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Abstract

Strengthening and rehabilitation are important operations for structural building to
ensure sustainability. Enhancing the performance for the structural elements against
the various loads and extreme conditions is the key challenge in these operations.
Fiber Reinforced Polymer (FRP) materials are universally known for their ability to
improve the load capacity for the damaged structural elements because of their linear-
elastic behavior. Therefore, fiber wrapping technique on concrete structures is now
prevalent in different regions in the world. Increasing the axial resistance and
dissipated energy of confined concrete in a compression mode is a critical issue for
the stability and integrity of the structural columns. During the last two decades, many
experimental studies investigated the mechanical properties of confined concrete
under monotonic loading and extreme conditions such as elevated temperatures and
freeze/thaw cycles. These studies led to development of standards like ACI-440 to
assist engineers in designing FRP materials. However, there is lack of studies
examining the effects of repeated loading combined with harsh environmental factors.
This study focuses on analyzing experimentally the behavior and response of confined
and unconfined concrete cylinders (300mm x 150mm) under repeated compression
and severe environmental exposures such as high temperature, high humidity and salt
water splash zone. Confining the concrete samples with Carbon Fiber Reinforced
Polymer (CFRP) and Glass Fiber Reinforced Polymer (GFRP) sheets has increased
the load capacity compared to control sample at room temperature by 101% and 76%,
respectively. Results showed that the average value of compressive strength for the
confined concrete exposed to high temperature and sea water splash zone conditions
has decreased by 6% and 26%, respectively compared to the confined concrete in the
room temperature. GFRP samples showed higher performance in compressive
strength and stiffness under sea water splash zone than those of the CFRP samples.
Other mechanical properties are evaluated such as ultimate strain, stiffness and elastic
modulus, for all the tested samples. Different mode of failures such as delamination,
de-bonding and combination of such modes were observed and related to various

exposure factors and mechanical properties.
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Chapter 1: Introduction and Background

1.1.  Introduction

According to LEED (Leadership in Energy & Environmental Design), sustainability
is the improvement of human life in relation to the optimal use of natural resources. In the
construction field, increasing the performance of concrete members allows the use of smaller
member dimensions and thus demands lower cement, concrete quantities and more usable
space for the same compressive strength. Using Fiber Reinforced Polymers (FRP) on
compressive strength members such as columns is believed to increase the strength and
durability of concrete. Thus, minimizing the required concrete amount is not only economic
but also environmental friendly.

Concrete is one of the most commonly used materials in building construction
projects. Many scientists and professionals continue to find new ways to improve the strength
of concrete material and reduce its weight/volume ratio to preserve natural materials and
reduce energy consumption. Another area explored in concrete structures is the stability of
the structure against external forces such as earthquakes, wind loads, repeated loads and etc.
To this end, Fiber Reinforced Polymers (FRP) sheets are externally bonded to the concrete
surfaces to enhance the performance of the concrete cylinders. Moreover, they are used to
strengthen structures that suffer from problems imposed by harsh surrounding environments
as well as severe operation that may ultimately lead to catastrophic failure of the deteriorating
structure.

Several studies [1,2] were conducted to investigate the compressive strength of the
concrete cylinders when they are subjected to monotonic static loading to failure and the
results were very promising of using such strengthening techniques. However, a limited
number of research studies are available on investigating the performance of concrete

structural members strengthened with FRP sheets when subjected to repeated loading.

The main goal of this project was to investigate the effects of using Fiber Reinforced
Polymers (FRP) on the compressive strength in the concrete cylinders exposed to harsh
environmental conditions e.g. salt water and direct sun light under repeated loading. The
objective in such exposure was for the sample to experience varying cycles of heating,

cooling, wetting and drying throughout the project period. These conditions were simulated
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in an outdoor tank under different conditions, for e.g. salt water and direct sunlight. The other
aspect of this project, Repeated loading, contained two phases:

e Compression phase.

e Tension phase.

The scope of this project was compression phase where the elements of the repeated
loading such as frequency, number of cycles, unloading and reloading were defined based on
experimental tries. These tries gave a clear idea about the fracture load for the specimen used

in this research.

1.2.  Background

1.2.1. Behavior of RC columns strengthened with different CFRP

Y. Shao et al. [1] carried out an experiment that included 10 columns externally
strengthened with CFRP systems (wraps and plates). The specimens were tested under axial
loading (eccentrically) and flexural loading (eccentrically) to determine the longitudinal and
lateral reinforcement effectiveness. The principle of column’s external reinforcement is

explained in the Fig. 1.

Flexural reinforcement

(individual straps)
pm— e

‘ Ul Confinement by wrapping
I Axial lap joint

l 5 . Transverse lap joint

Figure 1: The principle of column’s external reinforcement (wrapping by discontinuous
rings) [1].

For the test stage, the specimens were divided into five groups comprising of two

identical specimens for each group. The first group had two control columns and the other

13



four groups had similar columns that are externally strengthened with different CFRP

reinforcement.

Vertical load was applied on the specimens to reach failure mode via hydraulic jacks
in a loading frame. This is shown in Fig. 2. The loading rate was 1kN/s, the load increased up
to 70 percent of the expected failure load mode. The following conclusions were drawn:

1. CFRP systems increase the strength of the columns under combined flexural
compressive loading.

2. The large difference on bearing capacity between the columns is due to the
efficiency of the different CFRP system.

3. From the different failure modes, it was speculated that the tensile failure of FRP

jacket causes column failure so that ultimate state depends in FRP strips.
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= -— *q I_’] |:]Ié~: I owarer prlate

Figure 2: Test for combined flexure-compression [1].

1.2.2. Compressive behavior of concrete cylinders confined by narrow strips

W. Park et al. [2] proposed a different method of applying CFRP strips that have different
spacing, spliced length, number of layers and size (section area) at the concrete cylinders.
The experiment included 60 concrete cylinders (15 cm diameter) that were divided into two
separate groups. The group dimensions are: 150 mm x 600 mm for group (H) and 15cm x 30

cm for group (N) that reinforced by a variety of CFRP strips.
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Figure 3: Geometry of CFRP laminates of specimens for (a) Group H (b) Group N [2].

Universal Testing Machine (UTM, LT-950 of Forney Inc.) was employed to apply the
compressive load at the concrete cylinders where the maximum load capacity is 2000kN.
LVDT was used to record the load-displacement data of the specimens as shown in Fig. 4.

]
il

Spherical =] =

Bealny | = Loadcel
:‘” PR = Specimen

DT 3T

UTM(2000kN)

Figure 4: Schematic drawing [2].

According to the authors, after testing 60 concrete cylinders specimens, the following

conclusions were drawn:
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1.

The spliced length had no direct effect on the concrete strength. This leaves room
for carrying out further experimentations on this topic.

All the different CFRP strips showed improvement in terms of strength and
ductility for the concrete cylinders.

Narrow strips of CFRP laminate were easy to handle and apply on the concrete
where the spacing between the strips ensured the bond between the CFRP strips

and the concrete layer.

1.3.  Research Objectives

1.

Analyze, experimentally, the behavior of confined and retrofitted compression
members under repeated loading.

Evaluate the effect of using different number of FRP wraps on the elastic modulus
of compression members.

Analyze stiffness of FRP wrapped compression members that exposed to harsh

environment factors.

1.4.  Project Scope

Structural repair of reinforced concrete column structures is becoming an increasingly

important option for all deteriorated constructed facilities. Externally bonded FRP

reinforcement is the basis of a new repair technology that employs advanced composite

materials. Repairing structures with externally bonded FRP reinforcement is attractive to

owners, engineers, and contractors because of the speed of installation, the corrosion

resistance, low profile, and versatility (e.g., strength and stiffness can be oriented according

to the need). To introduce this technology in the Gulf region, several tests of its value had to

be conducted to determine the quality of it.
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Figure 5: Cracks in the bridge deck [3].

Analyzing the behavior of confined concrete column with CFRP and GFRP sheets
allowed us to use them in structures that under repeated loading and monotonic loading like

bridges or buildings in seismic activity area.

The main concern in this project was to apply and evaluate the performance of the
compression members that under the influence of both repeated loading and environmental
exposures. This study included other factors such as high temperatures and humidity that
allowed us to determine how confined elements behave conditions similar to the Gulf region

where temperature and humidity remain high throughout the year.
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Chapter 2: Literature Review

2.1.  Fiber Reinforced Polymer

FRP represent the future in the civil engineering and construction industry. The FRP
composites materials industry, however, still does not provide enough codes and standards
for civil engineers thus leaving room for more tests and experiments to fully understand
composite materials. These applications of composite materials could provide many aspects
to the structural building such as freedom of design, high strength-to-weight ratio, excellent

durability, minimum maintenance and excellent fire resistance [6].

FRP composite materials have very high strength compared to other construction
materials such as mild steel. Fig. 6 compares the stress-strain behavior curves for GFRP and
CFRP with mild steel. It also demonstrates the brittle behavior of FRP composites and the

ductile behavior of mild steel.
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Figure 6: Typical FRP and Mild Steel Stress-Strain Curves [6].

FRP could be bonded to the concrete by two methods:

2.1.1. External reinforcement system

External FPR reinforcement system is useful for beams and other unusual shapes. The
cross-section and the spacing of FRP straps sheets directly impacts its effectiveness while
also allowing for applications such as maintain the beams and slabs that contain cracks and

increase the surface life for the columns, beams, and slabs.

Externally strengthening techniques of shear deficient are: Fibers applications,
strengthening with externally applied clamps, jacketing, and external bonding of steel plates

with epoxy. For strengthening shear deficient members, many different tests have been
18



applied and it is now been proven that FRP composite materials are an excellent way to be

used as external reinforcements [4].

There are two kinds of FRP sheets:
= Pre-cured laminates: these consist of a rigid plate applied on flat surfaces. They
are usually applied to beams to increase the flexural capacity or reducing
deflection. They are normally attached to the bottom of the structure.
= Thin/flexible sheets: Beams, columns and slabs are wrapped in these sheets to
increase shear and flexural capacity for different structural members with different

Cross sections.

2.1.2. Internal reinforcement system
FPR bars and grids can be used as longitudinal and transverse reinforcement. FRP
bars and grids possess high strength to weight ratio and are more fatigue resistant compared
to steel reinforcement. However, FRP internal reinforcement have brittle failure mode as they
lack ductility [5]. FRP composite materials have many successful commercial as well as

industrial applications in manufacturing and engineering fields, such as:

1. Aircraft- Military applications: FRP is used at the outer skin to reduce radar
reflection and heat radiation.
2. Automobile applications: sporty vehicles as of late have utilized FRP in the roof

panel to reduce the overall weight of the vehicle in order to increase its speed.

There are three types of FRP composites:

1. Glass Fiber Reinforced Polymers (GFRP).

2. Carbon Fiber Reinforced Polymers (CFRP).

3. Aramid Fiber Reinforced Polymers (AFR).

Each type of FRP possesses different mechanical properties such as tensile strength,
compressive strength, and young modules. Theses mechanical properties show the stiffness,
toughness, strength, and other load-carrying abilities as shown in Table 1.
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Table 1: Qualitative comparison between different fiber composite sheets [6].

Criterion Fibre composite sheets made of:

E-glass fibres Carbon fibres Aramid fibres
Tensile strength Very good Very good Very good
Compressive strength Good Very good [nadequate
Young's modulus Adequate Very good Good
Long-term behaviour Adequate Very good Good
Fatigue behaviour Adequate Excellent Good
Bulk density Adequate Good Excellent
Alkaline resistance Inadequate Very good Good
Price Very good Adequate Adequate

2.2.  Carbon Fiber Reinforced Polymer

Carbon fibers are a mixture of amorphous carbon and graphitic carbon. The shape of
graphitic carbon is a result of high tensile modulus, in which the particles of carbon are set in
an engineering hexagonal form of parallel layers. This is shown in Fig.7. While the bond
between the carbon particles is strong, it is weak within the layers due to van der Waals-type
forces [7].

Figure 7: Arrangement of Carbon atoms in a graphite crystal [8].

The demand for lightweight materials with high-strength quality in the civil
engineering field was source of carbon fibers production. Carbon fibers possess many
applications that require elevated temperature, chemical resistance and damping
characteristics. Carbon fibers raw materials are synthetic materials that manufacture through
heating and stretching treatments where the temperature could reach up to 3000 C°. The
manufacture processes to produce materials that have high electrical conductivity is costly.
Simultaneously, these materials possess high tensile strength, high tensile modulus and high

fatigue strength.
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During the manufacturing process of carbon fibers, the “FRP Surface Treatment” is a
critical stage. This stage aims to improve wet-ability with the matrix and to produce a strong
bond between the fiber and matrix. To illustrate, increasing the surface area of the carbon
fiber will increase the contact points in the carbon surface so that the bond will be stronger

between the fiber and matrix. In general, there are two methods to apply this treatment:

1. *“Oxidative treatments” that form acidic elements such as carboxylic, phenolic and

hydroxylic that can be transferred in contained gas phase or liquid phase at 250°C.

2. The “Non-oxidative treatments” method involves coating the surface by organic
polymers like electro-polymerization, and then using the carbon fibers as

electrodes in acidic solution of monomer mixtures [7].

2.3. CFRP Sheets

Many experiments and researches have been carried out to prove the efficiency of
using CFRP sheets to increase strength, improve the total energy dissipation and improve the
flexural capacity of reinforced columns against the monotonic static loading. Today, this
research is directed towards improving the structural members against the repeated. This
research requires numerous tests to evaluate the ductility of CFRP and their properties such
as of modulus elasticity, temperature, and thermal expansion under the repeated loading.
Repeated loading is a critical factor in the construction field. To enhance structural buildings
performance under repeated loading, strengthening the structural elements is a necessary step.
One of the most successful ways of doing so is applying CFRP sheets or warps to concrete
columns and beams. These wraps or sheets are attached to several places in the concrete

column, where they can be wrapped at the edge, middle, and place of cracks.

CFRP sheets are more widely used in strengthening techniques than CFRP plates
(laminates) because of their flexibility which makes them easier to handle. For example, in
1991 the Ibaach Bridge in the canton of Laurence in Switzerland was repaired with only three
CFRP sheets. Two of these sheets had dimensions of 150xmm 500mmx1.75mm. The
repairing of the bridge required a weight of 6.2Kg of CFRP to be used instead of 175Kg of
steel [9].
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2.4.  Factor Affecting FRP Composites

2.4.1. Effect of moisture

The effects of moisture in the FRP composite materials are due to hydrolysis, which
causes a reduction in the matrix dominant properties of FRP composite materials like shear
strength, stiffness, and glass transition temperature (T4). Materials are separated into two
groups based on the order of the molecules inside it. Crystalline is when the order is uniform
along the material. If the order is not uniform and fluctuates, then it is called non-crystalline.

Glass is considered as a non-crystalline with short range molecules.

“Glass transition temperature” is the temperature in non-crystalline solids where the
material becomes rubbery, i.e. flexible material and elastic [10]. The reason behind this
change is the temperature of the material and the temperature needed to rearrange the
molecules in the material. If the material is placed in temperature above the transition
temperature, the molecules will have the ability to move. Conversely, the molecules freeze if

the temperature is below the transition temperature.

The difference between glassy and rubbery requires serious considerations during
manufacturing. For instance, normal glass cannot be rubbery if it is heated in short time as the
molecules were deprived of the time to move. Measurements for glass transition temperature
depend on the molecular weight, strain rate and the heating-cooling rate meaning that the
transition temperature is not always uniform. Moisture can reduce the glass transition
temperature and raise the stiffness of the FRP materials. Applying the epoxy resin has the
inverse affect as the moisture content is removed via drying. All these actions have a direct

effect on the bond between FRP composite materials and the concrete.

A study to investigate the strength of the bond between the FRP materials for the
retrofitting purposes and the concrete under the effect of the water proved useful [11]. The
authors concluded that the resin matrix allows water adsorption which in turn leads to change
in the mechanisms that cause deterioration of the polymer materials. This affects the

performance of the FRP materials in the retrofitting procedures.

2.4.2. Effect of alkaline/acid/salt solutions
Alkaline, acid, and salt reaction can affect the durability of FRP composites materials

when they are applied in the reinforced concrete. Concrete is after all a highly alkaline
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material with a PH of 12.8, which could cause a combination of chemical reactions between
the concrete surface and fibers. Such reactions reduce strength, stiffness, and toughness of the

FRP composite materials.

2.4.3. Effect of temperature
Temperature affects the rate of moisture absorption and the mechanical properties of
FRP composites materials. Usually, FRP strengthening is applied to fractured concrete
sections [10]. Thus, the presence of voids in the FRP-concrete interface may not be unusual.
In low temperatures and an entrapment of water within those voids, the expansion of water
causes delamination of the FRP at FRP-concrete interface. Hence, the effect of freeze/thaw

cycles on the behavior of the strengthened member must be considered.

Mechanical properties of FRP composites decrease when the material is exposed to
elevated temperatures (37°C to 190°C). The increase of temperature accelerates creep-and-

stress relaxation. A decrease in temperature can lead to:

1. Increase in tensile and flexural strength.

2. Increase in fatigue strength and creep resistance.

A decrease in temperature can lead to reduction in:

1. Elongation and deflection.

2. Fracture toughness and impact strength.

3. Compressive strength.

2.5.  GFRP Sheets

Environmental conditions have a significant effect on concrete’s durability and
structural integrity, such as corrosion of the concrete, column failure and a decrease in life
expectancy. To avoid this, Glass Fiber Reinforced Polymer (GFRP) sheets were used in the
design of concrete compressive columns as well as to increase strength and durability.
However, the sustainability of externally wrapped glass fiber with the concrete compression
members was not investigated and may deteriorate with time under severe exposure. This was
a critical problem parameter in this project and required further analyses. Furthermore,
strength of the concrete is very important and as it increases the material becomes more

brittle. This potentially results in a sudden failure in the column and thus GFRP is used.
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Using GFRP protected the columns from these elements and due to the absence if the metal

elements, it was not susceptible to corrosion.
Glass Fiber Reinforced Polymer (GFRP) chemical compositions are [12]:

1. SiO; (54.3%).

2. Al,O3 & Fe; O3 (15.2%).

3. CaO (17.3%).

4. Nap,O/K;0 (0.6%).

5. B,0; (8% to 10%).

According to these elements, the function of GFRP sheets could be affected against
alkalinity, moisture, and temperature. For example, alkalinity can cause hydrolysis for the

glass fiber by hydroxide ions.

Sunlight too has internal effects at the GFRP materials [13]. Chemical and physical
properties of different polymers are different because of the attractive forces
between polymer chains. The mechanical behavior of GFRP Materials at high temperatures
has direct relationship with the behavior of the polymer resin matrix/adhesive. The strength
and stiffness of GFRP composites decreases quickly at temperatures close to the glass
transition temperature of their constituent polymer resin. Additionally, studies show that
GFRP lose more than 50% of their original tensile strength when the temperatures reach
550°C.

According to Leone et al. for GFRP sheets, the maximum bond stress is inversely
proportional to service temperatures above the glass transition temperature of the adhesive. In
practice, at 80°C temperatures, shear stress will decrease around by 72% [11]. Thus, as long
as the temperature at the GFRP material level is within the decomposition limit of the

adhesive polymer matrix, the GFRP material is considered effective but less efficient.

Other researchers considered a fixed condition with different variables to investigate
GFRP. A.G. Silva [14], for instance, conducted an experiment to study the effects of the
temperatures cycles at fixed humidity. The main goal of this study was to know if there were
noticeable changes on ultimate strain and tensile stress in concrete columns strengthened with
GFRP warps motivated by temperature cycles at the fixed humidity of 80%. From the results,
young modulus indicated the axial tensile stiffness and experienced a decrease of about 11%

from 3000 hours to 5000 hours. There was a negligible decrease after 5000 hours. Since the
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loss of strength after 10,000 hour was less than 5%, the ratio of the ultimate strength by the
tensile strain did not vary too much.

Since the FRP sheets are not the only applications of strengthening structural
elements, Leone, Matthys, and Aiello [10] present a paper investigate the effects of elevated
service temperature on the bond between FRP systems and concrete by applying tests at FRP
reinforcements such as sheets and laminates. The concrete specimens were (150 mm x 150
mm x 800 mm) with three FRP reinforcements: GFRP sheets, CFRP sheets, and CFRP
laminates. The tests were conducted at 50°C, 65°C and 80°C. These temperatures were
chosen with respect to the glass transition temperature (Tgy). The results showed that in all
three cases the maximum bond stress decreased beyond (Ty). However the numbers were
different for each category of the reinforcement. For example, for CFRP sheets case, the
maximum stress decreases about 13% at 65°C degree and 54% at 80°C degree. For GFRP

sheets and CFRP laminates, however, the stress decrease was 72% and 25%, respectively.

The authors concluded, thus, that the different surface textures of the utilized products
potentially affect the bond function, in terms of FRP alignment, uniform resin distribution

and thickness.
2.6. Repeated Loading Effects

2.6.1. General features

It is vital to consider repeated or dynamic loading for the construction materials to
examine their hysteretic characteristics. Repeated loading is considered a complex loading as
it contains tension and compression loadings. There are many experimental studies conducted
to investigate the behavior of the plain concrete under the repeated loading either in tension
or compressive phase. It was concluded that unloading damages and reloading damages
affect the stiffness of the concrete when subjected to the repeated loading.

Fig. 8 compares the envelope curve for the plain concrete subjected to regular
compression repeated and unloading and reloading compression cyclic. In (b), there are three

stages which take place before the cyclic complete:
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Figure 8: Envelope curve for plain concrete: (a) Complete repeated in compression and; (b)

complete unloading and reloading repeated in compression [15].

1. Unloading stage.

2. Residual plastic strain stage.

3. Reloading stage.

Unloading and reloading cycles cause degradation in stiffness and strength in plain
concrete. Therefore, it is a good idea to get the unloading curve and reloading curve for any
repeated loading as they are related to the damage accumulation so that the energy dissipation

capacity of the material could be determined [15].

Repeated response of FRP confined concrete has the same behavior but with a much
larger envelope curve compared to plain concrete. The stiffness and the plastic strain will
decrease gradually in every cyclic of unloading-reloading. The repeated behavior of the FRP
confined concrete could differ depending on the level of unloading and reloading. For
example, unloading-reloading from zero stress to envelope curve has more impact than
partial unloading-reloading. Therefore, if any unloading-reloading occurs before the bend
point (in the elastic-linear region), it almost has no effect as Fig. 9 shows.
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Figure 9: Typical unloading-reloading curves before bend point for FRP concrete cylinder
[16].

Many of the present studies try to provide repeated models that can predict the
structure member behavior where the models include repeated rules for unloading, strength

degradations and stiffness loading.

2.6.2. Dissipated energy

One of the most important features in repeated loading behavior is dissipated energy.
Dissipated energy is the area between the force and the displacement axis as shown in Fig.
10.

Figure 10 : Dissipated energy for repeated loading [17].
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Under repeated loadings like seismic activates, it is crucial to determine the dissipate

energy capacity for the structure components, providing a good index for the performance of

the structural elements against seismic activities [18]. Accumulate dissipated energy

increases with incusing the number of cylices until it reaches fracture or rupture mode.
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Figure 11: Individual cycle energy and cumulative dissipated [19].

The cumulative energy can be found from the following equation [19]:

Esum = 2?]:1 Ei= Zliv=1 Z?ll:l Eij
Where:

Ei= the energy dissipation for i cycle
N= the number of cycles

M = the number of divided bars

2.6.3. Dynamic modulus of elasticity

(2.1)

Static elastic modulus can be defined as the ratio between the axial-stress and axial-

strain for an object under uni-axial load [20]. Elastic modulus is critical to specify the

elasticity of the concrete



in the building and to know the response of the structural elements to avoid any possible
deformations [21]. The static elastic modulus could be found through destructive tests that are
in codes such as ASTM C469 [22]. For dynamic elastic modulus is usually higher that static
as the dynamic modulus is equal to the initial tangent modulus and the static modulus is equal
to the cord modulus [23].

Usually the dynamic elastic modulus is found through non-detractive tests based on

the one dimensional wave propagation equation [24].

62/1. aZu

70 =V (2.2)
Where:

p= the displacement in the x-direction.

t=time.

x= the longitudinal coordinate.
U= \E = the bar wave propagation velocity.

E= young modulus.

p= mass density.

—

(] o B d

Figure 12: Definition of the dynamic elastic modulus [25].
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Chapter 3: Specimen Design and Fabrication

3.1.  Concrete Mix Design

The concrete mix design used in this project has strength class of C3 (grade 30). All
the information on the coarse aggregate, fine aggregate, cementitious materials and additives
are provided in Table 2 and Table 3.

Table 2: Concrete mix design 1(Conmix company).

0 2.9 0 0 0 0 0 370
0 2.2 0 0 0 0 0 370
166.50 1 167 0 0 13 168 168
250.36 2.7 676 1.2 12 0 680 680
97.36 2.6 253 0.8 0.8 0 250 930
0 2.6 0 15 15 0 0 930
222.54 2.9 654.3 0.7 0.3 -2.6 650 1580
125.18 2.9 368 0.7 0.3 -1.5 370 1950
3.69 1.24 4.58 0 60 2.7 4.58 4.58
0 121 0 0 60 0 0 4.58
0 1.20 0 0 60 0 0 4.58
15
1000 Itr 2493
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Table 3: Concrete mix design 2(Conmix company).

Trial Mix
AU.S

100+/-
C30 sLump | 30
30@28D
AYS ADDT1 | 4.58 Kg/m® | Mega Flow SP402
20mm ADDT2 | O Kg/m?®
370 ADDT3 | 0 Kg/m?®
ELKEM
OPC msiica | 0 Kg/m* | MICROSILICA
0.45 GGBS |0 BS6699
AIR 15

0/5mm 5/10 10/20
0/0.6 mm 0/5mm | mm mm

SAND
R.D.SAN | CRWASHE |CRA |CRA | CRA
D D GGR | GGR | GGR 0/20 mm

0/20 mm TARGET CALCULATED

ALAIN Sul RAK | sl S1I GRADING LINE MIX
0.8 1.2 15 0.3 0.3
0.8 12 15 0.7 0.7
26 2.7 26 2.9 2.9
14 36 0 18 32 Total  100%
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3.2.FRP Materials Specification

Table 4 and Table 5 show the specification (including mechanical properties) for the

CFRP and GFRP sheets used in this project.

1. CFRP sheets (CF 300H S):
Table 4: CFRP sheets specification (Conmix) company.

ReCon Wrap CF Fabric
PROPERTY GRADE
CF200 CF300HS CF530 HS
Fiber Weight (g/m?) 200 300 530
Fiber Density (g/cm?) 1.80 1.80 1.80
Design Thickness (mm/ply) 0.11 0.168 0.292
Composite Thickness (mm/ply) 0.45 0.60 1.00
Tensile Strength of Fibre (N/mm?) 4800 4800 4800
Tensile Modulus (N/mm?) 236,000 236,000 236,000
Ultimate Elongation (%) 2.1 2.1 2.1
2. GFRP sheets (E-glass 90/10):
Table 5: GFRP sheets specification (Conmix) company.
PROPERTY GRADE
Type of Fiber E-glass 90/10 E-glass 50/150
Fiber Weight (g/m?) 980 900
Fiber Density (g/cm?) 2.78 2.78
Design Thickness
(Fiber weight / density) (mm) 0.352 0.523
Tensile Strength - Fiber (N/mm?) 3400 3400
Elastic Modulus (kN/mm?) >72 >72
Elongation at Ruptune (%) 24 245
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3.3.  Specimen Fabrication
e Preparing the moulds:

The desired numbers of the cylinders moulds in this project was 36. However, there
are other numbers of cubes, cylinders, and small beams prepared to check concrete quality
and other tasks to be explained later. The two aspects in preparing the moulds are assembling
and oiling. Fig. 13 shows the samples after the assembly and oiling.

Figure 13: Prepared samples.

e Casting the samples:
The concrete casting was held in Conmix Company plant where the standards
procedures and standards tests of casting concrete were applied. For example:

1. Compaction the concrete during the casting.

Figure 14: Compaction the
concrete.
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2. Slump test.

3. Density test.

4. Air content test.

Figure 17: Temperature test.

Table 6 provides numbers that represent values of different standard tests carried out
during the casting:
34



Table 6: Quality concrete test values.

Test value
Slump test (initial) 140 mm
Slump test ( site condition) 110 mm
Density 2450 kg/m®
Temperature 18 °C

Air content 1.8%

Opening the moulds and curing the cylinders:

After casting, the moulds were kept in the lab for 48 hours (the recommended drying
rate in ACI 318-81 [26]) before they were opened and placed in the curing tank. During
curing, it was important to avoid losing water from the fresh concrete stage [27]. Losing

water in this stage could lead to serious setbacks such as:

1. Strength reduction.

2. Plastic shrinkage cracks.

3. Increase the permeability.

4. Increase the porosity.

Appropriate curing in the project case, where the humidity and temperature are
extremely high, meant a way that ensured the full hydration of the cement. This was achieved
by controlling the curing time. That is, by having longer curing time, the concrete sample had
sufficient hydration, less permeability, less porosity and more strength. It can be asserted that
the durability of concrete increases by increasing the curing time. As a result, the concrete

cylinders in this project were cured for 40+ days.
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Figure 18: Drying, opening the moulds, and curing the concrete cylinders.

Applying the strain Gauges:

The main goal of the strain gauge was to measure the deformation arising from
various factors inherent to a material. In the construction engineering the basic application of
the strain gauges is to evaluate the construction materials such as steel and concrete. For
concrete, the evaluation was related to elastic modulus [28], considered a vital in determining
the mechanical properties in general .To obtain the desired elastic modulus for certain spot, a
few points must be considered:

1. The distribution of the acting loading.
2. The location and the approach of installing the strain gauges.

These two points are related. A study conducted to study the mechanical behavior of
columns with partial deteriorated strength and to evaluate the availability of the partial
confinement [29], the two strains gauges were fixed in each specimen in a perpendicular way
as shown in Fig. 19.
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Figure 19: Strain gauges lay out [29].

By putting these two gauges in this approach, the axial and the transverse expansions
are measured simultaneously during applying the load until it fractures. These strain gauges

do work under different failure modes such as:

1. Failure due the concrete crushing.

2. Failure due the CFRP rupture.

Deformations numbers can be defined in various terms such as yield displacement,
ultimate displacement, and displacement ductility. All these terms can be found from the

strain gauges which help identify material properties such as ductility and elasticity.

In this project, the vertical and the horizontal deformations were measured so that for
each cylinder, two strain gauges were installed in perpendicular way. Since strain gauges are
sensitive materials, protection against the harsh environments they were to be exposed to,

was essential.
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Figure 21: The final shape of the cylinder after fixing the strain gauges.

It was important to check the strain gauges function after fixing them on the samples.
By doing that, no damage during the fixing process was ensured. To check the strain gauges,
the strain indicator box was the best approach, as it gave the reading of electric charges that
pass through the gauges. If the desired gauge was connected to the box, the electric charges

numbers were displayed on the screen and initially varied frequently due to the sensitivity.
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Figure 22: Using the strain indicator box for checking the strain gauges.

Wrapping the concrete cylinders (0° orientation):

The technique of wrapping cylinders by FRP on a concrete is used due the numerous
advantages that the fibers materials possess such as high strength, low conductivity, low
weight and corrosion resistance [30]. The first application of FRP wrapping on concrete was
in Japan performance for the structural elements was greatly enhanced [31]. After that it
spread around the world. In this project the main concern was testing the response of FRP-

confined concrete under repeated loading and axial loading in compression mode.

FRP composite wraps can be categorized into six different methods as shown in the
Fig. 23 [32].
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Figure 23: Methods of application of FRP composites [32].

In each method, wrapping is carried out with different aims. For instance, in resin
infusion method, after applying the dry fabric and the resin, vacuum is used to infuse with
curing under room temperature. For time purposes, wet winding is also used as it has

automated process for applying the resin and the fabric.

In this project, the wet layup process method was used. This method consists of
applying the resin to the concrete and then applying the fabric layers which was attached and
bonded to the surface by using the resin itself. This method provided maximum flexibility.

However, there were two main issues related to the resin used in this method:

1. The mixing of the resin.
2. Absorption of moistures.
Carelessness in either issue could cause serious problem that could damage the whole

wrapping process such as:

1. Wrinkling of the fibers.

2. Shearing of the fibers.

Due to that, it was critical to have a very compatible resin that went along with the
fabric materials used in the wrapping. Table 7 shows the mechanical properties of the epoxy
used in this project with the fabric materials. From the numbers in Table 7, the characteristics
of this epoxy are suitable with the wet layup method.
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The process of the wet lay method consists of four main steps:

Applying the wrap primer.
Cutting the fabric materials.

Applying the wrap saturant.

OO0 w P

Applying the fabric materials on the samples.

A. Applying the wrap primer:
There are three goals for applying the primer:

1. To fill any gaps, holes and cracks due some errors in the casting or curing phase
of production.
2. To provide a smooth layer to help increase the intensity of the bonding between
the fabric materials and sample surface.
3. To enhance the hydration of the cement paste [33].
The technical way of applying the primer requires avoiding any aeration during
mixing the primer and to ensure better absorption to the sample.

B. For cutting the fabric materials:
For the concrete cylinders samples, only the side area was covered with the fabric

materials. Thus, each layer had the length (h) and width (r) of the surface area, equal to:
S.A=2mnrh (3.1)

In this project, the side area was equal to 0.28 m®. However, 1in was added as overlap

length where the recommended length for the overlap was 1-2in [30].

Figure 24: Cutting the fabric materials.
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Table 7: Characteristics of HEX-3R Epoxy 300 (Conmix) company.

Characteristic/property HEX-3R Epoxy 300
Service temperature —40 °C to +60°
range (°C)
Application temperature 10 °C to 40°
range (°C)
Shelf life (years) 2 years (unopened)
Pot life (hours) 4 hours at 21 °C
Cure time (days) 5 days at 21 °C
Gel time (hours) 14 hours at 21 °C
Tack free time 20 hours at
(hours) 21 °C
Viscosity (cps) Part A: 13000 cps
at 25 °C
Part B: 17 cps
at 25 °C
Glass transition 51 °C after 7 days
temperature (°C) at 23 °C
79 °C after 5 days
at 23 °C and
48 hours at 60 °C
Tensile strength (MPa) 68
Tensile modulus (GPa) 3.4
Elongation at failure (%) 3.1
Flexural strength (MPa) 116
Flexural modulus (GPa) 3.19
Cured specific gravity 1.16

C. Appling the wrap saturant (epoxy):
The importance of the epoxy consists of providing a strong bond between the concrete
surface and the fabric materials for prolonged periods against the harsh environment factors.
In this step, the epoxy must be equally spread in the desired area. Rollers were used with 0.6-

1 Itr/m? amount of epoxy at the primed surface [34].

Figure 25: Preparing the epoxy and the primer.
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D. For applying the fabric material:
In applying the fabric material, it is highly recommended to press at the attached

fabric materials on the sample surfaces to prevent air from entering during the wrapping.

Figure 26: Wrapping the cylinders.

e Grinding the concrete cylinder samples:
Providing a smooth layer is the main function for any grinding stage. For this project,
it was important to provide a smooth layer to ensure the accuracy and high-quality during the
testing stage. The load was applied at the upper surface from the cylinder and if the upper

surface was smooth, the load would distribute equally through the cylinder’s upper surface.

Also, grinding step helped remove the extra lines of the fabric materials that could be

there in the edges during the cutting stage.

Figure 27: Grinding the concrete cylinder.
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Exposing the concrete to the harsh environment:
Three sets (out of six) were exposed to two different kinds of the harsh environments:

1. High temperature.
2. Wet/dry cycles.
Fig. 28 shows the place where the sample was exposed to the sun and sea water splash

zone conditions.

Figure 28: Sustainability Center-AUS.

The samples to be exposed to the sun were placed in the floor of the Sustainability
Center with the temperature and humidity levels recorded daily for three months (Exposure
period). The two tanks simulated wet/dry conditions. Samples were placed in the upper tank
and the water from the lower tank fills the upper tank in 15 minutes. Then, via gravity, the
water returned to the lower tank in 30 minutes. Thus, one wet/dry cycle took 45 minutes
where the sustainability center operated from 8:00 am to 5:00 pm every day (540 minutes).

Therefore, 12 wet/dry cycles took place per day.
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Figure 29: The samples in the tank.

Table 8 displays average values for temperature and humidity of each month in the exposure

period:

Table 8: Daily observation for temperature and humidity.
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Chapter 4: Research Program

4.1. Experimental Program

The experimental program includes 36 FRP Confined concrete compression members that are tested
under repeated loading. The specimens are distributed into six different sets. In the first three sets,
the harsh environmental factors are not included, where the goal from the first two sets is to know
how CFRP and GFRP sheets improve the load capacity under repeated loading and how they affect
the elastic modulus. To illustrate, the specimens will be tested after applying the FRP materials on
them, but the only difference between these sets that is in set (2) extra sheet are applied to know if
there is any improvement comparing with set (1) where only one sheet is applied on the specimens.
For set (3), it considers the standard set in the research and that because it represents the control set

where all the specimens are plain concrete (without confined).

The next three sets implement different types of harsh environment factors such as high humidity
and water splash zone. High temperature and high humidity are the major types of harsh environment
in Gulf area so that it is really important to include this factor in the experimental program. For water
splash zone, it is considered one of the most extreme conditions because it makes the structure wet
and dry in every cycle of a wave which gives a potential chance for the chloride to go through the
structure element and damage it. This indicates that if the structure can survive in this kind of harsh
environment, it will survive in any other environment [35]. For example in study that was conducted
in University of Alabama that tries to investigate the effect of the wet/dry cycles at the strengthened
concrete beams (by FRP) [36], the authors indicate that the improvement in the load capacity
happened in both beam groups (the one that is kept in room temperature and the one is under wet/dry
cycles). However, the improvement in the beams that are kept in room temperature is more

improvement than the beams that are under wet/dry cycles in many aspects such as load capacity.

Since the temperature and the humidity reach to the maximum level in the summer, the exposure

period will be start from first of June until the first of the September (three months).

4.2. Test Matrix

All the samples in the following sets were tested under repeated loading except the first set
(were test under static mode).
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Table 9: Set 1 and Set 2.

Table 10: Set 3 and Set 4.

R-C1

R-CS-1

R-C2

R-CS-2

R-C3

R-CS-3

R-CW1-58-1

R-GW1-S-1

R-CW1-S-2

R-GW1-S-2

R-CW1-S-3

R-GW1-S-3
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Table 11: Set 5 and Set 6.

R-CW1-W-1 R-GW1-W-1

R-CW1-W-2 R-GW1-W-2

R-CW1-W-3 R-GW1-W-3
R-CW1-RT-1 R-GW1-RT-1
R-CW1-RT-2 R-GW1-RT-2
R-CW1-RT-3 R-GW1-RT-3

4.3.  Testing Method

Prior to apply the repeated loading on the specimens, the program of the loading should be
set up. For example, number of cycles, frequency and unloading-reloading values, have direct
relationship with how the repeated loading affects the specimen. Therefore, number of
compression members (wrapped and unwrapped) with the same dimensions as matrix
specimens will be tested under static loading to get a relative idea about the fracture load
capacity.

Various studies used different loading patterns to apply the compression repeated
loading test.

Table 12, shows the first step of defining the cyclic loading pattern is by knowing the load
capacity of the sample. This can be determined by applying the monotonic load until the
fracture mode. After getting the fracture capacity of the sample, many options or methods are
available to be applied. To explain, certain factors can be controlled in this point:
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Table 12: Test matrix and loading patterns [16].

Tyvpe of FRP MNumber Specimen Steps in loading pattern
of layers hame Step 1 Step 2 Step 3
(0] (o) (o)
Glass Wrap 1 Gl O—100% — —
G112 040 (3)*  0-100 —
G13 0—60 (3)"  0-100 —
Gl4 0—80 (3)®"  0-100 —
Gl15 080 4080 (3)® 40100
Gl6 080 60— (3P &0—1 00
2 G21 0100 — —
G22 0—40 (3)*  0-100 —
G23 0—60 (3)® 0-100 —
G24 0—80 (3)*  0-100 —
G25 0—80 4080 (3)"  40-100
G26 0—80 60—80 (3)® 60—100
Carbon wrap 1 11 O—100 — —
cCi12 0—40 (3)" 0—-100 —
C13 060 (3)® 0-100 —
Cl14 080 (3)® 0100 —
Cc15 080 40-80 (3)®  40-100
Ccl16 080 6080 (3)® 60-100
2 C21 O— 100 — —
C22 040 (3)®* 0-100 —
C23 060 (3)" 0-100 —
C24 0—80 (3)®*  0-100 —
C25 080 4080 (3)® 40100
C26 080 60—80 (3)® 60100
* Percentages represent fractions of the monotonic capacity.
B Three cycles of loading and unloading at the percentages histed.

1. Number of cycles.

2. The peak of each cycle.

The above two factors are considered the most important factors to define the repeated
loading pattern. As it can be showed in Table 12, the authors used many different
approaches that based on the fracture load. For example, for G26 sample, the number of
cycles was five where the first peak reached to 80% of the fracture load and then three
cycles applied with peaks 60 % and 80% of the fracture capacity. The last cycle contained
peaks between 60% and 100% of the fracture capacity. However, the authors used many

different patterns for the samples that they had as shown in the Table 12.
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According to this study, a static loading test was applied at all five groups in this

project to know the fracture capacity so that it would show the repeated loading be applied

in this project. The five groups are:

1. Static control samples (unwrapped samples) (S-C).

2. Static wrapped sample by CFRP (one layer) (S-CW1).
3. Static wrapped samples by CFRP (two layers) (S-CW2).
4. Static wrapped samples by GFRP (one layers) (S-GW1).
5. Static wrapped samples by GFRP (two layers) (S-GW?2).

Monotonic loading results for the samples:
e For the (S-C) samples:

Table 13: Trial monotonic loading test for control samples.

Sample Compressive strength Elastic Ultimate Load
(MPa) Modulus (kN)
(Control for static mode) (GPa)
(S-C) A 42 35.25 742.14
(S-C)B 38 37.58 671.46
(s-C)C 40 31.54 706.80
Average 40 34.79 706.80

e For the (S-CW1) samples :

Table 14: Trial monotonic loading test for wrapped samples by CFRP (one layer).

Sample Compressive strength (MPa) Ultimate Load (kN)
(S-Cw1) A 82.56 1461.36
(S-CW1) B 77.97 1380.02
(S-Cw1i)C 79.59 1408.80

Average 80.04 1416.63
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e For the (S-CW2) samples :

Table 15: Trial monotonic loading test for wrapped samples by CFRP (two layers).

(S-CW2) A 83.56 72.56 1478.98
(S-Cw2)B 82.98 71.45 1461.27
(S-Cw2) C 87.54 77.86 1549.75

Average 84.67 73.95 1496.63

e For the (S-GW1) samples :

Table 16: Trial monotonic loading test for wrapped sample by GFRP (one layer).

(S-GW1) A 68.25 1207.96
(S-GW1) B 71.59 1267.07
(S-Gw1)C 72.36 1280.70

Average 70.73 1251.85

e For the (S-GW2) samples :

Table 17: Trial monotonic loading test for wrapped samples by GFRP (two layers).

(S-GW2) A 69.25 62.25 1031.22
(S-Gw2) B 76.53 64.89 964.07
(S-Gw2)C 77.89 57.89 905.23

Average 74.56 61.67 1319.68




From these trial tests, general idea was drawn about the project samples. Beside the
earlier studies in repeated loading and in experiment trials, tests method is developed for

this project.

Load vs Time
700
600 /
AAA
oadn AW AW AN
200 -
100 -
0 r r r Y )
0 200 400 600 800 1000
Time(sec)

Figure 30: The developed Repeated Load.

The most critical object of developing this test method is to have a test that suits all the
categories (wrapped and unwrapped) that are applied in the project samples. For each
category there is an average of the ultimate load. The developed test for each category
will be based on this load. To explain, as shown in Fig. 30, in the beginning of the test,
three cycles will be applied where the maximum load in these cycles is 40% of the
ultimate load. Then, the same process will be applied with 60% and 80% of the ultimate

load. The maximum load for the last cycle is equal to 100% of the ultimate load.
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Figure 31: Wrapped concrete cylinder under The MTS machine.

4.4. Test Results and Observations

As shown in section 4.2, there are 6 sets in this research experimental program. The results

will be presented in the same sequence that is in the test matrix.
e Forsetl:

The main aim from this set is to determine the elastic modulus for the confined cylinders
which helps to understand the strength behavior and response of the specimen. These

confined cylinders were tested under monotonic loading.
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Table 18: Results of Set 1.

Sample Compressive Ultimate Ultimate Load Elastic
Strength (MPa) Strain (kN) Modulus

(GPa)

Cwi-1 79.68 0.0158 1410.23 67.12

CW1-2 82.35 0.0161 1457.50 62.56

CW1-3 78.91 0.0155 1396.67 64.24

Average 80.13 0.0158 1417.69 64.64

GW1-1 68.25 0.0193 1207.96 58.26

GW1-2 67.39 0.0189 1192.74 55.91

GW1-3 71.66 0.0195 1268.03 57.62

Average 69.10 0.0192 1222.99 57.26

e Forset2:
Table 19: Results of Set 2.
Sample Compressive Ultimate | Ultimate | Ultimate Load (kN)
Strength (MPa) Strain Strai
train
(Hz)
(V)

R-CW2-1 81.45 0.0109 0.0172 1441.59
R-CW2- 2 82.14 0.0211 0.0176 1453.89
R-CW2- 3 81.39 0.0167 0.0189 1440.53
Average 81.66 0.0162 0.0179 144531
R-GW2- 1 73.46 0.0215 0.0511 1300.12
R-GW2- 2 72.98 0.0236 0.0423 1291.69
R-GW2- 3 69.14 0.0252 0.0551 1223.71
Average 71.86 0.0234 0.0495 1271.84

This set had six wrapped concrete cylinders that each cylinder wrapped by two layers of
the FRP sheets (3 with CFRP and 3 with GFRP). They were kept under room
temperature for all the exposure period and then were tested under repeated loading. This

helps to evaluate the effect of using different number of FRP wraps on the modulus of

elasticity of compression members.
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e [orset3:

This set had six unwrapped concrete cylinders where they were tested under repeated

loading. This set is considered the back bone and the control set for this experimental

project.

Table 20: Results of Set 3.

Sample Compressive | Ultimate | Ultimate | Ultimate Load (KN)
Strength (MPa) | Strain Strain
(Hz) (Vn)
R-C1 36.61 0.0081 0.0211 647.78
R-C2 35.34 0.0061 0.0145 625.51
R-C3 37.51 0.0111 0.0147 663.71
Average 36.48 0.0083 0.0167 645.66
R-CS1 31.04 0.0061 - 549.41
R-CS2 32.93 0.0057 0.0125 582.84
R-CS3 37.88 0.0068 0.0142 536.26
Average 33.95 0.0062 0.0133 600.91
e [orset4:

The wrapped concrete cylinders (one layer only) in this set were exposed to the sun

for three months and then were tested under repeated loading.

Table 21: Results of Set 4.

Sample Compressive Ultimate | Ultimate Ultimate Load (kN)
Strength (MPa) Strain Strain
(Hz) (Vr)
R-CW1-S-1 74.57 0.0091 0.0172 1319.78
R-CW1-S-2 75.21 0.0093 0.0089 1331.22
R-CW1-S-3 75.91 0.0068 0.0195 1343.57
Average 75.23 0.0084 0.0152 1331.52
R-GW1-5-1 63.21 0.0098 0.0251 1118.76
R-GW1-S-2 66.42 0.0099 0.0141 1175.61
R-GW1-S-3 67.84 0.0122 0.0221 1200.70
Average 65.82 0.0107 0.0204 1165.01
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e [orseth:

The wet/dry extreme condition would be applied at six wrapped concrete cylinders in
this set. Three of them were wrapped by CFRP and the other three by GFRP. The

wet/dry cycles were applied for the whole exposure time in the sustainability tank.

Table 22: Results of Set 5.

Sample Compressive Ultimate | Ultimate Ultimate Load (kN)
Strength (MPa) Strain Strain
(Vn)

R-CW1-W-1 48.47 0.0051 | 0.0071 857.89
R-CW1-W-2 50.98 0.0047 | 0.0061 902.45
R-CW1-W-3 53.44 0.0051 | 0.0071 945.98

Average 50.96 0.0049 | 0.0066 901.94
R-GW1-W-1 52.14 0.0082 | 0.0141 922.92
R-GW1-W-2 54.15 0.0124 | 0.0131 958.35
R-GW1-W-3 47.56 0.0096 | 0.0109 841.76

Average 51.28 0.0100 0.0127 907.68

e [orset6:

All the wrapped samples in this set were exposed to room temperature in the lab and

after three months, they were tested under the repeated loading.

Table 23: Results for set 6.

Sample Compressive Ultimate | Ultimate Ultimate Load (kN)
Strength (MPa) Strain | Strain
(H2) (Vr)

R-CW1-RT-1 77.21 0.0085 0.0131 1366.63
R-CW1-RT-2 77.15 0.0091 0.0149 1365.45
R-CW1-RT-3 76.25 0.0131 0.0171 1349.55

Average 76.87 0.0102 0.0150 1360.54
R-GW1-RT-1 67.54 0.0067 0.0271 1195.39
R-GW1-RT-2 66.23 0.0098 0.0212 1172.21
R-GW1-RT-3 67.91 0.0231 0.0231 1201.94

Average 67.22 0.0131 0.0238 1189.85
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4.5.  Effect of Different Factors on Concrete Strength and Strain
From the numbers that are showed in previous section, it is clear that there is a variation in

the concrete strength between each set in the experimental stage. There are three factors
behind this variation. These factors are:

1. Harsh environment.
2. Repeated Loading.
3. Using extra layers of FRP wrapping.

To ease the investigation of how the concrete cylinders were affected because of these

factors, two indexes will be used:

1. The ratio between the compressive strength for the confined and unconfined
concrete (feo/fcu)-
2. The ratio between the ultimate strain for the confined and unconfined concrete

(&cc/€cu)-

These indexes will give a better idea about any improvement or deterioration that exists
between the project samples. To explain, they will help in comparing the effects
between the samples in many different phases. The comparing phases in this project

are:
1. Comparison (1):

It will be between all sets to the set 3 (control -the room temperature section) and the
aim for this comparison to see how the wrapping technique affects the concrete
cylinders behavior in different conditions such as repeated loading and extreme

condition.
2. Comparison (2):

It will be between all the sets to the set 1 (Static Loading). Here the main objective is
to find how the repeated loading and harsh environment affect the mechanical

properties of the concrete comparing to the static loading.

The average values for the compressive strength and ultimate strain will be used in

both of the comparisons where in comparison (2) CFRP samples in all sets will be
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compared to CFRP samples in set 1. The same thing exactly for GFRP samples will

be done.

Table 24: Comparison (1).

Table 25: Comparison (2).

2.177 1.47
1.843 2.29
0.905 0.56
2.006 0.76
1.755 0.969
1.358 0.44
1.367 0.910
2.04 0.927
1.792 1.190
1.019 1.025
1.00005 1.3125
0.938 0.53
0.9525 0.55
0.6359 0.312
0.9525 0.52
0.959 0.6455
0.972 0.829
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4.6. Failure Modes

In this experimental study, there are unconfined samples and confined samples. These
samples are different in many aspects such as strength, strain, and mode of failures. To
explain, the main modes of failures for unconfined concrete are [37]:

1. Cone.
2. Longitudinal.
3. Border.
4

Diagonal.

The two modes that were found in this research for unconfined concrete are border and
cone as shown in Fig. 32 and Fig. 33.

Figure 32: Border failure.
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Figure 33: Cone failure.
For the confined concrete the main failure modes are [38]:

I.  Delamination.
Il.  De-bonding.
I1l.  FRP rupture.

Where delamination for confined concrete can be defined as failure happens in
the concrete itself. However, when the failure happens in the epoxy or in the bond, it
is called de-bonding failure. The last type of failure is FRP rupture. This happens due
to the load that exceeds the loading capacity of the FRP material.

Figure 34: Delamination failure.
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Figure 35: FRP failure.

Figure 36: De-bonding failure.
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In this project, all these failure modes appeared either by individual manner or dual
manner. Dual manner happens when two modes of failure appear in the same time

such as FRP rupture and delamination as shown in Fig. 37.

Figure 37: FRP rupture and delamination failures.

It is important to analyze the mode of failure for confined concrete to link the main
mode of failure with its level of stress that fractured in it. This can help more in
studying the strength behavior for the specimen. Table 26 shows numbers of the
concrete cylinder that failed in different main failure modes with their exposed

condition, ultimate load, and strength. Table 26 contains set 4, set 5, and set 6.
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Table 26: Failure modes information.

Wet/ dry
1 65-80 high
Temperature
- 40-55 Wet/dry
2 65-80 high
Temperature
1 65-80 Room
Temperature
- 40-55 Wet/dry
- 65-80 high
Temperature
2 65-80 Room
Temperature
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Chapter 5: Discussion of Results and Conclusions

5.1.  Discussion the effect of using different number of FRP wraps on the Modulus of
Elasticity of Confined Concrete
Four samples were used to reveal the effect of applying number of FRP wraps on the

modulus of elasticity of compression members. These samples were:

A. (S-C) samples.

B. Setl samples.

C. (S-CW-2) samples.

D. (S-GW-2) samples.
It should be mentioned that all samples in Table 27 were tested under static loading mode

with respect to ASTM C39 code. Also, all samples were not exposed to any extreme

condition.

Table 27: Comparing the average Elastic Modulus between Setl and (S-C) samples.

Set/Group Average Elastic Modulus The difference to (S-C)
(GPa)
(S-C) 34.79 -
Cwl1 64.64 -85.8%
Setl GWwW1 57.26 -64.5%

Average Elastic Modulus
(GPa)

S-C cwi Gw1

(S-C): Control samples under static mode, (CW1): Samples with one layer of carbon fiber, (GW1):

Samples with one layer of glass fiber

Figure 38: Comparing the average Elastic Modulus between Setl and (S-C) samples.
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(S-C) samples represent the unconfined concrete samples where the average value for
the elastic modulus was 34.79 GPa for the samples. Adding one layer of FRP material
resulted in improvement in elastic modulus. The percentages of improvement were 85% and
64% for cylinders wrapped with CFRP and GFRP sheets, respectively. In set 1, the average
values for elastic modulus for compression members that were confined by CFRP and GFRP
sheets were 64.64 GPa and 57.26 GPa, respectively.

The results agree with the relationship between the compressive strength and elastic

modulus for unconfined concrete calculated by this equation [25]:

Euwc=4730Vfc (5.1)
Where:
Euc= elastic modulus for unconfined concrete.
f = compressive strength .

From this equation the direct relationship between the compressive strength and the
elastic modulus can be noticed. This concept applied also for confined concretes as shown in

the next equation [38]:
Ecc=6645Vfc (5.2)
Where:
Ec.= elastic modulus for confined concrete.
f .= compressive strength.

It was expected to have an improvement in elastic modulus after increasing in the load

capacity for the concrete samples.
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Table 28: Comparing the average Elastic Modulus between (S-CW2), (S-GW2) and

(S-C) samples.

Set/Group Average Elastic Modulus The difference to (S-C)
(GPa)
(S-C) 34.79 -
(S-CW2) 73.95 -112.5%
(S-GW2) 61.67 -77.2%
80
T 70
e
2 60 -
3 50 -
o
_?_, 40 -
830 - /
gnzo . /
E 10 -
0

S-C

S-CW2

S-GW2

(S-C): Control samples under static mode, (S-CW2): Samples with two layers of carbon fiber

under static mode, (S-GW2): Samples with two layers of glass fiber under static mode

Figure 39: Comparing the average Elastic Modulus between (S-CW2), (S-GW2) and

(S-C) samples.

However, in (S-CW2) samples and (S-GW2) samples, after adding extra layer (the

second one) of CFRP and GFRP at the concrete samples, another improvement was noticed:

the average values for the elastic modulus for (S-CW2) samples and (S-GW2) samples were

73.95 GPa and 61.67 GPa, respectively. The percentage of improvement was almost 112%

and 77% for concrete cylinders that were wrapped with CFRP and GFRP sheets (two layers),

respectively.
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These numbers show that adding FRP sheets enhances the elasticity of the concrete
where the level of enhancement increases as the number of FRP wraps increases. However,
as the numbers indicate the increase in level of enhancement was not constant. That is, the
level of enhancement from plain concretes to 1 layer FRP wrapped concretes is less than

from 1 layer FRP wrapped concretes to 2 layers FRP wrapped concretes.
5.2. Discussion the behavior of compression members under repeated compression

exposed to harsh environment
In this section the behavior of compression members was evaluated based on the test

results. In analyzing the behavior of compression members, two points were discussed:
1. Compressive strength.
2. Ultimate strain.

A. The compressive strength:

The grade for the concrete mix in this project for all the samples was 30 MPa, but due
to the long period of curing for more than 3 months, the average value of the compressive

strength for plain concrete increased to 40 MPa as shown in Table 13.

As explained in previous sections, adding FRP sheet increases the load capacity for
the compression member. For example, the average values of a compressive strength for
compression members wrapped (one layer) by CFRP and GFRP was around 80 MPa and 70
MPa, respectively.

In this section the main focus was on how repeated compression and different harsh

environment factors affected this improvement.

In set 2, set 3, and set 6 there was one harsh environment factor (high temperature) so
that the results from these sets reflected the effect of repeated compression during the test
stage. For a fair evaluation for these effects, four comparisons were done based on the test

results:

i.  Between set 3 samples and (S-C) samples.

ii.  Between set 6 samples, (S-CW1) samples and (S-GW1) samples.
iii.  Between set 4 samples, (S-CW1) samples and (S-GW1) samples.
iv.  Between set 2 samples, (S-CW2) samples and (S-GW2) samples.
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Table 29: Comparing the average Compressive strength between Set3 and (S-C)
samples.

40 -

36.48 8.81%

33.95 15.12%

\

= = N N w w
o U»u o un o wu
L 1 I L I I

Average Compressive Strength(MPa)
(9]

o

S-C R-C R-CS

(S-C): Control samples under static mode, (R-C): Control samples under repeated mode, (R-

CS): Control samples under repeated mode exposed to sun

Figure 40: Comparing the average Compressive strength between Set3 and (S-C) samples.

For the first comparison, all the samples were unconfined samples where the (S-C)
samples were tested under static loading mode. The samples in set 3, however, were tested
under repeated compression. In set 3, the samples were divided into two groups as shown in
Table 20:

1. Room temperature.
2. Under sun.
The average vales of a compressive strength for room temperature and under sun
groups were 36.48 MPa and 33.95 MPa, respectively. There was a noticeable drop in the
compressive strength in both groups compared to (S-C) samples of 8.81% and 15.12%,
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respectively. The dropping in compressive strength for the room temperature group was due
to the repeated loading only, due to the effect of fatigue behavior. However, the percentage of
dropping doubled for the next group because of the sun exposure and repeated loading

effects.

Table 30: Comparing the average Compressive strength between Set6, (S-CW1)
samples and (S-GW1) samples.
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(S-CW1): Samples with one layer of carbon fiber under static mode, (S-GW1): Samples with
one layer of glass fiber under static mode, (R-CW1-RT): Samples with one layer of carbon
fiber under repeated mode exposed to room temperature, (R-GW1-RT): Samples with one

layer of glass fiber under repeated mode exposed to room temperature

Figure 41: Comparing the average Compressive strength between Set6, (S-CW1)
samples and (S-GW1) samples.

In the second comparison, there was no extreme condition or exposure applied at the
samples. However, the only difference was in the number of the FRP wraps attached to the
concrete cylinders. Here, there was only one layer of FRP wraps for all samples in set 6, (S-
CW1) group, and (S-GW1) group. The load capacity for (S-CW1) samples was more than the
CFRP samples in set 6 by 4.13%. However, it increased to 4.96% between the GFRP
samples in set 6 and (S-GW1). The reason for lower compressive strength in set 6 was due to

the effect of the repeated loading.

All samples confined by CFRP sheets had higher strength than the samples that
confined by GFRP sheets. This was due to the materials properties as shown in section 3.2
where the CFRP has more tensile strength. For example, the tensile strength for the CFRP
sheet was 4800 N/mm? and 3400 N/mm2 for GFRP sheet.
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Table 31: Comparing the average Compressive strength between Set4, (S-CW1)
samples and (S-GW1) samples.

In this comparison, there was one difference between this comparison and the

previous one. Here, there are two factors that affect the confined sample in set 4:

1. Repeated loading.
2. High temperature.
As shown from Table 31 and Fig. 42, the extra factor in this comparison was the high
temperature. Due to that, the difference percentage for CFRP and GFRP samples between set
4 and set 6 is only around 2%.

71



Fe)
® 80 -
]
ﬁ 70
g e
[V,
§§50-
Q. i
g2 40
S 30 -
&
B 20 -
g 10 -
<

0

S-Cw1 S-GW1 R-CW1-S R-GW1-S

(S-CW1): Samples with one layer of carbon fiber under static mode, (S-GW1): Samples with
one layer of glass fiber under static mode, (R-CW1-S): Samples with one layer of carbon fiber
under repeated mode exposed to sun, (R-GW1-S): Samples with one layer of glass fiber

under repeated mode exposed to sun

Figure 42: Comparing the average Compressive strength between Set4, (S-CW1)
samples and (S-GW1) samples.

Table 32: Comparing the average Compressive strength between Set2, (S-CW2)
samples and (S-GW2) samples.
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(S-CW2): Samples with two layers of carbon fiber under static mode, (S-GW2): Samples with
two layers of glass fiber under static mode, (R-CW2): Samples with two layers of carbon fiber

under repeated mode, (R-GW2): Samples with two layers of glass fiber under repeated mode

Figure 43: Comparing the average Compressive strength between Set2, (S-CW2)
samples and (S-GW2) samples.

Two layers of FRP sheets (CFRP sheets or GFRP sheets) were attached to all samples
in set 2, (S-CW2) group, and (S-GW?2) group. The similarity between these sets was the lack
of extreme conditions applied on their samples. However, this difference was only in the way
of applying the load. For example, all the samples in set 2 (3 CFRP samples and 3 GFRP
samples) were tested under repeated compression and the samples in (S-CW2) group and (S-
GW2) group were tested under static loading. The three CFRP compression members in set 2
had lower load capacity than the ones in (S-CW2) samples around by 3.5%. A 7.2%
difference in load capacity was between the three GFRP samples in set 2 and (S-GW?2)
samples. The reason behind this low difference was the absence of any harsh environment

factors.
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Table 33: Comparing the average Compressive strength between Set5, (S-CW1)
samples and (S-GW1) samples.
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(S-CW1): Samples with one layer of carbon fiber under static mode, (S-GW1): Samples with
one layer of glass fiber under static mode, (R-CW1-W): Samples with one layer of carbon
fiber under repeated mode exposed to wet/dry condition, (R-GW1-W): Samples with one

layer of glass fiber under repeated mode exposed to wet/dry condition

Figure 44: Comparing the average Compressive strength between Set5, (S-CW1)
samples and (S-GW1) samples.

Set 5: CFRP concrete cylinders showed a better compressive strength than the plain or

GFRP concrete cylinders in all the groups and sets in this research project. However, in set 5,
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the average value of compressive strength for the GFRP concrete samples was more than
CFRP. Two possible explanations can explain this unusual manner development (it should be
mentioned that there was a big drop in average compressive strength in both CFRP and
GFRP samples comparing to (S-CW1) and (S-GW1) samples as shown in Table 33). Both
theories indicate the damage that occurred in the bond between the FRP sheet and the

concrete was due to the wet/dry cycles.

The first explanation refers to the stress concentration level and stiffness of the carbon
fiber as the reasons why the CFRP samples in this set experienced a big drop in compressive
strengths of 35% compared to (SCW-1) samples. Both of the CFRP and GFRP samples
bonds were affected because of the wet/dry cycles. However, since the glass fiber has lower
stress concentration level and stiffness level, they experienced a lesser drop in their
compressive strength. For example, the drop in the compressive strength for GFRP samples
was 27% less as compared to (SGW-1) samples.

The second explanation related to the chemical property of the GFRP samples showed
more load capacity than the CFRP samples. Carbon fibers contain graphite which makes the
carbon fiber stable against any possible chemical reaction. However, the components of
GFRP shown in section 2.5 would have a chemical reaction with water and salt in wet/dry
cycles. The chemical reactions between the FRP materials and acidic liquid (water and salt in
this case) can increase the surface area size of the FRP particles which leads to a better
performance against external factors. As result of these chemical reactions, a lesser drop in

compressive strength occurred as opposed to the drop in the CFRP samples.

Table 34: Compressive strength reduction.

Set Carbon Glass

Room temperature 1 1
Sun 0.97 0.97
Water 0.66 0.76
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Figure 45: Compressive Strength reduction.

Table 34 and Fig. 45 show the compressive strength reduction between set4, set5, and
set6. The aim of this comparison is to evaluate the effective level of the exposure condition
on the confined compression members. Due to that, the highest value of compressive strength
for CFRP and GFRP samples which occurred in set 6 (room temperature) are selected to be

the base points for this compression.

It can be noticed that the sun exposure has the same influence at the CFRP and GFRP
samples, but it is different in the wet/dry set. To explain, wet/dry cycles have more influence
on the CFRP samples than GFRP samples by 13.15% where the reduction factor for CFRP
and GFRP are 0.66 and 0.77, respectively.
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B. The ultimate diagonal strain:

The ultimate strain is an important indication for the ductility of the column element.
FRP material enhances the degree of ductility for the concrete. An earlier study showed that
GFRP confined concrete has more ductility than the CFRP confined concrete during the
testing stage. This was a logical result due to the materials properties for the GFRP and CFRP
sheets that are shown in Table 4 and Table 5. For example, the ultimate elongation for CFRP

sheet was only 2.1%; however the ultimate elongation for GFRP sheet exceeded 4.5%.

Table 35: Difference in Ultimate Strain between setl and other sets.

Set Uhimate | The dfference to | The diference to
sirat CW-1 GW-1
Set | CW1 0.0158
GW1 0.01%3
St 2 B-CW2 0.0162 -2.5%%
B-GW2 0.0234 2%

St B-CW1-5 0.0084 46.8%%

B-GW1-5 0.0107 45.12%
St ] R-CWI-W 0.0049 66.9a% -

R-GW1-W 0.0100 48.11%
Set 6 R-CWI-RT 0.0102 3344% -

R-GWI-KT 0151 3280
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Figure 46: Difference in Ultimate Strain between setl and other sets.

In this section, the effects of these factors will be discussed. As mentioned earlier the
GFRP samples usually have a better ductility than CFRP samples. For example, when none
of the mentioned factors were applied like in set 1, the average value of ultimate strain for
GFRP and CFRP samples was 0.0195 and 0.0158, respectively. However, when an extra
layer of FRP was used in set 2, the ultimate strain for both GFRP and CFRP increased to
0.0234 and 0.0162. As shown, the improvement in GFRP samples exceeded that of CFRP

samples.

It should be mentioned that there was no direct relationship between the compressive
strength and the ultimate strain. In this project the CFRP samples frequently had a higher

compressive strength, but less ultimate strain than the GFRP samples.

In set 4, where the GFRP and CFRP samples were exposed to the sun, the average
value of ultimate strain for the GFRP samples decreased to 0.0107. It was less by 46%

compared to the average value of ultimate strain for GFRP samples in set 1. A similar drop
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percentage appeared between CFRP samples in set 4 and set 1 where the average value of

ultimate strain for CFRP samples in set 4 decreased to 0.0084.

The factor affecting the ultimate strain for GFRP and CFRP samples the most was
wet/dry cycles. Here, in set 5, the average values of ultimate strain for the GFRP and CFRP
samples were 0.0100 and 0.0049. Comparing to the ultimate strain for GFRP and CFRP
samples in set 1, the percentages of drop for ultimate strain in GFRP and CFRP samples at set
5 were 49% and 69%.

In set 6, the repeated loading was the only factor applied at the samples. Also, in this
set, there was a drop in the ultimate strain for both GFRP and CFRP samples. The amount of
drop, however, was less than in set 4. The average value of ultimate strain for the GFRP in
set 6 was 0.0131 which was less than the average value of ultimate strain in set 1 by 33%.
Additionally, 35% was the difference between the CFRP samples in set 6 and set 1 where the

average value of ultimate strain for the CFRP samples in set 6 was 0.0102.

These were very high percentages compared to earlier percentages of other factors,
thus indicating that wet/dry cycles had a major effect in the ductility for the FRP-confined

concrete samples.

5.3.  Discussion the service life and the stiffness of FRP wrapped compression members

Service life of concrete in general has a direct relationship with two properties:

1. Durability.

2. Degradation.

The service life and these factors are defined in standards code like ASTM E632-8I
[39]. Service life is the period of time where all properties of the material perform within the
acceptable values. Durability can be expressed as the ability to maintain the serviceability of
a product over a defined time. In contrast, degradation factor is defined as any external factor

adversely affecting the performance and characteristics of an installed material.

The importance of familiarizing with and predicting the service life and durability of
any material was crucial in the design requirements. There are two main areas that the service

life can be affected:
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1. Materials properties.

2. Environmental conditions.

In this project, the focus was on the environmental conditions. Studies dealing with
environmental conditions in predicting service life focus on sulfate attack and acid attack.
True to this, in this project, the combination between water and salt acted as an acidic liquid

at the compression members in set 5. This can be defined as chloride attack.

To link the effects of wet/dry cycles and sun exposure to the service life, forming a
numerical model was required, which was not in the project objectives as it requires further
study. Thus, finding another numerical model that matched the research analysis method was
necessary. Most of these researches try to find the chloride depth and chloride concentration
to predict the service life where these two elements were not found in this study. Stress
analysis and strain analysis are the main two methods were used to analysis the test results.
The next flow chart explains how the proposed numerical model works.

Read temperature, humidity,
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Write temperature, humidity,
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Figure 47: Flowchart of the numerical model [40].
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What makes this study relevant is that it contains stress and strain concepts in the used
numerical model as shown. The stress and strain values were used to estimate the mass
transport and the deterioration processes. In this model, the compressive stress and the total
strain are function of the mass transport. For example, the less value in the stress and strain,

the more mass transport occurred, leading to more deterioration.

The proposed model contains many different parameters and aspects, but it clarifies
the role of stress and strain in affecting the service life. In this project the biggest drop in
stress and strain occurred in wet /dry condition (set 5). According to this study, the samples in
the wet/dry condition had less service life and durability compared to samples in other sets.
True to this, the surface of confined concretes in set 5 was covered by a white layer (salt)
which indicated a high percentage of chloride. Hence why most of the marine structural

elements required regular maintenance

The second point of this section discusses the stiffness of FRP wrapped compression
members. Stiffness is the force needed to achieve a certain deformation of a structure [41]. In
technical terms, stiffness is the slope between force and deformation axis. Thus, finding the
stiffness for concrete cylinders under the static mode was easier than finding it in the repeated
or dynamic mode since numerical models are often formed to find the stiffness for confined

or unconfined concrete in dynamic mode and this was not within the project scope.

The research objective in this section is to analyze stiffness of FRP wrapped
compression members that exposed to harsh environment factors. The three exposed

conditions that were applied in this research program are:

1. Room temperature (Set 4).
2. Wet/dry (Setb).

3. Sun exposed (Set6).
As explained earlier, there are three peaks in this testing method (40%, 60%, and

80%) and each peak has three cycles. All the figures shown in this research had Load vs.
Strain mode as shown in Fig. 48. Multiplying the strain axis by the length gives the
deformation occurring for the sample during the testing. In that stage the graph changes from
Load vs. Strain (vertical) to Load vs. deformation and deriving the stiffness becomes much
easier. However, as shown in Fig. 48, the behavior of the sample has three loops for each

peak. In this section, the slope of the liner portion of every first loop for each peek was taken
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(K") and the average value of them was taken as (K'ayg). (K') and (K'ayg) are not the real
stiffness values for this case, but provide a range for the real values. This approach was
applied for the set4, set5, and set6 samples. Moreover, the reduction in the stiffness in each
stage (K'40, K's0, and K'go) Will be shown with the respect of their exposure condition.

Load vs Strain

horizontal 40

horizontal 60

Load(kN)
horizontal 80

J_ = yertical 40

_I ——vertical 60

= yertical 80

-6.00E-03 -4.00E-03 -2.00E-03 0.00E+00 2.00E-03 4.00E-03
Strain

Figure 48: Load vs. Strain for GW-2-1

Table 36: (K'ay) for set4.

Sample (K'avg) (KN/mm)
R-CW1-S-1 168.87
R-CW1-S-2 162.11
R-CW1-S-3 159.65

Average 163.54
R-GW1-S-1 145.67
R-GW1-S-2 147.43
R-GW1-S-3 146.72

Average 146.60
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Table 37: (K'ayq) for set5.

Sample (K'avg) (KN/mm)
R-CW1-W-1 139.89
R-CW1-W-2 141.23
R-CW1-W-3 143.76

Average 141.62
R-GW1-W-1 142.32
R-GW1-W-2 143.95
R-GW1-W-3 141.42

Average 142.56

Table 38: (K'ayg) for set6.

Sample (K'avg) (KN/mm)
R-CW1-RT-1 175.43
R-CW1-RT-2 174.98
R-CW1-RT-3 176.76

Average 175.72
R-GW1-RT-1 155.97
R-GW1-RT-2 151.34
R-GW1-RT-3 156.77

Average 154.69
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Table 39: Difference in (K'ayg) between set6, set 4, and set5.

6.93%
146.62 - 5.21%
141.62 19.40% -
142.56 - 7.84%
175.72 - -
154.69 - -
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Figure 52: Difference in (K'avg) between set6, set 4, and set5.

Fig. 52 shows that CFRP samples generally had better stiffness than GFRP samples.
However, both of their stiffness values decreased due to the harsh environmental factors. For
example, the difference in the (K'ag) between set 6 and set 4 was around 3% for CFRP and
GFRP samples. Here set 6 can be considered as the control set as there were no harsh

environment factors applied.

The percentage drop increased greatly in set 5 where the wet/dry condition was
applied. The percentage drop for CFRP and GFRP samples were 13.70% and 10.25%,
respectively. This shows that wet/dry condition greatly effects stiffness for the confined

concrete.

For the K’ reduction, all graphs for both CFRP and GFRP samples show gradually
degeneration in the stiffness starting from room temperature set then sun exposure set and
reaching to wet/dry set. However, the slop of the reduction line for CFRP samples is much
steeper when it goes from sun exposure set to the wet/dry set than GFRP for all the stiffness
stages: (K's0, K'so, and K'gg). This supports the explanation that wet/dry set has more effects

on the CFRP samples than the GFRP samples.
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5.4. Relation of this research with current applications

This research included analysing the behaviour of confined concrete column with CFRP and
GFRP sheets under repeated loading and extreme conditions as high temperatures and
humidity. This would help engineers and designers to know how confined elements behave in
places that are under these influences. The best example of that is various bridges in the
Arabian Gulf in the coastal areas where temperature and humidity are high most of the year

and under seismic activity due to the vehicles movement.
The results of this study can be linked closely with real cases in this region by:

1. Using FRP sheets for Retrofitting of existing bridges columns in the region.
2. Using new environmental reduction factors for design recommendation.

These two cases are summarized as follows:

A. Khalidiya bridge retrofitting project [42]:

Retrofitting projects were functional for existing bridges in Sharjah city. Khalidiya Bridge
retrofitting project is a good example of how using FRP materials can be efficient and
economical in the same time. Steel and concrete are the main construction materials that are
used to build this bridge. Steel plates were used as joints between the structural elements. Due
to the wet/dry cycles, high humidity and repeated loading, serious damages were appeared in

the structural components:

1. Corroded reinforcement.
2. Spalling.

3. Marine growth.

4

Major cracks.
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Figure 53: Main damages in Khalidiya Bridge [42].

The basic method that was used in the rehabilitation of the bridge columns is to replace any old
steel bolt and plate with new one and then applying a new coating layer. The total cost of this
rehabilitation exceeds Dh100 million where the estimated bridge deck service life after this

rehabilitation is only 5 years.
Using steel plate in this kind of projects has its own disadvantages [32]:

1. The weight of the plates makes handling them in the field difficult.
2. Due to weight and stiffness of the material, it is difficult to use them at long
continuous structural element.
3. Field welding, especially butt welding to join shorter lengths can result in damage
to the existing structure; serve as a centre for future corrosion.
4. Long-term durability, especially in moist environments is suspect.
There are concerns related to bonding during traffic movement due to sagging
under self-weight.
This study proves that using external FRP system can increase the load capacity, stiffness, and
ultimate strain for the concrete compression under cyclic loading and high humidity. There are

many advantages of using FRP system in this case:

1. Easy to handle and apply in the field.

2. Can be applied to all structural elements and types.
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3. It can provide more service life more than 10 years for the bridge deck after the
rehabilitation.
Moreover, the cost of this proposed rehabilitation will be much cheaper than the actual one
because there is no need to replace any structural element. FRP strips and sheets will be added
in the bridge deck. For example, Conmix Company in Sharjah estimated the total cost of this

proposed solution. The estimated cost is between Dh25-30 million [42].

The outcomes of this research should encourage engineers to use the FRP system in their
rehabilitation work in this region against the possible harsh environment factors and repeated

loading by a very efficient and cost-effective way.

Figure 54: Application of composite strips to the soffit of a bridge deck [32].

B. ACI 440 [43]:
ACI 440 code in chapter 9 (Design and Construction of externally bonded FRP
systems) recommends environmental reduction factors (Cg) for different exposure

conditions in Table 9.1 in the code.
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Table 40: Environmental reduction factor for various FRP systems and exposure
conditions [43].

Environmental

Exposure conditions Fiber type | reduction factor C
Carbon 0.95
Interior exposure Glass 0.75
Aramid 0.85
Carbon 0.85
Exterior I:‘:-;pt_)suref{hrjdgesf_ piers, and Glass 0.65
unenclosed parking garages)
Aramid 0.75
) _ ) Carbon 0.85
Agpressive environment (chemical Glass 0.50
plants and wastewater treatment plants)
Aramid 0.70

Table 40 does not provide many classifications for exposure conditions. To illustrate,
it deals mainly with the general conditions such as:

1. Interior exposure

2. Exterior exposure

3. Aggressive environment

However, to link this table with the research results, two environmental reduction
factors were found for CFRP and GFRP for one specific new extreme condition:
wet/dry cycles.

Table 41: Environmental reduction factor for various CFRP and GFRP in Wet/dry

cycles.
Exposure condition Fiber type Environmental reduction
factor (Cg)
Wet/dry cycles Carbon 0.66
Glass 0.76

These new reduction factors can help the designers in their design for the structures
that locate in the coastal area under cyclic loading in this region. Consider these
factors in the design calculation, would help the designers to find the most suitable
design values for nominal shear strength and nominal flexural strength in the design
steps.
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5.5.  Conclusion remarks
This study included 36 compression members, 32 of which were confined with FRP

sheets. The test parameters of this research program covered various parameters and their

effects. Combined factors of repeated load, sun exposure and cyclic exposures to sea water

splash zone showed significant effects on the performance of concrete compression member
confined with FRP.

The following conclusions summarize the results of this research:

1.

1-layers of CFRP materials increased the load capacity and elastic modulus for the
concrete by 101.0% and 85.8%, respectively compared to the control samples.
2-layers of CFRP materials increased the load capacity and elastic modulus for the
concrete by 111.5% and 112.5%, respectively compared to the control samples.
1-layers of GFRP materials increased the load capacity and elastic modulus for the
concrete by 76.82% and 87.20%, respectively compared to the control sample.
2-layers of GFRP materials increased the load capacity and elastic modulus for the
concrete by 86.40% and 64.50%, respectively compared to the control samples.
Delamination and FRP rupture failure modes are the predominate modes that
occurred for the confined concrete in the dry condition. However, De-bonding
failure mode appeared frequently in CFRP samples at wet/dry condition due the
damaged bond between the resin and CFRP sheet.

Repeated loading mode decreased the load capacity for the control samples by
8.81% compared to the static loading mode.

2-layers of GFRP samples increased the ultimate strain by 21.87% compared to
the 1-layers of GFRP samples.

42°C-45°C temperature range with 36.5%-57.8% humidity range reduced the load
capacity for CFRP and GFRP samples by 6.00% and 6.94%, respectively
compared to the CFRP and GFRP samples at room temperature.

42°C -45°C temperature range with 36.5%-57.8% humidity range reduced the
ultimate strain for CFRP and GFRP samples by 35.44% and 32.82%, respectively

compared to the 1-layer GFRP samples at room temperature.

10. Wet/dry cycles had an influential effect (decreasing) on the load capacity and

ultimate strain for CFRP samples by 36.25% and 68.98%, respectively y
compared to the 1-layer CFRP samples at room temperature.

91



11. Wet/dry cycles had an influential effect (decreasing) on the load capacity and
ultimate strain for GFRP samples by 26.74% and 48.71%, respectively compared
to the 1-layer GFRP samples at room temperature

12. Wet/dry cycles had an influential effect (decreasing) stiffness (K'avg) for CFRP
and GFRP samples by 19.40% and 7.84%, respectively compared to the 1-layer

CFRP and GFRP samples at room temperature.

5.6. Recommendations for future research
In this research program, many parameters were covered such as ductility, durability,

stiffness using one and two layers of FRP under different exposures. Additional research
program is recommended to A. Understand the chemical and physical interaction of the
epoxy with FRP and B. Numerical model would be also useful to predict the service life of

confined concrete.

A. For the behavior of GFRP and CFRP concretes in wet/dry condition:

The ultimate strain, compressive strength, and mode of failure were covered for the
GFRP and CFRP concretes in this project. However, there was no defined or specific
conclusion that explained why the GFRP samples showed more strength than the CFRP
samples or why all the CFRP samples had a de-bonding failure mode in this set. Two theories
were presented in the results discussion, each highlighting different concepts: the first
explanation dealt more with the mechanical properties of material and the second dealt with

the chemical properties of material.

It is advisable to further investigate the accuracy of these theories. To carry this out,
large numbers of confined concretes should be exposed to the wet/dry cycle. It is a good idea
to take a sample from the confined concrete during the exposure period to examine and see if
there is any chemical reaction in the mechanical properties. As result of that, the behavior of
confined concrete (either CFRP or GFRP) can be identified in a scientific method.

B. For making a numerical model to predict the service life of confined concrete:

Several papers propose numerical models to predict the service life of the concrete in
general. However, service life-numerical models are absent for confined concretes. That is,
most of the numerical models for confined concretes deal with different loading types (e.g.
static loading or cyclic loading) and ductility (strain).
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To predict service life model, the main element in the model is the depth of chloride
penetrating the concrete surface even for the confined concrete. For example, Fadi et al. in
their paper [44] examine the effect of CFRP on the corrosion process of reinforced concrete
elements. Chloride depth and chloride concentration were used to find theoretical mass loss.
Then from the theoretical mass loss, the service life could be derived. The paper showed that
using confinement sheets such as CFRP reduces the corrosion and enhances the service life
for the concrete sample. It is suggested to create a service life-prediction model for confined
concrete that depends on mechanical parameters. These mechanical parameters could be

compressive strength, ultimate strain and stiffness.
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Appendix

In this appendix, two kinds of graphs are shown for each sample in all the

experimental sets (except set 1) which are:

1. Loadvs. Time.
2. Load vs. Strain.
These graphs are used to examine the strength behavior and the mechanical responses

of different samples that are tested in this research program.

The order of showing the figures will be with respect to the test matrix in Chapter 4
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A. Set1:
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Figure55: Stress vs. Strain for CW1-1.
2. CW1i-2:
Stress vs Strain
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Figure56: Stress vs. Strain for CW1-2.
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3. CWI1-3:

Stress vs Strain
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Figure 57: Stress vs. Strain for CW1-3.
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Figure 58: Stress vs. Strain for GW1-1.
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5. GW1-2:

Stress vs Strain
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Figure 59: Stress vs. Strain for GW1-2.
6. GW1-3:
Stress vs Strain
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Figure 60: Stress vs. Strain for GW1-3.
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B. Set2:

7. R-CW2-1:
Load vs Time
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Figure 61: load vs. Time for R-CW2-1.
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Figure 62: Load vs. Strain for R-CW2-1.
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8. R-CW2-2:

Load vs Time
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Figure 63: Load vs. Time for R-CW2-2.
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Figure 64: Load vs. Strain for R-CW2-2.
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9. R-CW2-3:

Load vs Time
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Figure 65: Load vs. Time for R-CW2-3.
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Figure 66: Load vs. Strain for R-CW2-3.




10. R-GW2-1:
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Figure 67: Load vs. Time for R-GW2-1.
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Figure 68: Load vs. Strain for R-GW2-1.
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11. R-GW2-2:

Load vs Time
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Figure 69: Load vs. Time for GW-2-2.
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Figure 70: Load vs. Strain for GW-2-2.
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12. R-GW2-3:

Load vs Time
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Figure 71: Load vs. Time for R-GW2-2.
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Figure 72: Load vs. Strain for R-GW2-3.
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C. Set3:

13. R-C1:
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Figure 73: Load vs. Time for C1.
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Figure 74: Load vs. Strain for R-C1.
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14. R-C2:
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Figure 75: Load vs. Time for R-C2.
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Figure 76: Load vs. Strain for R-C2.
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15. R-C3:

Load vs Time
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Figure 77: Load vs. Time for C3.
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Figure 78: Load vs. Strain for R-C3.
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16. R-CS 1:
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Figure 79: Load vs. Time for R-CS 1.
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Figure 80: Load vs. Strain for R-CS 1.
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17. R-CS 2:

700
600
500

< 400

S 300

—

200
100

Load vs Time

100 200 300 400 500 600 700
Time (sec)

Figure 81: Load vs. Time for R-CS 2.
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Figure 82: Load vs. Strain for R-CS 2.




18. R-CS 3:

Load vs Time
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Figure 83: Load vs. Time for CS 3.
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Figure 84: Load vs. Strain for R-CS 3.
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D. Set 4:
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Figure 85: Load vs. Time for R-CW1-S-1.
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Figure 86: Load vs. Strain for R-CW1-S-1.
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20. R-CW1-S-2:
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Figure 87: Load vs. Time for R-CW1-S-2.
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Figure 88: Load vs. Strain for R-CW1-S-2.
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21. R-CW1-S-3:
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Figure 89: Load vs. Time for RCW1-S-3.
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Figure 90: Load vs. Strain for R-CW1-S-3.
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22. R-GW1-S-1:

Load vs Time
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Figure 91: Load vs. Time for R-GW1-S-1.
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Figure 92: Load vs. Strain for R-GW1-S-1.
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23. R-GW1-S-2:

1400
1200
1000
800
600
400
200
0

Load (kN)

Load vs Time

|
N

T

A

\

\

\
TRV

AR

200

Vv V

0 600 800 1000

Time (sec)

1200

Figure 93: Load vs. Time for R-GW1-S-2.
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Figure 94: Load vs. Strain for R-GW1-S-2.
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24. R-GW1-S-3:
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Figure 95: Load vs. Time for R-GW1-S-3.
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Figure 96: Load vs. Strain for R-GW1-S-3.
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E. Set5:
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Figure 97: Load vs. Time for R-CW1-W-1.
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Figure 98: Load vs. Strain for R-CW1-W-1.
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26. R-CW1-W-2:

Load vs Time
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Figure 99: Load vs. Time for R-CW1-W-2.
Load vs Strain
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Figure 100: Load vs. Time for R-CW1-W-2.
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27. R-CW1-W-3:

Load vs Time
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Figure 101: Load vs. Time for R-CW1-W-3.
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Figure 102: Load vs. Strain for R-CW1-W-3.
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28. R-GW-1-W-1:

Load vs Time
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Figure 103: Load vs. Time for R-GW1-W-1.
Load vs Strain
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Figure 104: Load vs. Strain for R-GW1-W-1.
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29. R-GW-1-W-2:

Load vs Time
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Figure 105: Load vs. Time for R-GW1-W-2.
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Figure 106: Load vs. Strain for R-GW1-W-2.
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30. R-GW-1-W-3:

Load vs Time
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Figure 107: Load vs. Time for GW1-W-3.

Load vs Strain

= Horizontal 40

o === Horizontal 60
Load (kN)

= Horizontal 80

= \/ertical 40

= \/ertical 60

" I e \/ertical 80

-2.00E-02-1.50E-02-1.00E-02 -5.00E-03 0.00E+00 5.00E-03 1.00E-02 1.50E-02
Strain

Figure 108: Load vs. Time for R-GW1-W-3.
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F. Seté6:

31. R-CW1-RT-1:

Load vs Time
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Figure 109: Load vs. Time for R-CW1-RT-1.
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Figure 110: Load vs. Strain for R-CW1-RT-1.
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32. R-CW1-RT-2:

Load kN
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Figure 111: Load vs. Time for R-CW1-RT-2.

Load vs Strain
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Figure 112: Load vs. Time for R-CW1-RT-2.
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33. R-CW1-RT-3:

Load vs Time
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Figure 113: Load vs. Time for R-CW1-RT-3.
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Figure 114: Load vs. Strain for R-CW1-RT-3.
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34. R-GW1-RT-1:
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Figure 115: Load vs. Time for R-GW1-RT-1.
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Figure 116: Load vs. Strain for R-GW1-RT-1.

129




35. R-GW1-RT-2:

Load vs Time

1400

1200

1000

800

600

Load (kN)

/
N
NAI\VIVAVAYAVAVERYIRY

1000

-200

Strain

Figure 117: Load vs. Time for R-GW1-RT-2
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Figure 118: Load vs. Strain for R-GW1-RT-2
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36. R-GW1-RT-3:

Load vs Time
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Figure 119: Load vs. Time for R-GW1-RT-3
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Figure 120: Load vs. Strain for R-GW1-RT-3
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T0.73

T4.56

samples.

Table 42: Mechanical response data and percentage difference for the project

80.13 69.1 B1.66 71.86 3648 | 33.95 65.82 50.96 51.28 7687 67.22 40 B0.04 B4.67
141769 | 122299 | 144531 | 1271.84 | 645.66 | 600.91 1165.01 | 90154 [07.68 136054 | 118%9.85 | 706.80 | 1416.63 | 1496.63 | 1251.85 | 1319.68
0.0158 0.0192 0.0162 | 0.0234 | 0.0083 | 0.0082 n.0107 0.004% 0.0096 D.010z 0.0131 - - - - -
B4.64 E7.26 - - - - - - - - - 34.79 - 7395 - 6167
- - - - - - 146.60 14162 142.56 175.72 154.69 - - - - -
-100.32 | -72.75 | -104.15 | -79.65 8.8 i5.12 -64.55 -27.40 -28.20 -92.17 -68.05 - -101.00 | -111.67 | -76.B2 -B6.40
17.70 - 15.62 -21.87 | Be.J7 | 6771 44.27 7447 50.00 46.87 31.77 - - - - -
-BE.80 -64.58 - - - - - - - - - - - -112.56 - -77.26
- - - - - - 16.57 1940 18.87 - 11.96 - - - - -
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