figure 4.7) and the
ultimate compressive strengths (Figure 4.6) between the FE model predictions and
experiments were generally very good and within the approximate errors of 5%. Thus,
the validated FE model was later used to conduct the FE parametric analysis for

extending list of columns, as discussed next.

Compressive strength verification
1600
1400

1200

1000
80
60
40
: | |

S16-0 B16-0 B16-40 B16-80 B20-0 B20-40 G16-0 G16-40 G16-80

o

o

o

o

o

B Experemintal results ~ ® FEA Results

Figure 4.6: Comparison between experimental and FEA results
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Figure 4.7 shows the force-displacement diagram for the experimental work and

the FE modeling.

—~

Load (kN

1600
G16-0FE

1400 G16-0

B20-0 FE

1200 B20-0

B16-0 FE

B20-40 FE

800

B16-40 FE
600 = = =B16-40

S16-0FE

400 - — —5160
———B16-80 FE

200 - = =B16-80

0 0.5 1 1.5 2 25 3 3.5 4 45

Displacement (mm)

Figure 4.7: Load vs displacement comparison between experimental work and FE

modelling

4.1.4 Parametric analysis: Performance of GFRP- and BFRP-RC columns.

A parametric study was conducted to further investigate the response of the GFRP and

BFRP bars in RC columns by considering different reinforcement ratios, shapes and

dimensions, concrete compressive strengths, and stirrups types. The outcome of

changing these parameters on the overall behavior of the RC columns is also presented

and discussed. Two different column geometries with rectangular and circular cross-

sections were investigated, as shown in Figure 4.8 and Figure 4.9, respectively.

Figure 4.8 represents the column detail for rectangular cross sections. For all

the rectangular sections, 4 bars were used, and the reinforcement ratio was increased

by increasing the bar diameter to reach the required reinforcement ratio. It should be

noted that bar diameters were selected based on the availability of actual cross bar

diameters available in the market.
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Figure 4.8: Rectangular FRP-RC column details: (a) column dimensions
(b) cross section of 180 mm x180 mm column (c) cross section of 200 mm x200
mm column

Figure 4.9 represents the column detail for circular cross sections. For all the

circular sections, 6 bars were used, and the reinforcement ratio was increased by

increasing the bar diameter to reach the required reinforcement ratio. A cover of 27.5

mm was used for all columns, the spacing of the shear stirrups is shown in Figure 4.9,

and the total length of columns modelled was 1100mm.

2030

9 @10 mm ties @ 35 mm— |

8 @10 mm ties @ 60 mm—_|

1100.0

(a)

(b)

Figure 4.9: Circular FRP-RC column detail of 203 mm diameter (a) column
dimension (b) cross section
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A number of FE models were developed for several reinforcement ratios and
varying eccentricities to develop interaction diagrams. In the first step in producing
interaction diagrams of the same reinforcement ratio, columns were modelled under
various eccentricities, starting from the maximum eccentricity up to pure concentric
loading. Another parameter in this study is the concrete strength, which was varied to

study its effect on the columns’ behavior.

The columns in the FEA parametric study were divided into ten groups. Each
group includes a total of forty-five (45) short RC columns of 1%, 2%, 4%, 6% and 8%
reinforcement ratio. Group 1 columns have square cross-sections, GFRP as a main
reinforcement with 180 mm width, steel ties, and an ultimate concrete strength of 40
MPa; Group 2 columns have square cross-sections, GFRP as a main reinforcement with
180 mm width, GFRP ties, and an ultimate concrete strength of 40 MPa; Group 3
columns have square cross-sections, GFRP as a main reinforcement with 200 mm
width, steel ties, and an ultimate concrete strength of 40 MPa; Group 4 columns have
square cross-sections, BFRP as a main reinforcement with 180 mm width, steel ties,
and an ultimate concrete strength of 40 MPa; Group 5 columns have square cross-
sections, BFRP as a main reinforcement with 180 mm width, BFRP ties, and an ultimate
concrete strength of 40 MPa; Group 6 columns have square cross-sections, BFRP as a
main reinforcement with 200 mm width, steel ties, and an ultimate concrete strength of
40 MPa; Group 7 columns have circular cross-sections, BFRP as a main reinforcement
with 200 mm diameter, steel stirrups, and an ultimate concrete strength of 40 MPa;
Group 8 columns have square cross-sections, GFRP as a main reinforcement with 180
mm width GFRP ties, and an ultimate concrete strength of 30 MPa; Group 9 columns
have circular cross-sections, BFRP as a main reinforcement with 200 mm diameter,
GFRP stirrups and an ultimate concrete strength of 40 MPa, and finally Group 10
columns have circular cross-sections, GFRP as a main reinforcement with 200 mm

diameter, steel stirrups, and an ultimate concrete strength of 30 MPa.

All parametric analysis results were extracted from ABAQUS FE modelling.
For the same reinforcement ratio, nine (9) FEA models were analyzed, including one
with pure concentric loading and one with pure moment, and then an interaction
diagram was drawn to measure the change in combined axial and flexural capacity

when the eccentricity is changed. Several FEA models were studied using ABAQUS,
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and the column dimension, column reinforcement ratio, column cross-sectional shape,
and material used for ties was varied. Table 4.2 explains the parametric study groups.
A total number of 450 reinforced columns were modeled to study their compressive

behavior. Within the group, each column has a unique ID.

The columns in the FE parametric study were divided into ten groups. Each
group consisted of a total of 45 short RC columns, including a total of nine load
eccentricities with five reinforcement ratios of 1%, 2%, 4%, 6%, and 8% for each load

eccentricity, as listed in Table 4.2.

Table 4.2: Parametric study groups table

Cross- Main Dimensions Ties fc'
Group Column ID Sectional  Reinforcement (B or D) - Eccentricity
Shape Material (mm) Material
P (MPa)
Group-1 S-G180-S**-40 Square GFRP 180 Steel 40
Group-2 S-G180-G**-40 Square GFRP 180 GFRP 40
Group-3 S-G200-S**-40 Square GFRP 200 Steel 40
Group-4 S-B180-S**-40 Square BFRP 180 Steel 40
0,10,20,30,4
Group5  S-B200-S**-40  Square BFRP 200 Steel 4  0:6080,100
and Pure
Moment
Group-6 S-B200-B**-40 Square BFRP 200 BFRP 40
Group-7 S-G180-S**-30 Square GFRP 180 GFRP 30
Group-8 C-B200-S**-40 Circular BFRP 203 Steel 40
Group-9  C-B200-G**-40  Circular BFRP 203 GFRP 40
Group-10  C-B200-S**-30 Circular BFRP 203 Steel 30

Note: ** denotes 00, 10, 20, 30, 40, 60, 80, 100, and Pure Moment, which
corresponds to the eccentricity

Each column was labeled with a unique ID in each group. The first letter
indicates the column cross-section type (S for square cross-section, and C for circular

cross-section); the second letter refers to the type of reinforcement (G for GFRP, B for
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BFRP); the number after the second letter provides information about the
width/diameter of the cross sectional area; the following letter denotes the tie material
(S for steel, G for GFRP, and B for BFRP), followed by the eccentricity in mm; and,
finally, the last number provides information about the concrete compressive strength
used. As an example, S-G180-S80-40 indicates a square column of 180 mm width,
reinforced with GFRP bars and steel ties, has a concrete compressive strength of 40

MPa, and loaded at 80 mm eccentricity.

The main objective of considering the 10 groups listed in Table 4.2 was to
investigate the effect of the different parameters on the overall responses of the FRP-
RC columns and their interaction diagrams. For example, the difference between Group
1 and Group 2 is only the type of ties material (steel vs. GFRP) and the difference
between Group 1 and Group 3 was the dimension of the square cross-section (180 mm
vs. 200 mm). Furthermore, the concrete compressive strength considered for Group 10
was 30 MPa while the concrete compressive strength for the other nine groups was 40
MPa. The 450 columns were numerically analyzed, and the results were reported and

discussed.

Figure 4.10 presents a sample of the load vs. displacement curves for columns

of the 1% reinforcement ratio in Group 1, predicted using the FE models.

1200

Concentric
1000 10mm eccentricity
20mm eccentricity
800 30mm eccentricty
40mm eccentricity

600 60mm eccentricity

Load (kN)

— 80mm eccentricity

400 -
= 100mm eccentricity

200

0 1 2 3 4 5 6

Displacement (mm)

Figure 4.10: Load vs. displacement results for columns in Group 1, at the 1%
reinforcement ratio.
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The results clearly illustrate the transition in the stiffness of the columns as well
as ultimate compressive loads over the different eccentricities considered. After
obtaining the load vs. displacement results for all groups, interaction diagrams were
developed for the five different reinforcement ratios, as shown in Figure 4.11, Figure
4.12, Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17, Figure 4.18,
Figure 4.19 and Figure 4.20, which correspond to the columns in Groups 1-10,

respectively.

An interaction diagram can be defined as a curve that shows the interaction
between axial force and bending moment in which an acceptable capacity of a column
with similar properties can be classified as safe for carrying that set of loads
combination. Pure axial compressive load is the point at which the Rnvalue is equal to
zero at zero eccentricity, while pure flexure is the point at which the Ky value is equal

to zero.
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Figure 4.11: Group-1 interaction diagram

59



GROUP-2 INTERACTION DIAGRAM
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Figure 4.12: Group-2 interaction diagram

GROUP-3 INTERACTION DIAGRAM
fc=40 MPa b
0.70 f = 820 MPa =Yn_
f =550 MPa e | o
v=0.67 :
® . °

0.60

J

}E

0.50

0.40

Po/f A

K=

0.30

0.20

0.10 p=8%

0.00
0 001 0.02 003 004 005 006 007 008 009 01 011 012 013 014

R,=P.e/f'cAh

Figure 4.13: Group-3 interaction diagram
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GROUP-4 INTERACTION DIAGRAM
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Figure 4.14: Group-4 interaction diagram
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Figure 4.15: Group-5 interaction diagram
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Figure 4.16: Group-6 interaction diagram
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Figure 4.17: Group-7 interaction diagram
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Figure 4.18: Group-8 interaction diagram
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Figure 4.19: Group-9 interaction diagram
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GROUP-10 INTERACTION DIAGRAM
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Figure 4.20: Group-10 interaction diagram

The overall response and shape of these interaction diagrams were similar to the
graphs presented in the ACI 318 [58] for steel-reinforced RC columns. in Figure 4.11,
Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17, Figure
4.18, Figure 4.19 and Figure 4.20 provide valuable information for the design of GFRP-
and BFRP-RC columns.

The axial load vs. displacement results were also utilized to study the
contribution of the GFRP and BFRP bars to the total compressive strength of the
concentric FRP-RC columns in all groups. The confined concrete strength factor and
ductility indices for the concentric FRP-RC columns were also calculated and
compared. The confined concrete strength factor (f’cc) was calculated for each column
as the difference between the peak load and force carried by the bars, divided by the
confined concrete area (Ac) delineated by the centerline of the ties ((Pmax—Pbar)/Ac).
Values of the confined concrete strength factor (f’cc) for concentrically loaded columns

are shown in Table 4.3.
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Table 4.3: Confined concrete strength factors and ductility indices of all concentric

columns
CO:LI‘Dm” Re'”g’;fi%me”t Prmax fre DI Peoncrete  Peoncrete/Pmax  Phar/Pmax
1% 1096 52.5 1.86 1042 0.95 0.05
2% 1100 51.5 1.66 1004 0.91 0.09
POV 4% 1114 507 141 965 0.87 013
6% 1126 52.5 1.43 963 0.85 0.15
8% 1170 54 1.56 964 0.82 0.18
1% 841 40.8 1.32 810 0.96 0.04
2% 865 41.8 1.5 816 0.94 0.06
Sc;oGoli% 4% 868 414 1.33 789 0.91 0.09
6% 895 42.1 1.35 772 0.86 0.14
8% 899 42.2 1.41 754 0.84 0.16
1% 1114 41.6 2.02 1080 0.97 0.03
2% 1218 46 1.55 1157 0.95 0.05
55_0602_38_ 4% 1224 44.6 1.96 1109 0.91 0.09
6% 1250 44.4 2.01 1064 0.85 0.15
8% 1260 43.9 2.2 1018 0.81 0.19
0.04
1% 1095 53.2 1.56 1056 0.96
S-B180- 2% 1113 53.5 1.43 1044 0.94 0.06
S00-40 4% 1114 50.7 1.63 965 0.87 0.13
6% 1124 52.2 1.58 957 0.85 0.15
8% 1175 54.1 1.68 966 0.82 0.18
1% 1228 453 1.33 1177 0.96 0.04
2% 1256 475 1.34 1196 0.95 0.05
SS'(.?OZ_Z%' 4% 1258 46.3 13 1152 0.92 0.08
6% 1265 45.1 1.39 1080 0.85 0.15
8% 1271 44.4 1.43 1030 0.81 0.19
1% 811 40.2 2.13 785 0.97 0.03
2% 843 41.7 1.46 812 0.96 0.04
55502_3%' 4% 857 422 1.93 803 0.94 0.06
6% 896 43.6 2.02 800 0.89 0.11
8% 940 44 2.13 786 0.84 0.16
1% 685.8 32.8 2.08 652 0.95 0.05
2% 721 33.8 2.02 660 0.92 0.08
Ssoeolgg 4% 732 34.1 1.96 650 0.89 0.11
6% 740 34.7 2.12 636 0.86 0.14
8% 789 34.1 2.27 609 0.77 0.23
1% 1281 102.2 2.07 1267 0.99 0.01
c- 2% 1285 90.9 2.01 1109 0.86 0.14
B200- 3% 1301 89 1.84 1063 0.82 0.18
S00-40 5% 1352 91.8 2.24 1041 0.77 0.23
7% 1403 93.9 2.47 994 0.79 0.21
1% 920 64.4 2.1 799 0.87 0.13
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2% 976 65.8 2.2 802 0.82 0.18

Bgc;o 3% 995 66.4 2.24 794 0.8 0.20

) 9 0.27
G00-40 5% 1041 66.8 2.38 758 0.73

7% 1087 71.5 2.45 756 0.7 0.3

1% 1087 81 2.17 1005 0.92 0.08

C- 2% 1133 81.9 2.25 999 0.88 0.12

B200- 3% 1176 85.8 2.51 1025 0.87 0.13

S00-30 5% 1249 89.5 2.45 1015 0.81 0.19

7% 1315 94.3 2.67 998 0.76 0.24

Ductility is a desired property in structural design as it protects structures
against unpredicted overloading and/or load reversals. It is therefore essential that RC
columns possess adequate ductility. Ductility can be achieved if a sufficient amount of
later reinforcement is used in reinforcing RC columns, afterwards. A method was
developed by Pessiki and Peironi [63] in which the column ductility is calculated as the
ratio of the ultimate axial displacement (Su) to the yield axial displacement (Jy), given
by DI = &u/dy. In this method, the yield displacement is estimated to be the axial
displacement corresponding to the yield load or to the limit of the linear behavior. The
ultimate displacement is assumed to be the axial displacement at 85% of the peak load
in the post-peak descending portion of the load vs. displacement curve. The ductility
index (DI) for the column is then calculated as the ratio of the displacements obtained

for all columns, as shown in Table 4.3.

Additionally, values of the force carried by the concrete (Pconcrete), calculated as
the difference between the ultimate load (Pmax) and the load carried by the bars (Ppar),

are shown in Table 4.3 for all the concentric columns.

A comparison is also conducted between the Analytical method using the
design equations of the ACI 318 [58] and the FE modelling for the 1% reinforcement

ratio of group 1, as shown in Figure 4.21.

It shall be noted that the ACI 318 [58] equations was used without applying
the load reduction factors, since these factors are introduced for safety purposes to
account for long term durability of the concrete structures and also to account for
manufacturing or production variety in both concrete material and steel material, since

there is no perfect production for material.
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Figure 4.21: Theoretical as per ACI318 [58] vs experimental interaction diagram for
group-1 (1%).

67



Chapter 5. Discussion of Results

In this chapter, a detailed discussion and analysis of the results presented in the
previous chapters is provided. The effects of each of the finite element parameters on
the overall behavior of the columns are discussed. This is followed by explanations of
the finite element axial load-bending moment interaction diagrams and parametric
study discussion. Finally, the design equations currently proposed by FRP RC design
codes and by other studies from the literature review are evaluated in light of the results
obtained from this study.

Group 1 columns were modelled to study the effects of the longitudinal
reinforcement ratio and eccentricity on the overall behavior of the columns. The
maximum axial loads were sustained by specimens of the highest reinforcement ratio
and zero eccentricity, but also increasing the GFRP longitudinal reinforcement ratio has
insignificant effect on strength. The contributions of the bars to the ultimate columns
capacities, reported as Poar/Pmax in Table 4.3, were calculated by multiplying the
measured average axial stress in the longitudinal bars with the total cross-sectional area
of the bars. Using those measured stress values, the average contribution to the ultimate
column capacity of the 12 mm GFRP bars was calculated as 4.9% and 8.7% for the 16
mm diameter GFRP bars, 13.4% for the 20 mm diameter GFRP bars, 14.5% for the 25
mm diameter GFRP bars and 17.6% for the 28 mm diameter GFRP bars. The maximum
axial load sustained by the column longitudinally reinforced with GFRP bars was 1170
kN, which is only 3% lower than its counterpart column longitudinally reinforced with
BFRP bars. The average bars contribution to the ultimate column’s capacity was

calculated as 12.6%.

5.1.  Effects of Parameters on the Overall Behavior of FRP RC Columns

The parameters investigated in this study include the longitudinal reinforcement
type (steel, BFRP and GFRP bars), cross sectional shape (square, round), cross
sectional area, ties reinforcement material and concrete strength. To investigate the
effects of changing each of these parameters on the overall behavior of RC columns,
graphs of axial load versus axial displacements are compared for all columns. Also, the
confined concrete strength factor and ductility indices for the concentric columns were
calculated and compared. The confined concrete strength factor (f’cc) was calculated

for each column as the difference between peak load and force carried by bars, divided
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by the confined concrete area (Ac) delineated by the centerline of the ties ((Pmax —
Poar)/Ac). Values of the confined concrete strength factor (f’cc) for concentrically loaded

columns are shown in Table 4.2.

Ductility is defined as the ability of a material to undergo inelastic deformations
with acceptable stiffness and strength reduction [64]. Ductility is a desired property in
structural design as it protects structures against unpredicted overloading and/or load
reversals. It is therefore essential that RC columns possess adequate ductility. A method
was developed by Pessiki and Peironi [63] in which the column ductility is calculated
as the ratio of the ultimate axial displacement (6u) to the yield axial displacement (3y),

given by:
DI= 6u/6y

This method was adopted in this study. In this method, the yield displacement
is estimated to be the axial displacement corresponding to the yield load or to the limit
of the linear behavior. The ultimate displacement is assumed to be the axial
displacement at an axial load level of 85% of the peak load in the post-peak descending
portion of the axial load-axial displacement curve. The 85% peak load, which was used
for comparison purposes, is a reasonable limit at which it can be considered that a
column has maintained its ultimate resistance, as explained in Pessiki and Peironi [22].
For each concentric column specimen, a horizontal line to the peak load of the column
is plotted, in addition to plotting a best-fit line to the initial linear portion of the load-
displacement curve. The displacement of the intersection of these two lines is labelled

as displacement corresponding to the limit of elastic behavior (dy).

While the ultimate axial displacement (6u) can be obtained by plotting a
horizontal line at 85% of peak load, the displacement corresponding to the intersection
of the descending portion of the load-displacement curve with this line is labelled as
(6u). After that, the ductility index for the column was calculated as the ratio of the
displacements obtained. Values of the ductility indices (DI) for all columns are shown
in Table 4.3.

An illustration of the calculation is shown in Figure 5.1.
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Figure 5.1: Determination of displacements for calculating columns ductility
index (graph of column ID S-G180-S00-40 1%)

Also, values of the force carried by the concrete (Pconcrete), calculated as the
difference between the ultimate load (Pmax) and the load carried by the bars (Pvar), are

shown in Table 4.3 for all concentric columns.

5.2.  Effect of Longitudinal Reinforcement Type and Ratio

Column specimens in groups 1 to 10, were designed to study the effect of
different GFRP and BFRP longitudinal reinforcement ratios of 1% to 8%. The results
show that the columns with a larger longitudinal reinforcement ratio attain higher
ultimate capacities than their counterparts with lower reinforcement ratio, at all
eccentricity values. For all groups, the differences in the ultimate capacities between
the columns generally increase as the load eccentricity increases such that specimens
in group 4 having reinforcement ratios of 8% show axial capacities higher than those

with reinforcement ratios of 1%, as shown in Figure 5.2.

Additionally, the strength contribution of main bars to the ultimate column
capacity was found to be higher for columns with a higher reinforcement ratio when

compared to the lower reinforcement ratio, as shown in Table 4.3.
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Figure 5.2: Group-4 force vs displacement For 1% and 8% reinforcement ratio

This is a result of the higher ultimate stresses reached in the higher diameters of
main reinforcement and their larger cross-sectional area, as compared to the lower
diameter bars. Moreover, specimens with larger reinforcement ratios showed larger
axial displacements at peak loads than those with smaller reinforcement ratios. An

example of this is illustrated in Figure 5.2.

Also, column ductility was higher for lower reinforcement ratios than for higher

ones, as shown in Table 4.3.

5.3.  Effect of Cross-Sectional Shape and Dimension
The results show that the columns with a larger cross section attain higher
ultimate capacities than their counterparts with a smaller cross section at all eccentricity

values. The ductility was almost similar for the larger and smaller cross sections.

Additionally, the results show that circular cross sections attain significantly
higher ultimate capacities than square cross sections for the same cross sectional area.
Circular cross sections also have higher ductility than the square cross sections. For
example, when comparing group 1 and group 8, all concentric group 8 (circular
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columns) had a higher ductility, while the ultimate capacity of group 8 was higher than

group 1 by the range of 16 to 20%.

5.4.  Effect of Transverse Reinforcement Type

Column specimens of groups 2, 7 and 9 were developed to study the effects of
using GFRP ties as compared to steel ties on the overall behavior of the columns, while
group 6 was developed to study the effects of using BFRP ties on the overall behavior
of the columns. Lateral reinforcement improves the strength and ductility of confined
concrete, as concrete can be improved to a large extent through the use of lateral
reinforcement [65]. In this study, all groups are transversely reinforced with ties at 60
mm spacing. The columns that are confined with steel ties showed higher axial
capacities than the ones confined with GFRP or BFRP ties. In addition, concentric
columns reinforced with steel ties had higher confined concrete strength than the ones
confined with GFRP or BFRP ties, as shown in Table 4.3.

Additionally, the results show that columns confined with steel ties achieved
higher ductility than those confined with BFRP ties at concentric loads.

For example, comparing columns in groups 1 and 2 at 1% reinforcement ratio,
where all the variables/parameters except the lateral reinforcement are similar, the
maximum axial capacities were 1096 kN and 841 kN for columns in group 1 and group
2, respectively, while the ductility indices for the same reinforcement ratio were 1.96

and 1.32 for columns in group 1 and group 2, respectively.

Furthermore, the confined concrete strength factor (fcc) was significantly
higher for columns with steel lateral reinforcement. For example, the confined concrete
strength factor for columns in group 1 was, on average, 25% higher (f’cc) than the ones

in group 2.

5.5. Interaction Diagrams

After verifying the FE models, the interaction diagram can be produced by
setting several important points. The succession of points is based on the value of
maximum compressive load. Eight loading conditions were considered, concentric
loading, loading under 10, 20, 30, 40, 60, 80 and 100 mm eccentricities, and a pure-
moment case. Failure is either initiated by the rupture of FRP bars in tension (&) or by

concrete crushing (ec) which are referred to, respectively, as tension-controlled and
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compression-controlled failure modes. Figure 5.3 represents the rectangular column

cross sectional strain diagram.
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Figure 5.3: Rectangular column cross sectional strain diagram

The analytical results of the study were utilized to plot normalized axial load-
bending moment (P-M) interaction diagrams for all groups in terms of normalized axial
force (Kn) and normalized bending moment (Rn). The Kn and Rn values are calculated

as:
Ky = Bof' A, (5.1)
R, = Pef' Azh (5.2)

where, Pn = ultimate axial load carried by column,

f>c = concrete compressive strength,

Ag = column’s gross sectional area,

h = column dimension, and

e = initial applied eccentricity value

The normalized axial load-bending moment interaction diagrams are shown in
Figure 4.11 to Figure 4.20 for columns of groups 1 to 10. Nine points were used to

develop the P-M curves for each set of columns. The first point represents the column
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tested under concentric loads, and then the successive 7 points represent the column
specimens tested under 10, 20, 30, 40, 60, 80 and 100 mm eccentricities, respectively.

The last point represents pure moment.

Predominantly, columns in all groups were controlled by concrete crushing
(compression controlled) since concrete is controlling the behavior. At failure, the
concrete exhibited high plastic strain values, beyond 0.003, while, the main
reinforcement did not develop any plastic strain, which indicates that the GFRP and
BFRP bars, unlike steel, did not yield.

5.6.  Evaluation of Proposed Design Equations for FRP RC Columns

Several design equations have been proposed in the literature to determine the
ultimate axial capacities of concentric reinforced short RC columns with FRP, as shown
in Table 2.3. The results of the predicted axial capacities of the columns tested in this
study, as calculated by each of the proposed equations, in comparison with the
experimental axial capacities, are illustrated by the bar charts shown in Figure 5.4,
Figure 5.5,Figure 5.6, Figure 5.7, Figure 5.8, Figure 5.10 and Figure 5.10.

Group 1 concentric columns
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Figure 5.4: Group 1 FEA results comparison with proposed short columns equations
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Group 3 concentric columns
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Figure 5.5: Group 3 FEA results comparison with proposed short columns equations

Group 4 concentric columns
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Figure 5.6: Group 4 FEA results comparison with proposed short columns equations
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Group 5 concentric columns
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Figure 5.7: Group 5 FEA results comparison with proposed short columns equations
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Figure 5.8: Group 7 FEA results comparison with proposed short columns equations
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Group 8 concentric columns
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Figure 5.9: Group 8 FEA results comparison with proposed short columns equations

Group 10 concentric columns
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Figure 5.10: Group 10 FEA results comparison with proposed short columns
equations

The theoretical equations were compared with the columns in the groups

confined with steel reinforcement. It is clear from the comparisons that the CSA S806
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[57] and ACI 318 [58] equations, which do not account for the FRP contribution, give
lower values than the FEA experimental results, which were, on average, 20% and 13%

higher, respectively.

Equation 2. 3 by Afifi et al. [46] overestimates the rectangular column
capacity compared to the FEA results, of groups 1 to 7, by an average of 15%. For
circular columns, on the other hand, the FEA results showed a higher capacity of
around 40%.

Pantelides et al. [47] equation 2. 4 shows a lower estimation of the columns
capacity for all groups. It should be noted that the capacity of the columns increases
and gets closer to the FEA results with the increase in the reinforcement ratio. The
values predicted by the equation, however, were, much lower for the circular columns

compared to the FEA results.

Equation 2. 5 by Tobbi et al. [45] showed the most accurate results among all
equations, especially for the rectangular columns of groups 1 to 7 with an average
difference of 1.6%. The average difference for circular columns, however, was 40% for
groups 8 and 10.
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Chapter 6. Conclusion and Future Work

In this thesis, the compressive strengths of small and large sizes of GFRP and
BFRP bars were examined experimentally under static loads. The experimental results
were then utilized as material input to develop nonlinear finite element (FE) models to
simulate the axial behavior of concrete columns reinforced with these types of FRP
bars. The FE model was initially validated with experimental results on FRP RC
columns and then used to conduct an extended parametric analysis to investigate the
overall response of FRP RC columns. The parametric analysis included a total of 450
RC columns which were modelled in ABAQUS, including four groups of columns
reinforced with GFRP bars and six groups of columns reinforced with BFRP bars.
Within these groups, two had BFRP as a transverse reinforcement and one had GFRP
as transverse reinforcement. Additionally, three groups had a circular cross section
while the remaining seven had a rectangular cross section. The columns were
investigated under concentric and eccentric loads as well as the pure-moment case. The
test parameters included the longitudinal reinforcement type (GFRP and BFRP), the
longitudinal reinforcement ratio (1% to 8%), the transverse reinforcement type (steel,
BFRP and GFRP ties or spirals), and the loading eccentricity (0 to 100 mm). The effects
of the test parameters on the behavior of the columns were studied in terms of the
columns’ ultimate capacities, ductility, concrete confinement, and strength contribution
of longitudinal reinforcement. The following conclusions can be made from the results

of this research:

e The compressive strengths of both GFRP and BFRP bars were much lower than
their tensile strength values. Lower compressive strengths were reported for
small sized bars than larger sizes.

e There were insignificant differences between columns reinforced with BFRP
and columns reinforced with GFRP in terms of overall maximum load,
displacement and bars strength contributions.

e The results of the numerical modeling of columns reinforced with GFRP and
BFRP bars showed good agreement with the experimental results.

e The capacity and ductility increased when circular cross sections were used for

the same cross-sectional area.
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e The contribution of main FRP reinforcement generally increased with the
increase of reinforcement ratio. The contribution of GFRP and BFRP bars to
the ultimate capacities of the columns was found to be ranging from 5% for the
lowest reinforcement ratio and up to 30% for higher reinforcement for some
sections.

e The ductility of columns reinforced with BFRP or GFRP bars decreased when
the reinforcement ratio increased.

e Increasing the longitudinal reinforcement ratio for BFRP and GFRP columns
did not significantly affect the ultimate capacities of the columns for concentric
columns, but the increase was noticeable for eccentrically loaded columns.

e Using steel ties for confinement of RC columns resulted in higher capacities
than using BFRP/GFRP ties, higher concrete core confinement and higher
ductility.

e Forall load eccentricities, RC columns with steel ties exhibited higher axial load
capacities than RC columns with FRP ties. The capacities of steel confined RC
columns were higher than those of FRP by around 25 to 40% under concentric
loads. However, as the load eccentricity increased, the differences in the
ultimate capacities decreased.

e Based on the analytical analysis and experimental study, it is recommended for
new codes to consider the contribution of FRP in structural concrete members
under compression. The FRP contribution can be included by considering a
limited contribution of the total compression capacity of FRP bars.

The review of the literature, and the analysis of the experimental and FEA results
have improved the understanding of the structural performance of GFRP and BFRP
bars as well as FRP-RC columns; though, additional investigations are essential for an

improved understanding of such performance, which can be summarized as follows:
e Few studies have focused on compressive mechanical properties of FRP-RC

bars. More tests studied the use of the FRP bars in tension and whether it is
needed to limit the contribution of FRP bars in compression.
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o Additional experimental and numerical studies are required to further examine
the actual contribution of FRP bars in columns under compression, and to
actually develop accurate estimation of the capacity of columns reinforced with
FRP bars.

e Most of the studies focused on the behavior of GFRP and CFRP bars, while

there is still a gap in terms of research about the behavior of BFRP bars.

Finally, using FRP bars to reinforce concrete columns in compression has gained
an acceptable behavior. The current design equations are reasonable in predicting the
axial capacities of short columns reinforced with FRP for certain material and shapes.
Therefore, it seems that it is time to consider the using FRP in compression members
in international codes and standards. On the other hand, research should continue
investigating more about FRP behavior in compression to reach saturation and to help

understand unresolved topics.
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