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Vi Beam’s Nominal Shear Strength

Vs Stirrups Shear Capacity

a, ob, Factors

O Coefficient of Thermal Expansion at Temperature T
oL Longitudinal Coefficient of Thermal Expansion

OTr Transverse Coefficient of Thermal Expansion

ar Curve Fitting Parameter as Function of Temperature

B, B1, Bd Factors

Br Curve Fitting Parameter as Function of Temperature
A Deflection

Ac Difference in Tensile Stress

Ag Difference in Tensile Stain

Aexp- yield Experimental Measured Deflection at Yield Load

Aexp-cr Experimental Measured Deflection at Measured Cracking Load
Aexp-s Experimental Measured Deflection at Service Load

Aexp-ult Experimental Measured Deflection at Measured Ultimate Load
Am Deflection at Concrete Strain of 0.001 (Or 0.0021)

Atheer Theoretical Deflection at Theoretical Cracking Load

Ath-s Theoretical Deflection at Service Load

Ath-ult Theoretical Deflection at Theoretical Ultimate Load

Autt Ultimate Deflection

Ji displacement at point i

0 Rebar’s Temperature

p Reinforcement Ratio
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Empirical Bond Strength
Experimental Bond Strength
Maximum Bond Stress

Bond Strength at Temperature T

Diameter of Bar

Concrete Strain

Concrete Strain after Exposure to Temperature T
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Strain of FRP bar at Stress fr

Strain at point 1
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Measured Reinforcement Strain at Measured Ultimate Load
Elongation at Rupture

Strain of steel bar at Stress f;

Strain of FRP at Ultimate Strength
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KEBERKESANAN PENGGUNAAN TETOPI HUJUNG KELULI DALAM
PENAMBAHBAIKAN PERLAKUAN LENTURAN PASCA KEBAKARAN
RASUK KONKRIT BERTETULANG FRP

ABSTRAK

Penggunaan bar Polimer Bertetulang Gentian (FRP) sebagai alternatif kepada tetulang
keluli tradisional dapat membantu mengatasi masalah ketahanlasakan dalam struktur
konkrit bertetulang. Kelakuan struktur FRP-RC adalah memuaskan pada suhu yang
rendah sahaja, oleh itu, penggunaan bahan-bahan FRP mudah terbakar dalam
perdagangan, industri dan bangunan kediaman, di mana kemungkinan berlakunya
kebakaran adalah agak tinggi, boleh menjadi berbahaya. Penyelidikan lanjut
diperlukan untuk menilai dan meningkatkan prestasi struktur FRP-RC di bawah
keadaan kebakaran. Dalam kajian ini, kesan suhu yang tinggi ke atas sifat mekanik bar
FRP / Keluli, tingkah laku ikatan antara bar-bar FRP / keluli dan konkrit, dan tindak
balas lenturan rasuk konkrit dengan pelbagai jenis bar tetulang FRP telah disiasat
secara mendalam. Teknik tetopi-hujung keluli baru telah dicadangkan bertujuan untuk
memperbaiki tambatan bar FRP yang tertanam dalam konkrit. Untuk itu, sampel dalam
bentuk bar FRP / keluli, konkrit biasa, sampel tarik keluar dan rasuk (dengan dan tanpa
tetopi-hujung keluli) telah disediakan dan kemudian diawet selama 28 hari serta
seterusnya diuji sebelum dan selepas didedahkan kepada suhu tinggi sehingga 500°C.
Konkrit dan FRP bar mengalami pengurangan ketara dalam sifat-sifat mekanikal
mereka disebabkan oleh pendedahan kepada suhu yang tinggi. Kekuatan ikatan antara
bar-bar FRP dan konkrit telah berkurangan apabila terdedah kepada suhu dalam julat
125-325°C, dengan pengurangan mencapai sehingga 85%. Pengurangan ini telah

dipaparkan secara negatif dalam tingkah laku rasuk konkrit bertetulang FRP yang
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dipanaskan, di mana beban retak, kapasiti beban muktamad, kekakuan dan jumlah
tenaga diserap telah berkurang sehingga 89%, 81%, 79%, dan 70%, masing-masing
manakala pesongan pertengahan rentang dan indeks kemuluran telah meningkat
dengan ketara sehingga masing-masing setinggi 50% dan 94%. Memasang tetopi
hujung keluli di hujung bar FRP telah meningkatkan kekuatan ikatan mereka dengan
konkrit sebelum dan selepas terdedah kepada suhu yang tinggi sehingga 325°C. Oleh
itu, prestasi lenturan rasuk konkrit bertetulang FRP dengan tambatan tetopi hujung
telah meningkat; beban retak, kapasiti beban muktamad, kekukuhan, pesongan pada
beban muktamad, jumlah tenaga terserap dan indeks kemuluran masing-masing telah
meningkat sehingga kira-kira (124%, 208%, 225%, 196%, and 453%) and (33%,
123%, 58%, 216% and 215%) sebelum dan selepas pemanasan sehingga 500 ° C,
berbanding dengan rasuk kawalan tanpa tetopi-hujung keluli. Berdasarkan keputusan
eksperimen, model analisis telah dicadangkan untuk meramalkan tingkah laku
bahagian menaik hubungan ikatan-gelinciran antara bar FRP yang berbeza dan konkrit
di bawah suhu yang tinggi. Satu kaedah teori juga tealah dicadangkan untuk
meramalkan keupayaan beban muktamad teori rasuk konkrit bertetulang FRP.
Ramalan kedua-dua model itu adalah bersetujuan dengan yang sangat baik dengan

keputusan eksperimen.
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EFFICIENCY OF USING STEEL END CAPS IN IMPROVING THE POST-
FIRE FLEXURAL BEHAVIOR OF FRP REINFORCED CONCRETE
BEAMS

ABSTRACT

The use of Fiber Reinforced Polymer (FRP) bars as an alternative to traditional steel
reinforcement helps overcoming durability problems in reinforced concrete structures.
The behavior of FRP-RC structures is satisfactory at only low temperatures, hence the
application of combustible FRP materials in commercial, industrial and residential
buildings, where the possibility of fire occurrence is relatively high, can be dangerous.
Further research to evaluate and enhance the performance of FRP-RC structures under
fire conditions is required. In this study, the effect of high temperatures on the
mechanical properties of FRP/Steel bars, bond behavior between FRP/Steel bars and
concrete, and the flexural response of concrete beams with different types of FRP bar
reinforcement was investigated in much details. A new steel-end-caps technique was
proposed aiming to improve anchorage of embedded FRP bars in concrete. For that
FRP/Steel bars, plain concrete, pullout and beam specimens (with and without steel
end caps) were prepared and then cured for 28 days and later tested before and after
subjected to elevated temperatures of up to 500°C. Concrete and FRP bars suffered
significant reductions in their mechanical properties due to exposure to high
temperatures. Bond strength between FRP bars and concrete had decreased upon
exposure to temperature in the range of 125 to 325°C, with the reduction reaching as
high as 85%. These reductions were reflected negatively in the behavior of heated
FRP-RC beams hence cracking load, ultimate load capacity, stiffness and total

absorbed energy were reduced by as high as 89%, 81%, 79%, and 70%, respectively

XXX



whereas mid-span deflections and ductility indices were increased noticeably by as
high as 50% and 94%, respectively. Attaching steel end caps to the ends of FRP bars
had improved their bond strength with concrete before and after exposure to high
temperatures of up to 325°C. Consequently, the flexural performance of FRP-RC
beams with end-cap anchorage was improved where the cracking load, ultimate load
capacity, stiffness, deflection at ultimate load, and total absorbed energy were
increased to reach as high as (124%, 208%, 225%, 196%, and 453%) and (33%, 123%,
58%, 216% and 215%) before and after heating up to 500°C, respectively, compared
with that of control beams without end anchorage. Based on the experimental results,
an analytical model was proposed to predict the behavior of the ascending part of bond-
slip relation between the different FRP bars and concrete under high temperatures.
Another theoretical method was also proposed to predict the theoretical ultimate load
capacity of FRP-RC beams. The predictions of the two models were in an excellent

agreement with the experimental results.
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CHAPTER ONE
INTRODUCTION

1.1 Preface

Existing reinforced concrete (RC) structures are deteriorated when they are
exposed to severe conditions such as corrosive environment. With the presence of
water and oxygen, steel reinforcement, embedded in concrete, may corrode; leading
to a durability problem of steel reinforced concrete structures. Maintenance and
rehabilitation of the RC structure damaged by corrosion is costly (Nadjai et al., 2005;
Maraveas et al., 2012) and sometimes complicated. In the U.S., the estimated costs
per year for the repair of steel reinforced concrete structures damaged due to
corrosion is about two hundred and seventy six Billion US dollars (Chin et al., 1997;
Koch et al., 2002).

Recently, the use of non-metallic Fiber Reinforced Polymer (FRP) bars as an
alternative to the traditional steel reinforcement has received a great deal of attention
as an effective solution for overcoming the durability problems associated with steel
corrosion in the RC structures (Galati et al., 2006).

FRP composites are materials which consist of strong reinforcing
organic/inorganic fibers embedded in a rigid resin matrix. The fibers carry the
applied loads and provide the stiffness and strength to the composite. There is a wide
range of available FRP composites such as glass fiber reinforced polymer (GFRP),
carbon fiber reinforced polymer (CFRP), and basalt fiber reinforced polymer (BFRP)
with different properties. The polymeric matrix can be either thermoplastics or
thermosetting polymers with the latter being the most popular type (Cao and Wu,

2008).



Compared to traditional reinforcing steel, FRP bars possess higher resistance to
electro-chemical corrosion, tensile stresses, fatigue and electromagnetic waves. FRP
possesses lighter weight, lower elastic modulus, and lower resistance to high
temperature yet higher cost than conventional steel bars (Chin et al., 1997; Bisby et
al., 2005a; Masmoudi et al., 2010; Maraveas et al., 2012). FRPs can be used
practically either as internal reinforcing bars inside the concrete section or as
externally bonded reinforcement sheets/plates using epoxy resin adhesives
(Maraveas et al., 2012).

Numerous experimental and theoretical studies on the structural behavior of FRP
reinforced concrete elements have been carried out in the past years. However, the
contradictions in results from different research works on the significance of using
FRP in reinforcing various structural elements demanded further theoretical studies
and experimental programs to be carried out on the structural performance of
thermally damaged elements with FRP reinforcement and their durability (Karbhari
et al., 2003; Robert and Benmokrane, 2010).

Although the behavior of FRP-RC structures is satisfactory at low temperatures
(Nadjai et al., 2005), the application of combustible FRP materials in commercial,
industrial and residential buildings still needs more research to evaluate the structural
performance in fire situations. These research works are highly needed in order to
establish the design codes and practical guidelines of FRP reinforced concrete
structures and guarantee their safe application (Nanni, 2001; Harries et al., 2003;
Nadjai et al., 2005; Robert and Benmokrane, 2010).

The behavior of steel bars RC at high temperature is different from that of FRP
bars RC. When FRP rebars are embedded in concrete and subjected to fire, the rebars

will not burn due to lack of oxygen but the resin will be softened (Nadjai et al.,



2005). From previous studies, it was shown that the polymer resin used in the
manufacturing of FRP composites has a service temperature called the glass
transition temperature, Tg. Under elevated temperatures, such as those of fire, upon
exceeding the glass transition temperature, the polymer resin exhibits visco-elastic
transitions followed by irreversible thermal degradation; reducing the ability of the
resin to transfer forces through fibers (Robert and Benmokrane, 2010). Thus, the
mechanical properties of the resin as represented in stiffness and strength are
degraded significantly and hence impairing the mechanical properties of the FRP
composites (Katz et al., 1999).

The bond mechanism of FRP rebars to surrounding concrete depends on the
properties of polymer matrix at the surface of the rebars. At high temperature
exceeding the glass transition temperature (Tg) of the polymer matrix, the polymer
surface layer is damaged therefore the matrix becomes unable to transfer stresses
from the concrete to the fibers (Katz et al., 1999; Nadjai et al., 2005). The divergence
in the coefficient of thermal expansion (CTE) between FRP and concrete aggravates
the bonds degradation upon exposure to high temperature; additional stresses would
be created in the FRP bars upon cooling. This and heat generated cracks within
concrete lead to splitting cracking along the FRP bars. Ultimately, this affects the
performance of bond between concrete and FRP reinforcement negatively and hence
the structural response; undermining the contribution of FRP to structural

applications (Galati et al., 2006).

1.2 Problem statement

a) Limited information is available on the post fire residual mechanical
properties of FRP materials used in construction. Up to date, most of the

studies did not precisely determine the critical exposure temperature of



b)

d)

different FRP composites that affects their mechanical properties and bond
strength with concrete. Therefore, further research is needed to determine this
critical exposure temperature and post-fire residual properties of FRPs to
enable prediction of residual load capacity of corresponding reinforced
concrete members.

There is a lack of research on the post-fire bond behavior between FRPs
materials and concrete with no research works, carried out to enhance the
bond between the FRP bars and concrete under fire exposure. The limited
available studies reported that bond between FRP reinforcing bars and
concrete deteriorates at elevated temperature leading to the slippage of bars
and therefore accelerates the whole failure of the RC members. If the ends of
the FRP rebars are protected enough to avoid the bars slip at elevated
temperature, then the failure mechanism of FRP-RC structures will be shifted
from the bars slip failure to the bars ruptures and therefore improving the fire
resistance of the structures.

Up to date, no research works, has been carried out to enhance the pre- and
post-fire behavior of FRP reinforced concrete structures.

Most research activities concentrated on glass FRP (GFRP) due to their lower
cost. Further research is needed to investigate the elevated temperature
performance of other types of FRP composites such as Carbon and Basalt
FRP when used in the corresponding structural elements; especially beams.
Provisions for fire condition were not incorporated in various international
codes to aid in design of structural elements reinforced with FRP composites.
Hence, analytical equations should be proposed to provide the available codes

with the necessary information to account for fire exposure.



1.3 Research objectives

The main objectives of this study are:

a)

b)

d)

To investigate experimentally the residual mechanical properties of different
FRP/Steel bars and the residual bond properties between these bars and
concrete after exposure to elevated temperatures.

To investigate experimentally the flexural behavior of concrete beams,
reinforced with different types of FRP bars, before and after exposure to high
temperature (simulating a fire case).

To evaluate the efficiency of using chemically bonded steel end caps in
promoting post-fire flexural behavior of FRP-RC beams and compare it with
that of steel-RC beams.

To propose two analytical models; the first model can be used in predicting
the bond-slip behavior between FRP bars and concrete after exposure to high
temperature whereas the second one can be used for the evaluation and
prediction of post-fire performance of the concrete beams reinforced with

FRP bars with and without end cap.

1.4 Scope of work

The study includes the following:

a)

Tensile tests were carried out on glass fiber reinforced polymer (GFRP),
carbon fiber reinforced polymer (CFRP), basalt fiber reinforced polymer
(BFRP), and steel bars to study their mechanical properties at ambient
temperature (23°C) as well as after heating to temperatures then cooling. A
total of 18 specimens of each bar type were used. Three of them were tested

at ambient temperature and used as controls while the remaining fifteen



b)

d)

specimens (in triplicates) were exposed to different elevated temperatures of
125°C, 250°C, 325°C, 375°C and 450°C.

Tests were performed on standard concrete cylinders and cubes to determine
the splitting tensile strength, compressive strength and modulus of elasticity
of the 40 MPa concrete that used in casting the beams and pullout specimens.
Half of these standard specimens were tested after 28 days at ambient
temperature whereas the rest were tested after exposure to a high temperature
of 500°C for 90 minutes duration.

Traditional cubic pullout specimens were prepared using 10-mm-diameter
FRP/steel bars embedded vertically in concrete cubes (150x150x150 mm)
with a bond length of 100 mm and cured for 28 days then tested for bond
behavior between BFRP, CFRP, GFRP and steel bars and concrete before and
after exposure to high temperatures and then cooled to room temperature. A
total of 60 specimens, represented triplicates of pullout specimens with the
four types of used bar were tested before and after exposed to different
temperature levels of 125, 250, 325 and 375°C for three hours then cooled.
Two FRP-RC beams were cast with eight K-Type thermocouples having a
1.0 m probe length placed at different location across the depth of two beams
prior to casting, cured for 28 days then heated up in gas furnace to 500°C for
four hours in order to get the temperature distribution profile throughout the
beam's cross section during the heating process.

Twelve control specimens of 130 mm x 180 mm x 1200 mm of reinforced
concrete beams were cast in triplicates using four different reinforcing bars,
BFRP, CFRP, GFRP and steel bars then subjected to four-point loading test

in order to study their flexural behavior, modes of failure and deflection



2

h)

characteristics. FRP-reinforced concrete beams were designed according to
ACI, 2006 (ACI 440.1R) while steel RC beams were designed according to
ACI, 2005 (ACI 318R). All beams were tested as simply supported beams of
1200 mm total span, 1050 mm clear span and 350 mm pure bending moment
span around the middle of the beams.

A loading frame with a full jack capacity of 500 kN was used in the four-
point loading test. Three linear variable displacement transducers (LVDT’s)
were placed at three locations of each beam to measure the vertical
deflection. Strain gauges were attached to the main reinforcement bars and
the external concrete surface to measure the strain during testing. The
response of the tested specimens was recorded using a data acquisition
system before the data was analyzed to evaluate the results.

Similar set of twelve beams specimens were subjected to a high temperature
of 500°C for 90 minutes in gas furnace then cooled to room temperature
before being tested under four-point loading test.

Eighteen reinforced concrete beams specimens of similar size were cast with
different reinforcing bars (BFRP, CFRP, and GFRP). The FRP bars used
were steel capped at their two ends using high temperature resistant epoxy
adhesive. This end capping was aimed at improving bond between FRP and
concrete hence the flexural behavior. Nine of these specimens were tested
under four-point loading test at ambient temperature as controls whereas the
remaining specimens were subjected to a high temperature of 500°C for 90

minutes then cooled before being tested under four-point loading test.



1) Based on the bond-slip experimental results, a new analytical model was
proposed to predict the bond-slip behavior between FRP bars and concrete
after exposure to high temperatures.

j) Based upon the experimental data, analytical equations were presented to
predict the pre- and post-fire ultimate load capacity of FRP RC beams based

on the assumption of FRP rebar slippage.

1.5 Thesis structure

This thesis consists of six chapters. Chapter one presents general introduction,
problem statement, objectives and scope of work. Chapter two presents the literature
review of studies previously carried out on the FRP composites in construction
including (different properties of FRP composites, the effect of high temperature on
the FRPs properties, the pre-and post-heating bond behavior between FRP and
concrete, and the performance of FRP-RC elements before and after exposure to
fire). Chapter three describes the methodology including the different materials used,
preparation of specimens, casting, heating, mechanical testing programs, and preface
to the theoretical studies used. Experimental tests results and discussion are
presented in chapter four including the pre-and post-heating mechanical properties of
FRP/Steel bars and concrete, the effect of heating on bond strength between
FRP/Steel bars and concrete, modes of failure and load-deflection characteristics of
different tested concrete beams such as ultimate load capacity, deflection, stiffness
and ductility. In chapter five, analytical studies were presented including the
proposed modeling of post-heating bond-slip behavior between FRPs and concrete
and then the analytical method was used for the prediction of FRP-RC beam’s load
capacity that based on rebars slippage assumption. Conclusions and

recommendations for future work are reported in chapter six.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter provided brief detailing of different studies, performed on FRP
composites, and concrete reinforced with FRP bars. A background about FRP
materials and their practical applications; including their use for reinforcing concrete
elements is presented in Sections 2.2 and 2.3. The effect of elevated temperatures on
different properties of FRP composites and on the structural behavior of FRP-RC
elements were presented in detailed in Section 2.4. Furthermore, Section 2.5 presented

the effect of high temperatures on the properties of the concrete.

2.2 Fiber Reinforced Polymer (FRP) composites

FRP composites are manufactured from the combination of high tensile fibers and
a polymer matrix to give new and useful material with better properties than their
original constituents (Bisby et al., 2005b). FRPs are orthotropic material because of
the use of strong fibers that are continuous and oriented in the longitudinal direction
which provide the stiffness and strength of the FRP. The applied forces are transferred
between the fibers through the shear stresses that developed in the polymer matrix.
When one of these fibers is broken, its force is transferred to the adjacent fibers though
the matrix until the total damage of fibers happen leading to the failure of the FRP
(Bisby et al., 2005b; Kodur et al., 2007).

The commercial types of fibers that are used in FRP production are glass, carbon,
basalt and aramid; of which have their advantages and disadvantages. Among all,
carbon fibers possess the highest stiffness, the lowest low relaxation, and the best

durability characteristics under high temperature and chemical attacks yet carbon



fibers are the most expensive fibers (Kodur and Baingo, 1998; Bisby et al., 2005b).
Glass fibers are the most widely used in FRP production due to their low cost although
they have some disadvantages such as low elastic modulus and poor durability in
alkaline and moist environments. Basalt fibers have similar resistance to alkali and
weathering environments as Glass fibers with a better fire endurance than carbon fibers
(Hulin et al., 2013). Aramid fibers are sensitive to creep and have poor durability in
moist environments (Bisby et al., 2005b), yet have good thermal stability and excellent
impact resistance (Kodur and Baingo, 1998).

The applied forces are transferred and distributed between the fibers of the FRP
composite through the weak matrix of polymers which have lower density than the
fibers so the overall weight of these FRPs are low (Bisby et al., 2005b). There are two
main types of matrix polymers; thermoplastic and thermosetting. Thermoplastic
polymers include nylon, polyethylene and polyamides while thermosetting polymers
include epoxies, polyesters and vinyl esters. Thermosetting polymers are cross-linked
molecular structure polymers resulting from the polymerization reaction of low
molecular weight polymers and cannot be welded together by heating (Cao and Wu,
2008). Thermosetting polymers are preferred to be used in FRPs production due to
their higher thermal stability and chemical resistance compared with thermoplastics.
The most widely used matrix in the market are epoxies and vinyl esters (Bisby et al.,
2005b).

The overall FRP properties depend on the properties of the fibers and matrix, fiber
volume fraction (typically in range of 60 to 70 %), fiber orientation, fiber cross
sectional area and method of production (Bisby et al., 2005b). The longitudinal
properties of the FRPs are governed by the properties of the fibers while the transverse

properties are governed by the matrix properties (Kodur and Baingo, 1998).
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Fibres are temperature-resistant material that can resist high temperature with a
small reduction in stiffness and strength while the polymer resins are very sensitive to
temperature and start losing their strength at low temperatures; glass, carbon and basalt
fibers can resist temperature up to 450°C, 500°C and 700°C, respectively. Polymer
resins can withstand relatively low exposure temperatures of 45-100°C (Cao and Wu,
2008). Kodur and Baingo, (1998) summarized the properties of FRPs and other related

materials, available in the literature, in Tables 2.1 and 2.2.

Table 2.1: Mechanical properties of FRP composites and mild steel available in
the literature as summarized by Kodur and Baingo, (1998)

Er Et fut fet G Sst

Material GPa | GPa | MPa | MPa | GPa | MPa

Ny

GFRP (Glass/Epoxy) 55 18.0 | 1050 | 1050 | 9.0 42 0.25

GFRP (Glass/Epoxy)-UD 42 12.0 | 700 | N.A. 5.0 72 0.30

CFRP (Carbon/Epoxy)-UD | 180 | 10.0 | 1500 | N.A. 7.0 68 0.28

CFRP (Graphite/Epoxy) 207 | 52 [ 1050 | 700 | 2.6 | 70 | 025
Poron/ Epoxy 207 | 21.0 | 1400 | 2800 | 7.0 | 126 | 0.30
AFRP (Aramid/Epoxy)-UD | 76 | 8.0 | 1400 | N.A. | 3.0 | 34 | 0.34
Mild Steel 200 | NA. | 550 | 240 | N.A. | 380 | N.A.

E1, longitudinal modulus of elasticity, ET, transverse modulus of elasticity, fur,
ultimate tensile strength, fcr, FRP compressive strength, G, shear modulus, fs, FRP
shear strength, ny, Poisson’s ratio, UD, uni-directional, N.A., not available,

Table 2.2: Thermal properties of FRP composites and mild steel available in the
literature as summarized by Kodur and Baingo, (1998)

Coefficient of Thermal ..
) . Thermal Conductivity,
Material Expansion, UD, o
P o W/m °C
10° m/m per °C

Longitudinal | Transverse | Longitudinal | Transverse
GFRP (Glass/Epoxy) 6.30 19.80 3.46 0.35
GFRP (Glass/Epoxy)-UD 7.13 N.A. N.A. N.A.
CFRP (Carbon/Epoxy)-UD -0.90 27.00 48.4-60.6 0.87
CFRP (Graphite/Epoxy) -1.44 30.60 121.1-129.8 1.04
Poron/ Epoxy 4.50 14.40 1.73 1.04
AFRP (Aramid/Epoxy)-UD -3.60 54.00 1.73 0.73
Mild Steel 10.8-18 10.8-19 15.6-46.7 15.6-46.8

UD, uni-directional, N.A., not available,
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2.3 PFRP composites in concrete construction

During the last twenty years, a great deal of attention has been given on the
characteristics of FRP-RC structures. A number of research works have been carried
out on the durability, fatigue, creep, bond behavior, and structural behavior as well as
failure modes of these structures. A detailed literature review of the bond behavior and
structural behavior of internally reinforced FRP concrete beams is presented in this
section while an extensive literature review on the main topics related to the effect of
elevated temperatures on FRP-RC structures are presented in the subsequent sections.

FRP materials are non-corrosive composite materials that can be applied in
concrete construction effectively as alternative to steel reinforcement. These FRP
materials can be applied to concrete structures in three different forms namely
externally bonded FRP sheets or plates for repair or strengthening of reinforced
concrete structure, main reinforcement in the form of FRP bars, and prestressed FRP
tendons in prestressed concrete structures (Bisby et al., 2005a; Bisby et al., 2005b).

FRPs possess some advantages and disadvantages. Their advantages include high
resistance to corrosion, high strength-to-weight ratios (10 to 15 times greater than
steel), excellent fatigue characteristics (about 3 times that of steel), electromagnetic
neutrality and ease as well as speed of application leading to reduced construction costs
(Kodur and Baingo, 1998; Bisby et al., 2005a; Bisby et al., 2005b). On the other hands,
the disadvantages include high material cost, low ductility with low strain at brittle
failure, low shear strength due to poor mechanical properties of the matrix, rapid and
severe loss of bond, reduced strength and stiffness at elevated temperatures, poor creep
and expansion properties in the case of aramid FRP, and low resistance to alkali
environments in the case of glass FRP (Kodur and Baingo, 1998; Kodur et al., 2005;

Bisby et al., 2005b).
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Many design codes and design guidelines were published in order to help in the
design of concrete structures with internal FRP bars reinforcement such as American
code ACI 440.1R-15 (2015), ISIS 2006-Design Manual No.3 and Canadian standards
CAN/CSA-S806-02 (R2007). The American Code ACI 440.4R-04 (2004) is used to
design prestressed concrete structures with FRP tendons.

Similarly, design guidelines were published to help in the design of concrete
structures strengthened externally with epoxy bonded FRP composites such as ACI
440.2R-08, ISIS 2001-Design Manual No.4 and TR55 Design guidance for

strengthening concrete structures using fibre composite materials by concrete society.

2.3.1 Bond between FRP bars and concrete

The bond behavior of FRP bars and concrete is different than that between
conventional steel and concrete due to the different material properties and surface
texture. In general, the bond mechanism consists of three components: chemical
adhesive, friction, and the mechanical interlocking between the bar surface
deformation and the surrounding concrete. At low bond stresses, the chemical adhesive
between the paste and the imperfections of the bar's surface is the main resisting
mechanism. When adhesion fails, the friction and mechanical interlocking start
working with the start of bar slip and cracks formation. .

Chemical bonds can't be formed between the FRP bars and concrete due to the
water repellent nature of the resin which is used in the FRP rebar production (Katz,
2001). Hence, FRP bars to concrete bonds mechanism depends on the bar's mechanical
interlocking and the friction between the surface and the surrounding concrete. Special
surface treatment should be added to plain bars in order to enhance their bonds with
concrete. Different surface treatments are available such as sand coating, helical

wrapping, molded deformation, irregular surface humps by adding excess of resin and
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braiding of the fibers. Combinations of different surface treatment of FRP bars can
improve the bond strength to values close to that of steel (Katz, 2001). Bar diameter,
embedment length, FRP bar's modulus of elasticity, concrete strength, concrete cover
and bars surface treatment are the main factors that were considered in the evaluation
of the bond behavior. Recent findings stated that the bond between FRP bars and
concrete was inversely related to bar diameter due to the increase of voids formation
at larger contact surfaces (Masmoudi et al., 2010).

Each FRP composite has different properties because of the wide variety of fiber
to resin interfaces which make predicting their bond behavior with concrete difficult
(EI Refai et al., 2014). Add to this, the bond strength is also sensitive to the setup
adopted in the experiments. As a result, many reports were published with varying
estimation of bond strength between FRP composites and concrete, all of which are
lower than values stipulated for bond strength between steel and concrete (Tastani and
Pantazopoulou, 2006). Nevertheless, most of the available design codes of FRP-RC
structures assume perfect bond between the FRP reinforcement and the surrounding
concrete at ambient temperature (Xiaoshan and Zhang, 2013).

The objectives and overall findings of different research studies that carried out on

bond behavior between FRP bars and concrete are presented in Table 2.3.
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Table 2.3: Different research studies that carried out on bond behavior between FRP composites and concrete

hooked GFRP bars to concrete based on
experimental work

Reference Objectives Overall Finding
Ehsani and 1- To use the experimental work results in | 1- For straight GFRP bars, minimum embedded length of 380mm is
Saadatmanesh, | developing an analytical equation for the | recommended.
(1996) evaluation of bond strength of straight and | 2- For hooked GFRP bars, minimum embedded length of 150mm is

recommended.

Cosenza et al.,
(1999)

1- To investigate the bond behavior of
GFRP bars and concrete with bar
embedment length ranging from 5 to 30
times the bar diameter.

2- To predict a model to simulate the bond-
slip curves.

1- The failure modes were bar's pullout failure, rebars failure accompanied by
pullout failure, and rebar rupture failure for different embedment lengths of (5d),
(10db), and (greater than 10dy), respectively.

2- Pullout failure was due to the damage of both ribs at outer surface of the bar
and the surrounding concrete.

3- Concrete strength had negligible effect on the bond strength.

4- The bond stress distribution along the embedded length can't be considered as
constant.

Brik, (2003)

To evaluate experimentally the bond
strength between both plain basalt rebars
and modified basalt rebars and concrete.

1- Plain rebars showed lower bond strength than that of modified rebars with 4 to
8 slots surface slots.

2- Plain rebar specimens failed due the pullout of the basalt rebars while the
modified rebar specimens failed by the rupture of the rebar itself.

Belarbi and
Wang, (2004)

To study the effect of incorporating short
fibers in concrete and Dbar's type,
embedment length, and surface treatement
on the bond behavior between FRP rebars
and concrete reinforced with randomly
distributed short polypropylene fibers.

1- Lower bond strength in case of CFRP than GFRP due to smoother surface of
the former.

2- The addition of short fiber to concrete changed the failure mode from concrete
splitting failure to much more ductile rebar pullout failure.

3- Bond strength was increased by increasing the embedment length in case of the
CFRP bars yet the opposite was noticed for the GFRP bars.
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Table 2.3: continued

Reference

Objectives

Overall Finding

Tastani and

To investigate  experimentally and

1- The bond strength of large diameter smooth bars is smaller than that of small

Pantazopoulou, | analytically the effect of the bar diameter | diameters.
(2006) and surface roughness, the concrete cover to | 2- The bond strength of deformed bars was insensitive to the bar size.
bar diameter ratio, and the effect of | 3- Using FRP jacketing had changed the failure mode from a sudden concrete
externally bonded FRP sheets on the bond | splitting failure to a more ductile bar's pullout failure due to the confinement
mechanics of GFRP bars with normal | pressure effect of the jacketing.
strength concrete. 4- Damage of the bar itself by peeling off was noticed at higher concrete strengths.
Liao et al., To investigate the effect of winding | 1- The GFRP bar's lug/ core interface of the transverse wound specimens is the
(2009) methods on the bond capacity between the | weakest link where the failure can occur.
FRP rebars and concrete. 2- FRP rod with 90 degree winding without axial winding have a lower bond
strength than longitudinal and oblique angle winding.
Baena et al., To study experimentally the effect of FRP | 1- The bond strength increased and the failure mode changed by increasing the
(2009) bar type (glass or carbon), bar diameter, bar | concrete compressive strength

surface texture, and concrete strength on the
bond behavior between FRP bars and
concrete

2- The bar surface treatment has important effect on the bond strength especially
when high strength concrete is used.

3- The bond strength increased when bar’s area to space ratio and concrete lug
ratio increased.

4- The bond strength decreases with the increase of the bar diameters.

5- The slip of glass FRP bars were greater than those of the carbon.

6- The new equations, proposed to simulate the ascending branch of the bond-slip
curves, showed a better agreement with the experimental data than the double
branch and CMR analytical models.
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Table 2.3: continued

Reference

Objectives

Overall Finding

Munoz, (2010)

To study the effect of the concrete strength,
FRP type (GFRP and CFRP), bar diameter
and bar surface treatment on the bond
behavior between FRP bars and concrete.

1- The failure mode of the rebars was at the bar to concrete interface due to the
de-bonding of the rebar itself.

2- The surface treatment has a great effect on the bond strength of FRP bars and
this effect increases with the increase of concrete strength.

3- Sand coated FRP bars had a higher bond strength with concrete.

4- The concrete compressive strength affects the failure modes of the pullout tests
but doesn't affect the ultimate bond strength of the FRP bars.

5- Bond strength is inversely proportional to the bar diameter.

Goraya et al.,
(2011)

To study experimentally the effect of
surface texture on the bond strength
between sand coated GFRP bars and
concrete specimens using the pullout test.

1- The sand coating of the FRP bars had improved the friction between the bars
and the concrete and therefore had increased their bond strength.

2- Using sand coating treatment can offset the absence of ribs in plain GFRP
rebars and improves the bond strength between the FRP bars and concrete.

3- The failure mode of the plain bars was pullout failure while the failure mode of
the sand coated bars was represented in concrete splitting failure.

Mazaheripour
etal., (2013)

To study experimentally the effect of bar
diameter, embedment length, surface
characteristics of the bars, and concrete
cover thickness on the bond behavior of
GFRP bars and steel fiber reinforced self-
compacting concrete.

1- All tested specimens failed by pullout of the bars without showing concrete
splitting due to the effect of steel fibers in blocking the grow of any micro-crack
in concrete and maintaining the crack width at small value

2- A higher bond strength resulted when larger concrete cover thickness was used
due to the increase in concrete cover shear capacity.

3- Increasing the embedment length of the bars had decreased the bond strength
due to the nonlinear distribution of the bond stress along the embedment length.
4- The bond strength for ribbed bars was higher than that of sand coated bars
regardless of the bar diameter and embedment length.
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Table 2.3: continued

Reference Objectives Overall Finding
El Refai et al., | To study experimentally the effect of FRP | 1- The bond strength of BFRP was about 75% of that of GFRP because of the
(2014) bar type (glass and basalt), bar diameter and | higher modulus of elasticity of the latter.

embedment length on the bond behavior
between basalt and glass FRP bars and
concrete under direct pullout test.

2- The bond strength of FRP bars is inversely proportional to both bar diameter
and embedment length.

3- Pullout failure mode was noticed for BFRP samples whereas different failure
modes such as pullout failure, concrete splitting failure and bar rupture was
noticed for GFRP bars specimens.

4- The failure mode depended on the embedment length of the bar where concrete
splitting was noticed in case of 7dy (short) embedded length while bar rupture
before bond strength was attained was noticed in case of 15dy (long) embedded
length.

5- The FRP bar's surface treatment has a large effect on the bond behavior of the
FRP bars. A good bond behavior up to peak followed with a sudden failure was
noticed in case of sand coated GFRP whereas the bond failure was smooth in case
of BFRP with spiral grooved sand coated surface.
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2.3.2 Performance of concrete beams with FRP internal reinforcement bars

Ductility is an important design requirement of any element. It is defined as the
ability of the element to absorb the inelastic energy without any reduction in the
flexural capacity of the element. FRP bars exhibit a linear stress-strain behavior up to
failure and do not show any post-yield behavior as in the case of steel reinforcement
(Bisby et al., 2005b; Nadjai et al., 2005; Rafi and Nadjai, 2011b). Therefore, FRP bars
have poor ductility compared with steel bars. FRPs have higher strength than steel but
lower strain at failure (Bisby et al., 2005). These mechanical properties of FRPs result
in non-ductile flexural behavior of concrete beams reinforced with FRP bars with
higher deflection and cracking than steel-RC beam. Due to the brittle behavior of FRP
bars, concrete becomes the ductile component of the FRP-RC beams and the ductility
of these beams depends mainly on the properties of the concrete (Aiello and Ombres,
2002; Rafi and Nadjai, 2011b). Due to the previous statement, the design criterion for
FRP reinforced concrete structures shifts to the serviceability limit states that check
the structural behavior aspect instead of the strength requirement to ensure
functionality and safety during the expected life of the structures. Therefore, FRP-RC
beams are designed as over-reinforced in order to achieve concrete failure (crushing
of concrete) before FRP rebar's failure (Aiello and Ombres, 2002; Nadjai et al., 2005;
Qu et al., 2009; Issa and Elzeiny, 2011; Al-Sunna et al., 2012; Pawtowski and
Szumigala., 2015). The objectives and overall findings of different research studies
that carried out on FRP-RC structures are presented in Table 2.4.

The traditional ductility definition of steel-RC elements is the ratio of post yield
deformation to the yield deformations (Wang and Belarbi, 2005). This definition can't

be applied to FRP-RC elements due to the linear elasticity of the FRP bars. Other
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methods, such as energy based method and deformation based method, were proposed
by researchers to calculate the ductility index of FRP-RC elements.

Energy based approach, defined the ductility as the ratio between the elastic energy
and the total energy, as shown in Figure 2.1.
F; Einal
e Inelastic Energy

Consumed prior
to Failure

Ey
Elastic Energy

Released at Failure

—

P
»

DEFLECTION

Fig. 2.1 Ductility index explanation proposed by Naaman and Jeong (1995)

Naaman and Jeong, (1995) defined the total energy as the total area under the load-
deflection curve while the elastic energy is the area of right triangle formed at the
failure load with hypotenuse slope equal to the weighted average slope of the two
initial straight lines of the load deflection curve (Figure 2.1). Naaman and Jeong (1995)
proposed Equations 2.1 and 2.2 to compute the ductility index, . A minimum limit of

between 3 and 4 is proposed for design purposes.

1/E, +E;

Ductility Index p == (u + 1) (2.1)
2 Eel

G= PiS; + (P, — P1)S; (2.2)

P,

where S1, S2, and S are slopes of lines.
Deformation based approach, was introduced by Mutfti et al., (1996) and the overall
ductility factor was defined as the product of the strength factor and the deformability

factor (Overall Ductility Factor = Deformability factor x Strength factor).
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The deformability factor is the ratio of ultimate deflection to the deflection when

the maximum concrete compressive strain equals to 0.001 and the strength factor is

the ratio of the ultimate moment to the moment when the maximum concrete

compressive strain is 0.001.

Over allDuctility Factor=

Ault

Mult.

A¢,=0.001

(2.3)

M¢_—0.001

Table 2.4: Different research studies that carried out on FRP-RC structures.

Reference

Objectives

Overall Finding

Alsayed et
al., (2000)

I- To study experimentally
the flexural behavior of FRP-
RC beams.

2- To examine the load
versus deflection equations
provided by the ACI code.
2- To suggest minimum
reinforcement needed to
avoid the sudden brittle
failure due to the rupture of
the FRP reinforcement.

1- The ultimate design theory (concrete
crushing failure) can predict the
flexural capacity of the FRP-RC beams
accurately.

2- The mid-span deflections calculated
based on ACI equations were under-
estimated  compared  with  the
experimental values.

3- The proposed models accurately
estimated the service load deflection
and showed a good agreement with the
measured experimental results.

4- A model, suggested for calculating
the minimum reinforcement of FRP-
RC beams, showed a good agreement
with the experimental results

Aiello and
Ombres,
(2002)

To study experimentally and
theoretically the effect of
concrete cover thickness,
reinforcement ratio, and the
mechanical properties of
concrete and reinforcement
on the structural behavior of
hybrid FRP-steel reinforced
concrete beams.

1- FRP reinforcement provide a better
flexural capacity while the steel
reinforcement provide the ductility and
rigidity for the beams

2- The rigidity of the hybrid RC beams
were higher than the steel-RC beams
after cracking.

3- The crack width and spacing of
hybrid RC beams was lower and
number of cracks were higher than that
of the FRP-RC beam:s.

4- The use of steel reinforcement with
FRP reinforcement reduced the
deformability of the RC beams.
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Table 2.4: Continued

Reference

Objectives

Overall Finding

Brik, (2003)

To evaluate experimentally the ultimate
flexural capacity of basalt rebar reinforced
concrete beams. Plain basalt rebars and
modified basalt rebars (with slots and
corrugations) were used.

1- The tested beams with modified bars have higher ultimate moments than the
first crack moments due to the good bond between the rebar and concrete.

2- At ultimate failure stage, the beams were suffering from large cracking and
deflections.

3- At failure, no slip was noticed in any of the tested beams; indicating a good
bond between the basalt rebars and concrete.

4- In general, pure flexural failure mode was observed whereas some beams have
primary flexural failure followed by secondary shear failure.

5- The measured ultimate moment capacities of the beams with modified basalt
bars were higher than the calculated moment capacities according to ACI Code.

Wang and
Belarbi, (2005)

To study the flexural behavior of the
polypropylene-fiber-reinforced-concrete

beams reinforced with FRP rebars.
Variables used in this experiment were
FRP type (Glass and Carbon), bar diameter
and concrete type (plain
polypropylene-fiber-reinforced-concrete).

Versus

1- The addition of short discrete fibers to the FRP-RC beams improved their
flexural behavior, increased their ductility index by 40% and reduced the crack
widths measured at service load.

2- All beams failed due to concrete crushing with linear strain of the reinforcement
up to failure.

3- The ultimate compressive strain of the fiber-reinforced-concrete beams at
failure exceeded 0.004 value.

4- The actual measured deflection at service load for all beams (with plain
concrete and FRC) matched the calculated deflection according to ACI code,
2015.

El-Sayed et al.,
(2005)

1- To propose a new modification to the
shear design equations for FRP-reinforced
concrete beams given by ACI 440.1R-03

I- A good agreement was found between the proposed equations and the
experimental results available in the literature.
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Table 2.4: Continued

Reference

Objectives

Overall Finding

El-Sayed et al.,
(2005)

2- To verify the new proposed equation
using the experimental results of 15
research works available in the literature.
3- To compare the proposed equations
with major design equations proposed by
the available design codes namely: ACI
440.1R-03, ISIS 2006- Design Manual No.
3 and CAN/CSA-S806-02

The experimental results of 15 research works available in the literature confirmed
that the equations given by ACI 440 code underestimated the shear strength of
FRP-RC beams whereas the new proposed equations showed a better prediction
of the shear strength than those prescribed by the previously mentioned codes.

Quet al., (2009)

I- To investigate experimentally and
theoretically the flexural behavior of
hybrid (GFRP-Steel) reinforced concrete
beams. Type of  reinforcement,
reinforcement ratio and the ratio of GFRP
to steel were studied as main parameters.
2- To adopt the equations of ACI440.1R-
06 for the predictions of ultimate load
capacity, crack width and deflection of
hybrid FRP-steel RC beams.

1- The best ductility, serviceability and ultimate load capacity were found in
Hybrid GFRP-steel RC beams having a normal effective reinforcement ratios.

2- The steel reinforcement improved the ductility of the hybrid FRP-Steel RC
beams while the FRP reinforcement improved the flexural strength.

3- A good agreement were noticed between the experimental results and ACI code
analytical models results.

4- The model proposed by Bischoff, P.H., (2007) for the prediction of the effective
moment of inertia provided a good prediction of the mid-span deflection of Hybrid
FRP-Steel RC beams up to service load only.

5- Equations provided by ACI440.1R-06 for the prediction of crack width showed
a good agreement with the experimental results.

El-Gamal et al.,
(2010)

I- To study experimentally the flexural
behavior of concrete beams reinforced
with different bars (GFRP or steel) at
different reinforcement ratios.

1- Higher reinforcement ratios increased the beams stiffness.

2- Using more reinforcement bars with smaller diameters was more efficient than
using less bars with larger bar sizes because of the former higher contact area and
greater contribution to crack control.
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Table 2.4: Continued

Reference

Objectives

Overall Finding

El-Gamal et al.,
(2010)

2- To compare the measured mid-span
deflections with that calculated using
CAN/CSA-S806-2002, and ACI440.1R-
2006

3- A good agreement between the experimental deflection values and the predicted
values using the CAN/CSA-S806-2002 code whereas ACI440.1R-2006 code
underestimated the deflection values.

Issa and
Elzeiny, (2011)

To study experimentally and theoretically
the flexural behavior of GFRP-RC
cantilever beams. The main parameters
were the reinforcement type (GFRP and
steel), reinforcement ratio, and concrete
compressive strength.

1- The theoretical ultimate flexural capacity, predicted using ACI code’s formulas
(ACI440.1R, 2006), were found to be 30% lower than the experimental values.
2- The strains of the FRP rebars at failure were much lower than their rupture
strains while the failure strain of steel rebars were higher than their yield strain.
3- The experimental average cracking loads were about 31% of the average
ultimate loads.

Al-Sunna et al.,
(2012)

1- To investigate the flexural behavior of
GFRP and CFRP-RC beams and slab with
different reinforcement ratios.

2- To examine the accuracy of the ACI440
and Eurocode 2 design equations used to
calculate the short-term deflection

1- The assumption of plane section remains plane after bending is not valid for
FRP-RC beams and slab at high levels of loading.

2- Considering only the flexural behavior of FRP-RC elements in prediction of
the overall deflection of these elements will lead to underestimate the deflection
values.

3- Shear cracking, shrinkage and loss of bond were found to have a significant
contribution to the overall deflection of FRP-RC structures.

4- ACI 440.1R-06 equations used for predicting the deflection of FRP-RC
elements underestimated the deflection especially for cases of moderate to high
ratios of reinforcement.

5- Equations of Eurocode-2 offered a better prediction for the deflection of FRP-
RC for all of the reinforcement ratios studied in this experimental program
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Table 2.4: Continued

Reference Objectives Overall Finding
Nor et al, | To investigate the flexural behavior of | 1- CFRP-RC beams with or without concrete cover had a higher ultimate strength
(2013) concrete beams reinforced with CFRP | than that of steel reinforced concrete.
strips and compared their behavior with | 2- Concrete beams reinforced with externally bonded CFRP strips showed higher
the performance of steel RC beams; while | load capacity than those with CFRP strips with concrete cover layer.
considering the effect of concrete cover. | 3- Beams with externally bonded strips showed a sudden failure due to the de-
bonding and slip-off of the CFRP reinforcing strips.
Xiaoshan and | To investigate experimentally the flexural | 1- The behavior of all beams was linear up to the first crack then the load-

Zhang, (2013)

behavior and bond-slip behavior of FRP-
RC beams. Two main parameters were
considered in this study including the FRP
rebar type (Glass, Carbon & Basalt) and
the bar's surface texture.

deflection curves changed to be none linear with many slopes.

2- The rebar's surface texture plays a very important role in the bond-slip behavior
between the rebar and the surrounding concrete.

3- The beams reinforced with basalt FRP rebars had higher ultimate moment
capacity than that of beams reinforced with smooth surface GFRP and CFRP rebar
due to the spiral indentations in the BFRP rebar's surface.

Pawlowski and
Szumigala.,

(2015)

To study experimentally and numerically
the flexural behavior of simply supported
BFRP RC beams including the failure
mechanism, deflection and ductility. The
main parameter used in this study was the
reinforcement ratio.

1- The reinforcement ratio had a significant effect on the flexural strength,
stiffness and failure mode of these beams.

2- Under-reinforced Beams failed suddenly due to the rupture of the FRP bars
while over-reinforced beams failed in ductile behavior due to concrete crushing.
3- Mid-span deflections increased with the decrease in the reinforcement ratio.
4- The service load of BFRP-RC beams (at deflection of L/250) was about
28~39% of the ultimate load capacity.
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2.4 Performance of FRP composites exposed to high temperatures
2.4.1 Introduction

Fire resistance of FRP reinforced concrete structures is a critical subject area that
should be studied intensively. Unfortunately, the little work, which has been done
recently, does not provide enough data to cover the gap between the urgent need and
available information (Bisby et al., 2005a).

In order to evaluate the fire resistance and post-heating residual strength of FRP-
RC structures, the reduced materials properties of both concrete and FRP as a function
of temperature and time should be evaluated (Kodur and Baingo, 1998; Ellis, 2009).
These properties are thermal, mechanical and deformation properties (Kodur and
Baingo, 1998). Mechanical properties includes the tensile and compressive strength,
modulus of elasticity and ultimate strain. Thermal properties includes the thermal
conductivity, specific heat and mass loss. Deformation properties includes the thermal
expansion and creep.

The thermal behavior of FRP composites such as temperature distribution and heat
transfer depends on their thermal properties, while the mechanical properties control
their structural response (Bai et al., 2008).

Numerous different types of FRP composites are available commercially due to
the variability in their formulations with respect to fiber and matrix type, fiber volume
fractions, fiber orientations, and modulus of elasticity of the fibers and matrix.
Consequently, varying test results of thermal and mechanical behaviors in fire are
reported making the available data not applicable for all types of FRP composites used

in construction (Chin et al., 1997; Bisby et al., 2005a; Chowdhury et al., 2007).
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Polymer matrix exhibits four different phases when exposed to elevated
temperature; glassy, leathery then rubbery and decomposed phase (Bai et al., 2007b;
Cao and Wu, 2008).

When FRP composites are exposed to fire, firstly the composite material is heated
up to reach a temperature which cause significant changes in the resin, whereby it
transforms from glassy state to leathery state. This temperature is the glass transition
temperature Ty of the polymer matrix and is typically in the range of 65-120°C (Bisby
et al., 2005a). Then, further heating continues to reach a temperature which breaks the
chemical bonds and modular chains of the resin. This temperature is the decomposition
temperature of the resin Tq and typically in the range of 300 to 400°C. Decomposition
starts forming other material phases such as liquids, smoke and gases. At higher
temperatures, ignition and then combustion of the composite occur (Chowdhury et al.,
2007; Bai et al., 2008).

The overall fire performance of FRP Rebars, which consist of long but not
continuous fibers embedded in the polymer matrix, depends on the properties of the
polymer matrix (Kodur et al., 2005). When FRP rebars are exposed to high
temperature, the resin decomposes and bonds between the fibers and the decomposing
resin are damaged. Consequently, FRPs suffer from significant irreversible
degradation in thermal and mechanical properties, as well as bond properties (Bisby et
al., 2005a; Kodur et al., 2005; Wang et al., 2007; Chowdhury et al., 2007). Glass and
aramid fiber composites show a significant reduction in strength at high temperature
while carbon fiber composites are insensitive to high temperature (Bisby et al., 2005a;
Lubloy et al., 2005).

Ezzeldin and Shrive, (1999) noticed that exposure of FRP to 200 and 300°C for 24

hours changes the surface color to become darker, indicating the loss of some resin.
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Within the first hour of exposure to 500°C, the resin evaporated leaving the FRP

composite as a bundle of loose fibers.

2.4.2 Effect of fire on thermal properties of FRP

Most of the international codes did not provide any equation to predict the thermal
properties of FRP composites such as the thermal conductivity, specific heat, glass
transition temperature, and mass loss as a function of temperature. Also, limited
research works on these thermal properties of different types of FRP composites at
elevated temperatures have been carried out as summarized in Table 2.5.

Thermal conductivity of any material represents its capacity to conduct heat. FRP
composites are unidirectional composite materials where the longitudinal thermal
conductivity is controlled by the fibers while the transverse conductivity is controlled
by the matrix. Most of FRP composites, except CFRP, have low longitudinal and
transverse thermal conductivity (Kodur and Baingo, 1998; Chowdhury et al., 2007).

Different investigation and testing techniques have been used to study the thermal
properties of FRP composites such as dynamic mechanical thermal analysis (DMTA),
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC)
(Chowdhury et al., 2007). DMTA analysis tests are used to determine the glass
transition temperature of the FRP composites, TGA is used to measure the mass
variation of the specimens, while the DSC is used to measure the energy changes in
the material as a function of time and temperature (Pires , 2012).

Based on the data and information obtained from the DMTA, TGA, and DSC, it
was found that the thermo-physical and thermo-mechanical properties of FRP
composites are functions of both temperature and time (Bai and Keller, 2009). Kodur
et al., (2005) proved that the FRP reinforcement has lower thermal conductivity and

heat capacity than the steel reinforcement.
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Table 2.5: Different research works that carried out on the thermal properties of FRP composites under high temperatures

thermal properties of FRP composites such
as the decomposition degree, mass
transfer, specific heat
thermal conductivity.

capacity, and

Reference Objectives Overall Finding

Bai et al., | To propose analytical relations between | The corresponding relations are depicted graphically in Fig. 2.2. As shown the

(2007a) high temperatures and the thermal | thermal conductivity showed a severe drop at a temperature of about 250°C
properties of GFRP composites such as | whereas the specific heat showed an increase up to 200°C then it became almost
specific heat and thermal conductivity. constant.

Bai et al., | To propose an analytical model to predict | 1- Little changes were noticed in the mass of the FRP composites before

(2007b & 2008) | the effect of high temperatures on the | decomposition starts.

2- In temperature range of 200°C to 400°C, a rapid decrease in thermal
conductivity of FRP composites was noticed due to decomposition of resin and
adhesion between fiber layers.

3- The specific heat capacity of FRP composites is proportional to temperature up
till the peak point between 450°C - 600°C..

Chowdhury et
al., (2007)

To study experimentally the thermal
properties of different FRP composites at
elevated temperature such as: mass loss,
glass transition temperature, specific heat,
and thermal conductivity using TGA,
DMTA and DSC tests.

1- 95% of epoxy sample original mass was retained until 300°C followed by a
rapid drop in the mass between 320°C and 510°C due to severe degradation of
their material properties.

2- Glass and carbon fibers retained 90% of their original mass until 750°C.

3-The epoxy used has 93°C and 320°C of Tg and Td, respectively.

Robert and
Benmokrane,
(2010)

To investigate the effect of extreme
temperature on the fiber, the matrix, and
the fiber/matrix interface using scanning
electron microscopy (SEM), thermo-
gravimetric physical analysis (TGA), and
differential scanning calorimetry (DSC).

1- The TGA indicated that FRP composites lost 18% of their weight at temperature
between 300-4500C.

2- Analysis showed micro-cracks in the heated specimens which explained the
large decrease of the mechanical properties.
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Fig. 2.2 Effect of temperature on thermal properties of GFRP proposed by Bai et al.,
(2007a)

2.4.3 Effect of fire on mechanical properties of FRP

The effect of high temperature on the mechanical properties of FRP composites
such as tensile strength, modulus of elasticity and ultimate strain have been
investigated in many studies; the objectives and overall findings of these research
studies are presented in Table 2.6.

FRP materials are anisotropic unidirectional materials where the fibers in the
longitudinal direction of the FRP rebar govern the uniaxial properties of the rebar such
as tensile strength and stiffness while the polymer governs the properties of the rebar
in the transverse direction such as the shear and bending strength (Bisby et al., 2005a).

Thermal properties of fibers are better than of the polymer because the fibers are
more resistant to thermal changes, hence the thermal mechanical properties of the FRP
composites are governed by the polymer matrix properties (Katz et al., 1999; Bisby et
al., 2005a; Robert and Benmokrane, 2010). Transverse properties of FRP bars such as
shear and bending strength are reduced significantly at elevated temperatures beyond
Tg because of the degradation in the resin shear transfer capacity (Katz et al., 1999;

Bisby et al., 2005a; Robert and Benmokrane, 2010).
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Table 2.6: Different research works that carried out on the mechanical properties of FRP composites under high temperatures

Baingo, (1998)

different construction materials with
temperature using the limited available
data reported in the literature

Reference Objectives Overall Finding
Crea et al., | To evaluate experimentally the changes in | 1- Significant effects of heat on the ultimate strength and elastic modulus of the
(1997) the tensile mechanical parameters of FRP | FRP rods.
rods after exposure to elevated | 2- The ultimate strength was decreased constantly with increasing temperature
temperatures. whereas the elastic modulus showed varying behavior; depending upon exposure
temperature
Kodur and | To present the variation of strength of | 1- Graphical curves were presented in Fig. 2.3.

2- Up to 100°C, strength loss of FRP was very little yet experienced significant
reductions at higher temperatures reaching 75% strength loss at 250°C.

composites after exposure to elevated
temperatures using Dynamic Mechanical
thermal analysis (DMTA).

2- To develop a new temperature-
dependent mechanical properties model
based on the chemical kinetic theory.

Nadjai et al., | To use the available data reported in the | The following equations were proposed, where kf and kE can be obtained from
(2005) literature in order to propose equations that | Table 2.7.

can be used to calculate the reduced Reduced Tensile Str engthat Temper atur & T) fueT

mechanical properties of the heated FRP £~ Ultimate Tensile Str engthat Ambient Temper atur e fut20 24

materials as function of temperature. Reduced Modulus of Elasticityat Temperatur&T)  E¢p

E = "Modulus of Elasticityat Ambient Temper ature - Ef20 2:5)

Bai et al,|1- To investigate experimentally the | 1- The results was shown in Fig. 2.4.
(2007b) changes in mechanical properties of GFRP | 2- By increasing temperature to the glass transition temperature, a sudden decrease

in the E-modulus happened.
3- The coefficient of thermal expansion for the GFRP material dropped sharply to
zero after exceeding the glass transition temperature.
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Table 2.6: Continued

Reference

Objectives

Overall Finding

Wang et al.,

(2007)

To study experimentally the mechanical
properties of FRP bars such as strength and
stiffness at elevated temperatures and
compared them with that of steel bars.

1- The FRP bars have a linear stress—strain relation at elevated temperatures until
failure at about 500°C.

2- At elevated temperatures of 350°C, the FRP bars start suffering a severe
reduction in tensile strength, up to failure (zero strength) at 500°C.

3- The elastic modulus of the FRP bars remained unchanged until 300—400°C
(90% residual elastic modulus) followed by a sharp drop at higher temperatures.
4- The tensile strength of CFRP bars is much greater than that of GFRP bars at
ambient temperature, but reductions in GFRP strengths are smaller than those in
CFRP bars at elevated temperatures because the decomposition of the binding
resin rather the fiber resistance dictates the ultimate strength of the composite.

Cao and Wu,
(2008)

To investigate the effect of elevated
temperature (up to 200°C) on the
mechanical properties of FRP sheets such
as carbon, glass and basalt FRP sheets.

1- Linear stress-strain relationships up to failure for all types of FRP sheets from
120°C to 200°C.

2- Increasing the temperature resulted in reducing the tensile strength of all types
of FRP sheets significantly.

3- The residual tensile strengths of CFRP, BFRP, and GFRP sheets at 200°C were
70%, 65%, and 62%, respectively

4- The elastic modulus remained unchanged at temperature below 200°C due to
temperature-resistant characteristics of the fibers which control the elastic
modulus of the FRPs; according to the rules of mixtures of composites.

Robert and
Benmokrane,
(2010)

To investigate the mechanical properties
of GFRP bars such as tensile, shear and
flexural properties at temperatures ranging
from -100°C to 315°C

At very high temperatures exceeding the matrix glass-transition temperatures, the
strength and stiffness of the bars decreased considerably. The residual tensile,
shear and flexural strengths of GFRP bars were (70%, 90%, and 25%) and (45%,
20%, and 5%) after exposure to 150°C and 350°C, respectively

32




Table 2.6: Continued

Reference Objectives Overall Finding
Wang et al., | To study the mechanical properties of | 1- Tensile strength of CFRP plate was reduced significantly at the temperature
(2011) CFRP plates at high temperatures of up to | ranges of 20—150°C and 450—700°C, with small reduction between 150-450°C.

700°C.

2- At 300 and 700°C, the residual tensile strengths were 50% & 7% respectively.
3- The stress-strain relationship is linear up to failure below 520°C and nonlinear
beyond which due to loss of fiber from oxidation.
4- Equation 2.6 was proposed to predict the residual tensile strength of the CFRP
plate at any temperature. This equation was calibrated using the experimental
results and equation’s coefficient was given in Table 2.8.

f uf,T (T - B )n

=A- —
f uf,20 C

(2.6)

Chowdhury et
al., (2011

To investigate experimentally the
mechanical properties of CFRP coupons
such as tensile strength when exposed to
temperatures of up to 200°C under various
types of loadings..

1- At temperature range of 86°C to 200°C, the range of residual (tensile strength)
and (elastic modulus) of CFRP coupons was (40 to 60%) and (50% to 80%) of
their original values.

2- The loss of tensile strength and stiffness was as due to load sharing between
fibers when temperature exceed the resin's Tg.

3-Analytical models were developed based on the test results to predict the stress-
strain behavior of FRP under exposure to high temperature.

Wang and Zha,
(2011)

To study experimentally the effect of high
temperature of up to 500°C on the
mechanical properties of GFRP bars.

1- The stress-strain curves for GFRP bars were linear even at high temperatures.
2- The ultimate tensile stress of the rebars was reduced by 22% at the temperature
range of 80-120°C (the glass transition temperature of epoxy resin Tg) and by 67%
at about 400°C (corresponds to fibers' softening temperature).

3- The elastic modulus remained unchanged below Tg then started declining
linearly when the temperature exceeds Tg.

33




Table 2.6: Continued

GFRP pultruded profiles
such as the tensile, shear,
stiffness and compressive
strengths before and after
exposure to elevated
temperatures (up to 250°C).
2- To evaluate the glass
transition of the GFRP
pultruded materials using
differential scanning
calorimetry and thermos-
gravimetric analysis tests.

Reference | Objectives Overall Finding
Fu et al,|1- To analyze the changes | - The GFRP rebars were suffering
(2011) happened in GFRP rebars | from vitrification, carbonization, and
after exposure to high | decomposition due to exposure to high
temperature temperature therefore, their mechanical
properties such as the tensile strength
and the ultimate tensile elastic modulus
deteriorated.
Pires, I- To study experimentally | 1- Linear reduction in tensile strength
(2012) the mechanical properties of | of GFRP profiles from ambient

temperature until 250°C where the
residual tensile strength was 54% of
their ambient temperature strength.

2- The stiffness, shear and compressive
strengths of the GFRP profiles exposed
to 250°C were 56%, 11% and 5% of
their ambient temperature values,
respectively.

3- A model was proposed to estimate
the mechanical properties of FRP as a
function of temperature. This model
showed good agreement with the
experimental results.

Table 2.7: Reduction factors kr and kg as proposed by Nadjai et al., (2005)

Rebar Temperature range

Type | 0<T<100 | 100<T<300 | 300<T<400 | 400<T<475 | 475<T<500 | 500<T
GFRP k=1-0.0025T ki=0.0

AFRP | k=10 k=1.333-0.00333T k=0.0

CFRP | k=10 k=1.267-0.00267T | ki=0.0
AFRP | ke=1.0 | ke=1.25-0.0025T | ke=2.0-0.005T ke=0.0

CFRP | ke=1.0 | ke=1.175-0.00175T ke=1.625-0.00325T ke=0.0

Table 2.8: Coefficient A, B, C, and n as proposed by Wang et al., (2011)

Temperature Coefficients
(°C) A B C n
22<T<150 1.0 22 200 0.9
150<T<420 0.59 150 490 0.7
420<T<706 0.48 420 76,000 1.8
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Fig. 2.4 Effect of temperature on (a) elastic modulus and (b) effective coefficient
of thermal expansion of GFRP, proposed by Bai et al., (2007b)

2.4.4 Effect of fire on deformation properties of FRP

Limited studies have been carried out on the effect of fire on deformation

properties of FRP composites. The creep strain of CFRP composites at constant stress

of 76 MPa upon exposure to elevated temperature was studied by Gates, (1991). At

150°C, creep strain started to increase and was magnified by 18 times at 200°C after

150 second of constant stress application. Fig. 2.5 shows the variation of creep strain

versus creep time for different exposure temperatures.
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Fig. 2.5 Effect of temperature on FRP’s creep strain under constant tensile loading 76
MPa, presented by Gates (1991)

2.4.5 Effect of fire on bond strength between FRP composites and concrete

Many researchers stated that bond development between FRP bars and concrete is
similar to steel/concrete bonds and depends on bars type, shape, diameter and surface
deformation (Rafi et al., 2007). In contrast, the bond behavior between concrete and
FRP composites at elevated temperatures is different than that between concrete and
conventional steel. Therefore, the bond behavior is considered as a critical factor in
ascertaining the performance of FRP reinforced concrete elements during fire
conditions. Hence, possible bond strength degradation with temperature should be
considered in the structural design of FRP-RC structures (Katz et al., 1999). To date,
limited research has been carried out to study the effect of elevated temperatures on
the bond strength between FRP composites and concrete.

Bond strength between internal FRP reinforcements and concrete depends on the
characteristics of resin polymer at the surface of the FRP bar (Lubloy et al., 2005; Rafi
et al., 2007). The mechanical properties and microstructure of the polymer resin,
especially at the surface layer of the rod, are negatively affected by high temperatures

above T, leading to a loss of bond between FRP and concrete (Bisby et al., 2005a).
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Consequently, using thicker polymer layer at the surface of the FRP bars affects bonds
strength negatively at high temperature (Katz et al., 1999).

FRP composites are anisotropic materials with different coefficients of thermal
expansions (CTE)s in longitudinal and transverse directions. The coefficient of
thermal expansion for FRPs in longitudinal direction is lower than that of concrete, but
it’s much higher than that of concrete (5-10 times) in transverse direction; therefore,
due to different transverse CTE of FRP bars and concrete, high radial pressure on the
surface of the reinforcement are created causing bursting thermal stresses within the
concrete. When these thermal stresses reach the concrete tensile strength (fc¢), micro-
cracks occurs leading to weakening of bonds especially when lower concrete covers
are used (Lubloy et al., 2005; Galati et al., 2006; Bai et al., 2007b; Bellakehal et al.,
2014). These radial cracks would not only affect the bonds between the concrete and
rebar but also damage the concrete cover and cause splitting cracks and eventually
degradation of the member stiffness (Rafi et al., 2007; Bellakehal et al., 2014). The
bond strength between FRP bars and concrete is severely affected even at relatively
low elevated temperatures (Bisby et al., 2005a). Rapid loss in bond strength, to 60%
of room temperature strength, has been noticed at 100°C. At temperatures of 200°C,
bond strengths decrease to 10~20% of its room temperature strength. It was also
confirmed that bond is totally lost at a higher temperature of 300°C and greater (Chin
et al., 1997; Bisby et al., 2005a).

In steel reinforced concrete structure, the bond between steel reinforcement and
concrete depends greatly on the concrete compressive strength so the reduction in
steel/concrete bonds is similar to the reduction in concrete compressive strength (Rafi
et al., 2007). However, in the case of heated FRP-RC, reduction in the heated concrete

strength due to internal vapor pressure contributes to the reduction in bond strength
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between FRP bars and concrete although it is not considered as a major factor for bond

loss (Katz et al., 1999). Table 2.9 summarized the available research works that carried

out on the effect of high temperatures on the bond between FRP bars and concrete.

Table 2.9: Different research works that carried out on the effect of high
temperatures on the bond between FRP bars and concrete

Reference | Objectives Overall Finding
Katz et al., | To study the effect of high | 1- Increasing the temperature from
(1999) temperatures ranging from | 20°C up to 250°C has resulted in a
20°C up to 250°C on the | decrease in the bond strength by 80%
bond properties between | to 90% due to the change in properties
FRP/steel bars and concrete. | of the polymer at the surface of the
The variables investigated | rebar.
were  temperature  and | 2- Steel rebars lost 38% of its bond
different bond treatment | strength  with  concrete = when
methods. temperature was increased up to
250°C.
3- The bond stiffness, which is the
slope of linear portion of pullout load
versus slip curve, was decreased by
increasing the temperature.
4- At 300°C, the axial strength of the
FRP rods was not significantly
affected.
Zin et al., | To study experimentally the | 1- The bond strength at room
(2004) effect of high temperature of | temperature of the FRP rebars was
350°C on bond behavior | smaller than that of the steel rebars.
between FRP bars and | 2- Aramid FRP lost 50% and 70% of its
concrete. original bond strength with concrete
Carbon FRP (phenol resin) | when temperature was raised to 170°C
and Aramid FRP (cross- | and 300°C, respectively.
bridged  polyamonoamide | 3- Carbon FRP has lost 20% of its
resin) were used. original bond strength when heated to
only 250°C.
4- The bond strength of FRP rebar
which is made phenol resin is better
than that of cross-bridged
polyamonoamide resin
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Table 2.9: Continued

Reference

Objectives

Overall Finding

Lubloy et al.,
(2005)

To study the effect of elevated temperature
up to 250°C on the bond behavior of CFRP
embedded in concrete cube
specimens with different concrete covers.

wires

1- The bond strength increased with the increase of concrete cover up to 100°C
while concrete cover had no effect at temperature of 200°C.

2- With 30 mm concrete cover, bond strength was reduced to approximately 50%
and 20% of that at room temperature when temperature increased to 100°C and
200°C, respectively.

3-Three types of bond failure modes were distinguished; pullout failure, concrete
cover splitting failure, and resin matrix deterioration failure.

Abbasi and
Hogg, (2005a)

To study the effects of water and alkaline
environments on bond strength of GFRP
rebars with concrete at different
temperatures (up to 120°C) and different
treatment periods (up to 8 months).

1- The bond strength was insensitive to alkaline environments while bond strength
decreased when the temperature of the test was increased.

2- At 120°C, the residual bond strength was 60% of that at ambient temperature.
Two modes of failure were observed during testing; pullout of the rebar and
splitting of the concrete cover.

Galati et
(2006)

al.,

To investigate experimentally the effect of
bonded length, and
exposure to thermal cycles to a maximum
temperature of 70°C on the bond
performance of FRP reinforced concrete
specimens.

concrete  cover,

1- Exposure to relatively high temperatures induced a significant degradation on
the bond strength.

2- The bond degradation was attributed to the weakening of the matrix of the
GFRP bar due to the thermal treatment. Hence, the matrix material shears off from
the fibers, at relatively low loads, leading to bond failure.

3- When loaded up to the ultimate load, slip was almost zero at the free end of the
untreated specimens while higher slips values were attained at the same peak load
for the thermally treated ones.

Masmoudi A. et
al., (2010)

To investigate the thermal effect on the
bond behavior between GFRP/steel bars
and concrete.

1- Temperature up to 60°C had a negligible effect on the bond behavior while
heating up to 80°C reduced the bond strength by 22% and 28% for 8 mm and
16 mm diameter bars, respectively,
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Table 2.9: Continued

Reference Objectives Overall Finding
Masmoudi A. et 2- An analytical model has been proposed to predict the bond strength between
al., (2010) GFRP bars and concrete for temperatures below 80°C.
Masmoudi R. et | To study experimentally the bond between | 1- The bond strength showed a minor reduction at 40°C and 60°C, yet noticeable
al., (2010) GFRP rebars and concrete after exposure | reduction of 14% at 80°C.
to high temperature (up to 80°C) for 4 | Based on the experimental data, an analytical model was proposed for bond-slip
months period relationship.
Maluk et al., | To discuss experimentally the effect of fire | 1- At around 170°C temperature, the bond strength of the CFRP tendons in
(2010) on the bond between high performance, | concrete was reduced by 17 % in average since the exposure temperature had
self-consolidating, fibre  reinforced | bypassed the glass transition temperature of the matrix.
concrete (HPSCC) and CFRP or steel | 2- Based on the experimental results, an analytical model was proposed to
prestressing bars. determine the cracking temperature at which first cracking appeared.
Maluk et al, | To examine the bond strength between | 1- The bond strength under elevated temperatures depends upon some interrelated
(2011) concrete and CFRP tendon at elevated | factors, such as the thermal expansion coefficient of concrete and reinforcement,

temperature as compared with that
between concrete and steel prestressing
wires.

type of prestressing, degradation extent of the concrete, release of concrete
moisture, and loading condition.

2- The elevated temperature affected the bond strength of CFRP tendons more
than the tensile strength.

3- The temperature of the rebar surface was found around 165°C at failure stage.
4- The residual bond strength of heated CFRP specimens was between 73% and
96% as compared to 71% and 86% for specimens with steel reinforcement.

Petkova et al.,
(2012)

To study the effect of heating up to 300°C
on the bond between externally bonded
FRPs and concrete specimens

20%, 50%, and 70% reduction in the bond capacity after heating up to 150°C,
200°C, and (250°-300°C), respectively.
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2.4.6 Fire tests on FRP-RC structures

When structures are exposed to fire, they sustain their loads to a certain time before
the structure deflects more than the allowable values or collapses completely,
whichever comes first; this time is called as the fire endurance for buildings (Abbasi
and Hogg, 2005b; Abbasi and Hogg, 2006; Rafi et al., 2007). According to regulations
of the building control authorities, the length of this time depends on the use of
structure, number of storeys and the floor area (Abbasi and Hogg, 2005b; Rafi et al.,
2011). The minimum fire resistance period of majority of structures is 90 minutes as
per UK building regulations (Abbasi and Hogg, 2006). Most of international building
codes suggests minimum cross-sectional dimensions and minimum concrete cover of
50 mm to have good fire endurance rating (Rafi et al., 2011).

For any FRP-RC member exposed to fire, there are two different critical
temperatures. The first is the temperature at which the FRP matrix surface is softened
or burned at an early stage causing interface cracking and de-bonding between the FRP
and concrete (Abbasi and Hogg, 2006), while the other critical temperature is that
causes the rebar to lose 50% of its ambient temperature strength, designating structural
failure under fire (Nigro et al., 2012).

The theoretical failure of steel-RC flexural elements under fire exposure occurs
when the mid span deflection of the element exceeds the allowable deflection,
computed as 1/30 of the element span length (BS 476-20:1987). Another criterial
CAN/CSA-S806-02(R2007), stipulates that FRP-RC structures fail when the FRP bar
loses 50% of its strength at ambient temperature (Rafi et al., 2011). Due to lacking
data on the thermal mechanical properties of wide variety of FRP products which are
currently available in the market, the critical temperature for FRP was not precisely

defined (Nigro et al., 2011c) but from the literature (Wang et al., 2007; Robert and
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Benmokrane, 2010; Wang et al., 2011; Wang and Zha, 2011; Rafi et al., 2011; Pires,
2012) it is assumed to range from 250°C to 500°C. Accordingly, a minimum concrete
cover thickness should be used to limit the temperature rise in the FRP bars to below
their critical temperature.

The failure of any FRP-RC elements, exposed to fire, depends on three parameters
that should be taken into consideration during the design of FRP-RC members in fire
situations. These parameters are strength of FRP, maximum rebar's temperature and
the FRP rebar's anchorage length (length of RC element's end zone that is not directly
subjected to fire) (Nigro et al., 2011a). If the anchorage length was enough to avoid
the pull-out of the FRP bars, then failure mechanism of FRP-RC elements is shifted
from bars slip failure to the bars rupture at their strength limit unless if the anchorage
applied is not satisfactory (Nigro et al., 2012). In order to evaluate fire resistance and
post-heating residual strength of FRP-RC structures, the reduced materials mechanical
properties of both concrete and FRP as a function of temperature and time should be
evaluated (Kodur and Baingo, 1998; Ellis, 2009).

The mechanical properties of FRP rebar such as strength and stiffness as a function
of temperatures were evaluated in previous studies as shown in Table 2.6 therefore,
the properties of FRP rebar and concrete strength can be estimated at any time if the
temperature distribution of FRP RC element cross section is known (Abbasi and Hogg,
2005b). The degradation of compressive strength and modulus of elasticity of concrete
after exposure to high temperature can be evaluated according to Eurocode ENV-EC2
Part1.2 (Nadjai et al., 2005). Once the properties of the FRP rebars and concrete during
fire exposure are estimated as a function of time, modified design expressions of the
FRP-RC beams can be used to predict the flexural and shear strength as a function of

time (Abbasi and Hogg, 2005b; Adelzadeh et al., 2014).
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As summarized in Table 2.10, few experimental data is available on the behavior

of FRP-RC structures under exposure to fire therefore, more experimental studies are

required in order to understand deeply the structural behavior of FRP RC members

when subjected to large temperature variations and fire conditions.

Table 2.10: Different research works that carried out on fire tests on FRP-RC structures

reinforced concrete
(CFRP-RC)  beams and
aramid fiber reinforced
concrete (AFRP-RC)
beams at exposure to
200°C

Reference | Objectives Overall Finding
Kodur and | 1- To carry out a parametric | 1- The fire resistance of FRP-RC slabs
Baingo, study in order to determine | depends on FRP rebar type, concrete
(1998) the parameters that affect | cover thickness and aggregate type.
the fire resistance of FRP— | 2- The effects of FRP bar type on the fire
RC slabs resistance of any RC element depends on
2- To provide an analytical | the FRP bar's critical temperature.
evaluation of the minimum | 3- By increasing the concrete cover
concrete cover to keep the | thickness, the time needed to reach the
bar's temperature lower | FRP bar's critical temperature can be
than the critical bar's | delayed.
temperature. 4- Carbonate aggregate RC slabs show a
better fire resistance than that with
siliceous and quartz aggregates due to
slow temperature rise in the former.
4- The slab thickness has no effect on the
fire resistance of the slab since the failure
is governed by the bar's critical
temperature.
Zin et al., To study the flexural | 1- CFRP and AFRP-RC beams can be
(2004) behavior of carbon fiber | used upon exposure to high temperature

up to 200°C although the performance of
CFRP beams was better compared with
AFRP-RC beams.

2- The load and deflection of the CFRP-
RC were not affected until 200°C
because the bond between the concrete
and FRP rebars was maintained.

3- The ultimate load of the AFRP-RC
beams was reduced at 200°C with
noticeable deflection due to the
deterioration of the bond at such a
temperature.
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Table 2.10: Continued

Reference

Objectives

Overall Finding

Nadjai et al.,
(2005)

To study experimentally and analytically
the behavior of hybrid FRP/steel rebar
reinforced concrete beams at normal and
high temperatures.

1- The concrete cover of the FRP reinforced concrete beams greatly affect their
structural response with 50 mm concrete cover considered as the minimum
concrete cover for FRP reinforced beams, exposed to high temperatures.

2- The analytical model, based on slice method, showed a good agreement with
the experimental data of the structural behavior of FRP RC beams at room
temperature and elevated temperatures.

Nadjai et al.,
(2005)

To study the temperature distribution of
RC beams, exposed to fire on three sides.

1- The temperature contours were parallel to the beams faces exposed to fire.
2- The temperature inside the beam depends on three factors: beam's cross-section
dimensions, ambient temperature and fire exposure period.

Kodur et al.,
(2005)

To investigate experimentally the thermal
performance of CFRP and GFRP-RC slabs
in fire and compared the results with those
from steel-RC slabs. Effect of FRP type,
concrete slab thickness and
aggregate type on the fire resistance of
these slabs were studied.

cover,

1- The FRP bar type and concrete cover to the reinforcement have the major effect
on the fire resistance of the FRP-RC slabs while the slab thickness has a minor
effect.

2- Increasing the thickness of concrete cover would minimize the temperature rise
in the FRP bars therefore enhances the fire resistance of the FRP-RC slabs.

3- Using carbonate aggregate instead of siliceous aggregate would lower the bar's
temperature therefore enhance the fire resistance of the slab by 10 to 15%.

Abbasi and
Hogg, (2005b)

I- To predict a general equation for
estimating the time-temperature
distribution of RC beams.

2- To develop an analytical expressions to
predict the strength and stiffness of
concrete matrix with FRP rebars as
reinforcement at elevated temperatures.

1- The rebar temperature (6) when a RC beam is exposed to standard fire, with
respect to time (t) and concrete cover (c) can be predicted using Eq. 2-7.
2- The beam’s concrete strength after exposure to high temperatures as function

of exposure time (t) can be predicted using Eq. 2-8.
7.602

—t(0,00l.exp<c—23.623>>
0 = [(345.log(8t + 1)) + 20] — [767.exp (2.7)

fle = (1-10.0031¢) f/, (2.8)
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Table 2.10: Continued

Reference

Objectives

Overall Finding

Abbasi and
Hogg, (2005b)

3- The reduction factor in FRP rebars' strength (k7)) and reduction factor in
stiffness(kr) , as a function of time and concrete cover when the concrete beams
are exposed to fire test, can be predicted using Egs. 2.9 and 2.10.
1—-0.007t for 105 mm concrete cover
k=4 1-0.0073t for 70 mm concrete cover (2.9)
1—-0.01¢t for 30 mm concrete cover

1 —0.0044t for 105 mm concrete cover
1—0.0046t for 70 mm concrete cover (2.10)
1 —0.0063t for 30 mm concrete cover

kg

Abbasi and
Hogg, (2006)

To evaluate the effect of fire exposure on
the flexural behaviour of concrete beams
reinforced with continuous GFRP rebars in
order to determine the fire resistance of
these FRP reinforced concrete beams.

1- GFRP reinforced concrete beams had a fire resistance period between 94 to 128
minutes therefore met the 90-minutes minimum fire resistance requirements.

2- At failure under service load capacity, deflection was found between L/27 to
L/23 which is less than the BS476 failure criteria deflection of L/20.

3- Fire penetrates the beams through the cracks which occurred during testing;
leading to the failure of the beams.

4- 70 mm minimum clear concrete cover is recommended for GFRP-RC beams
under fire conditions.

5- Concrete moisture content and the aggregate as well as chemical composition
of cement are the factors that affect the temperature distribution across the sample
cross section due to external heating.

Rafi et al., 2007
and Rafi and
Nadjai, (2008)

To study experimentally the fire resistance
of concrete beams reinforced internally
with CFRP rebars.

1- Concrete crushing failure was noticed in the CFRP beams while crushing of
concrete after yielding of steel reinforcement was noticed in steel RC beams.

2- During heating, temperature distribution across the cross-section of the beam
was non-uniform.
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Table 2.10: Continued

Reference Objectives Overall Finding
Rafi et al., 2007 3- The loss of bonds between FRP and concrete was a major factor contributing
and Rafi and to the failure of FRP RC beams where CFRP rod slipped at one end of the beams

Nadjai, (2008)

forcing an existing crack to propagate quickly towards the compression zone
leading to failure of beam at compression surface.

4- The stiffness of CFRP reinforced beams was less than the stiffness of steel-
reinforced beams at normal temperature whereas the stiffness of CFRP-RC beams
was more than that of the steel-RC beams at high temperature.

5- CFRP-RC beams were less ductile than steel-RC beams at high temperature
6- The ends of the tested beams were not exposed directly to the fire therefore, at
120°C, the behavior of the beams changed to a tied arch, because FRP to concrete
bonds were lost at the middle of the beams while the FRP rods were still anchored
at the cold ends of the beam. The beams failed when these end anchorages were
lost

Ellis, (2009)

I- To investigate the effect of high
temperatures of up to 400°C on the
residual tensile strength, bond between
GFRP and concrete, and the residual
flexural capacity of GFRP-RC beams.

2- To develop an analytical model for
predicting the post-fire strength of GFRP-
RC beams

1- By increasing the temperature, the residual tensile strength, modulus of
elasticity properties and the residual bond strength of GFRP bars had decreased.
2- The reduction in the mechanical properties of the FRP bars after cooling was
less than the reduction observed by other researchers when similar FRP bars were
tested during the heating process.

3- Flexural behavior of GFRP-RC beams was negatively affected by the exposure
to elevated temperatures.

4- An increase in FRP bars ductility was noticed in the post-heating tensile tests.
5- The proposed analytical model showed conservative results in comparison with
the experimental results.
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Table 2.10: Continued

Reference Objectives Overall Finding
Wang et al., I- To use a finite element method to | I- An empirical formula, shown below (Eq. 2-11), was developed to predict the
(2009) simulate the mechanical performance of | fire resistance time of FRP-RC columns in term of section side length of a square

FRP-RC columns in fire.

2- To predict the temperature distribution
through the cross section of the column.
The size of section and concrete cover
were studied as major parameters that
affect the fire resistance of the columns.

section (b) and concrete cover thickness (c).

Fir er esistancetime = 0.38478c? — 0.00147b? + 3.71374b (2.11)
2- The fire resistance of FRP-RC columns can be improved by increasing the
cross-section size and/or the concrete cover; with a greater effect of the latter.

3- The small ratio of FRP rebar in concrete had a little effect on the temperature
distribution within the columns.

Carvelli et al.,

To investigate the behavior of GFRP-RC

The geometry of the reinforcement in the overlapping areas affected both the

(2011) beams already heated to localized elevated | beam's ultimate load capacity at room and elevated temperatures while this
temperatures (230 and 510°C). overlapping geometry had minor effect on the beam's initial stiffness.

Nigro et al., I- To evaluate the fire resistance and | 1- The slabs with short anchorage length failed due to the slip of bars in the short

(2011a & deformability under fire conditions of | anchorage zone while the rebar's tensile stress at midspan zone (direct fire exposed

2011b) simply supported GFRP rebars RC slabs. | zone) was still lower than their tensile rupture strength.

The slab's edge cold zones not directly
exposed to fire were considered as the FRP
bar anchorage length.

2- To examine the effect of concrete cover
(c) on temperature distribution through the
concrete cross section.

2- Longer anchorage zone slabs failed at mid-span due to FRP tensile rupture at
500°C without showing any sign of slip at cold edge zones.

3- With larger concrete cover, the attainment of high temperature in the bars was
delayed further and hence, the reduction in bars strength was minimized.

4- Longer anchorage length prevented bars’ slip, therefore increased the slabs fire
resistance significantly by using larger concrete covers. A minimum of 500 mm
cold zone length is recommended.

5- Continuous FRP bars from side to side of the concrete elements and bended at
the end of the slab is recommended to increase the cold zone anchorage length.
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Table 2.10: Continued

Objectives

Overall Finding

6- An analytical model for predicting temperatures of FRP rebars in concrete slab
as a function of concrete cover was provided as shown in Fig. 2.6.

To evaluate the fire resistance of simply
supported GFRP-RC slabs similar to the
slabs tested in their previous work Nigro et
al., (2011a & 2011b) but with GFRP bars
being bent at the 250 mm from the fire-
unexposed end zone of the slabs aiming at
increasing the cold zon anchorage length
of the FRP rebars.

1- After 15 minutes of fire exposure, the temperature of the FRP bars at the fire
exposed zones reached 100°C at which the bond between the FRP bars and
concrete starts weakening. Hence, the fire-unexposed anchorage length of the FRP
reinforcement controlled mainly the structural response of the member.

2- The slabs with short anchorage length (250 mm) and bent bars at the end have
an equivalent structural behavior to the slabs with 500 mm anchorage length and
straight bars, suggested that the required large fire-unexposed anchoring zone
length can be reduced if the reinforcement bars are bent at the ends.

Reference
Nigro et al.,
(2011a, 2011b)
Nigro et al,
(2011c)

Rafi et al,
(2011)

To investigate experimentally the thermal
structural behavior of GFRP, CFRP and
steel reinforced concrete beams at high
temperature. Rebar temperature of 500°C
was considered as the critical temperature

1- The CFRP-RC beams failed by concrete crushing with higher load capacity,
and stiffness than GFRP and steel RC beams before and after fire exposure.

2- GFRP and steel RC beams had similar reduction in stiffness after exposure to
elevated temperature.

3- Non-uniform temperature distribution across the beam’s cross-section.

Rafi and Nadjai,
(2011a, 2011b)

1- To study experimentally the stiffness,
ductility, energy absorption, and failure
pattern and fire resistance of hybrid (steel—
CFRP) RC beams at high temperatures as
compared to those of CFRP-RC beams,
and steel-RC beams.

1- The double layers of CFRP reinforcement had better strength and stiffness but
less ductility than hybrid (steel-CFRP) RC beams which in turn had better
strength, stiffness and ductility than FRP RC or steel RC beams.

2- FRP-RC beams showed better stiffness than steel RC beams.

3- Similar modes of failure were noticed for all tested beams at normal and high
temperature. Failure of CFRP rebar RC beams was brittle and sudden.

4- The fire endurance time for FRP-RC beams can be extended by anchoring FRP
bars sufficiently at the ends where protection from direct fire was provided.
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Reference

Objectives

Overall Finding

Rafi and Nadjai,
(2011a, 2011b)

2- To study the effect of varying concrete
cover and reinforcement arrangement on
the behavior of Hybrid (steel-CFRP) and
CFRP-RC beams at high temperatures.

5- All tested beams exposed to elevated temperature failed in flexure due to the
crushing of concrete that was proceeded by slip failure of CFRP bars. FRP bars
at the slipped ends were found to be abraded while those of the other ends were
found undamaged and completely bonded with the concrete.

6- At temperatures above the polymer resin's glass transition temperature, the FRP
bars de-bonded from the surrounding concrete and therefore FRP RC beams
behaved as tied arches with rods adequately anchored at the ends.

7- The behavior of FRP bars control the initial behavior of the beam, whereas the
final phases of beam behavior were controlled by the steel therefore, behaviors of
hybrid beams were a combination of beam action and arch action. Failure of the
anchored ends led to rapid failure..

To predict analytically the bond stress and
slip of FRP bars embedded in concrete at
high temperature and to calculate the
minimal required anchoring length.

1- For long fire exposure time and relatively small stresses in bars, minimum
anchorage length of 150 mm is required for all concrete cover thickness.

2- The minimum required anchorage length never exceed 320 mm regardless of
concrete cover thickness and fire exposure times.

Nigro et al,
(2012)
Hulin et al.,
(2013)

To study experimentally the fire behavior
of thin plates made from high performance
concrete (HPC) and reinforced with basalt
FRP (BFRP) mesh.

1- The bonds between concrete and FRP mesh were lost when exposed to elevated
temperatures due to burning away of the epoxy coating at contact interface
between the BFRP and concrete. Therefore, voids were developed allowing the
pore pressure to be released and concrete spalling to be delayed.

2- At fire exposure, the mechanical resistance of the BFRP reinforced plates was
reduced due to the loss of bonds between BFRP mesh.

3- The bending resistance of BFRP-HPC plates was much lower than HPC plates
reinforced with steel.
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Reference Objectives Overall Finding
Bellakehal et al., | To study experimentally and analytically | 1-The exposure to mechanical and thermal loads simultaneously had no effect on
(2014) the thermo-structural behavior of FRP- | the bar's transverse thermal strain at temperatures range of -30 to +40°C. After
reinforced concrete slabs when subjected | 40°C, the mechanical loads started reducing the radial pressure resulting in
to combined mechanical loads and thermal | decreasing the concrete tensile stresses and thus the radial cracks occur.
cycles (from -30 to +60°C). Three | 2- The thermo-mechanical behavior of FRP bars in the FRP-RC slabs was
parameters were considered, concrete | confirmed to be linear elastic.
cover thickness, FRP bar type, and | 3- The transverse thermal strains were decreased when the FRP bar diameter was
temperature variation increased due to the reduction of transverse coefficient of thermal expansion of
bigger FRP bars.
4- Small effect of concrete cover thickness variation on the bar's transverse
thermal strain was noticed at temperature in the range of -30 to +60°C.
5- The proposed analytical model results of transverse thermal strains of FRP bars
showed good correspondence with the experimental work results.
Adelzadeh etal., | To investigate numerically the fire | - A model was proposed based on an assumption that the bond between the FRP
(2014) endurance of GFRP -RC slab, exposed to | bars and concrete would not degrade. Hence, the model can be applied only to

elevated temperatures using temperature
domain and strength domain approaches.

cases where bar’s anchorage are used at the ends.

2- Temperature domain approach, which depended on specifying the critical
temperature of the rebars to be the failure criteria, was found to be more
conservative and not entirely applicable to FRP reinforced concrete members.

3- Placing the required slabs reinforcement into two layer instead of one layer
(same required amount), had increased the fire endurance of the slabs.

4- The fire endurance of the slabs can be increased drastically by increasing the
slab thickness or the concrete cover thickness.
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Fig. 2.6 Temperature vs time as a function of concrete cover, presented by
Nigro et al., (2011a)
2.5 Concrete under high temperature

When concrete is exposed to high temperature, the concrete starts losing its
strength, where the main loss occurs mostly at 500°C due to the degradation of the
hydrate structure, and the surface layer of concrete spalls. The extent and rate of this
damage depends on aggregate type, moisture content, concrete permeability, fire
severity and rate of temperature increase (Newman and Choo, 2003).

When structural elements are subjected to fire, several changes take place inside
concrete, initially concrete loses its absorbed and free evaporable water and ultimately
loses its bound water resulting in loss of concrete strength. At temperatures between
150°C and 300°C, water is lost due to the start of degradation of hydration products
such as calcium silicate hydrates and calcium hydroxide resulting in more strength
loss. At 350-400°C, calcium hydroxide transforms to calcium oxide and more strength
loss occurs. At 500°C, concrete losses 50% to 75% of its original strength. The loss of

strength continues with temperature rise up to 850-900°C but 550-600°C is considered
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as the limit where concrete become useless (Newman and Choo, 2003). Additional
damage is induced in concrete due to the difference between coefficient of thermal
expansions of aggregate and the surrounding cement paste and the increase in the
volume of some types of aggregates at high temperature. Consequently, the aggregate
contributes to concrete spalling and strength loss. Limestone aggregates show a better
fire resistance than siliceous aggregate because limestone has a lower coefficient of
thermal expansion which is closer to that of cement paste (Newman and Choo, 2003).

European committee for standardization, Eurocode EN 1992-1-2 (2004) provides
temperature-dependent relationships (Eqgs. 2-12 through 2-15) of the concrete physical
properties such as density, thermal conductivity and specific heat.

The mass unit (pc,t) of concrete at temperature T is as follows:

P20°0) for20°C < T < 115°C
0.02X[T — 115]
paoeyX | 1— o for115°C < T < 200°C
= 0.03x[T — 200 2.12
Par =1 p(zooc)X<0.98— £00 ]> for200°C < T < 400°c *12)
0.07x[T — 400] . .
| Pavx (095 - 500 for400°C < T < 1200°C
The specific heat c. of dry concrete at temperature T is as follows:
900 for20°C < T < 100°C
900 + (T — 100) for100°C < T < 200°C
= T — 200 13
Ce 1000 + < ] ) for200°C < T < 400°C (213)
2 kg K
1100 for400°C < T < 1200°C

The upper and lower limit thermal conductivity of normal weight concrete at

temperature T up to 1200°C can be calculated from Eq. 2-14 and 2-15, respectively.
2

k. =2 —0.24 (%) + 0.012 (1721—0) (W /mk) (2.14)
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2

T T
k.. =136 —-0.163 (—) + 0.0082 (—) (W/mk)

120 120

(2.15)

According to Eurocode EN 1992-1-2, the reduced compressive and tensile strength

of damaged concrete due to high temperature can be represented by the following

equations:

fcu,T = k¢ Xfey

900°C

for100°C < T < 600°C

1.0 forT < 100°C
K. = 1.067 — 0.00067T for100°C < T < 400°C
¢ 1.44 — 0.00167T for400°C < T <
0.0 for 900°C < T
1.0 for T < 100°C
ksp,T = { B (T — 100)
1.0 200

(2.16)

(2.17)

(2.18)

Lie, (1992) provided time dependent relationships for the thermal conductivity,

specific heat capacity and thermal expansion coefficient of concrete as shown below:

e ki is the thermal conductivity of concrete at Temperature T

. _{1.355 (W /m°C)
¢~ 11.7162 — 0.001241T (W /m°C)

e 0. coefficient of thermal expansion at Temperature T

a. = (0.008T + 6)x10~¢ (m/m°C)

for0°C < T < 293°C
for293°C < T

e The specific heat c. and the density of concrete p at Temperature T

(2.566x10°, for0°C <
(0.1765T — 68.034))(106 , for 400°C
(—0.05043T + 25.00671)X106 , for410°C
2.566x10°, for 445°C

PcCc = <

(0.01603T — 5.44881)x10°, for 500°C
(0.16635T — 100.90225)x10°, for 635°C
(—0.22103T + 176.07343)x10°, for 715°C
\ 2.566%x10°, for 785°C

NAANNANNAS
NN NSNS

400°C

410°C
445°C
500°C
635°C
715°C
785°C

IAIAIA N N A

(2.19)

(2.20)

(2.21)

Many experimental studies were conducted to investigate the behavior of concrete

at high temperature as summarized in Table 2.11.

53



Table 2.11: Different research works that carried out on the behavior of concrete under high temperatures

Reference

Objectives

Overall Finding

Faiyadh and Al-

Ausi, (1986)

To study the effect of exposure to high
temperature (range of 20-800°C) on the
splitting tensile strength of fiber reinforced
concrete.

1- Both fiber reinforced concrete and plain concrete have similar behavior under
high temperature.

2- The tensile strength of plain concrete was less than that of fiber reinforced
concrete for all temperature exposures.

3- The residual tensile strength of steel fiber concrete was higher than that of glass
fiber concrete.

4- The reduction in the tensile strength was more significant in water-cooled
specimens than that in air-cooled specimens, which in return was more than that
for hot specimens.

To study the effect of the duration of high
temperature exposure (up to 800°C) and
rates of heating and cooling on the residual
strength of heated concrete.

1- The effect of heating duration, heating rate and the cooling rate on the residual
strength of concrete is very significant but this effect decreases by increasing the
exposure temperature.

2- By increasing the heating duration, the loss in concrete strength increases.

3- After one hour of exposure to different temperatures ranges from 200, 400, 600
and 800°C, the residual concrete strength were 80%, 70%, 60% and 30%,
respectively of its original strength at ambient temperature.

Mohamedbhai,
(1986)

Dias et al.,
(1990)

To study the effect of high temperature (up
to 700°C) on the mechanical properties of
hardened cement paste such as residual
strength, static and dynamic modulus of
elasticity.

1- At 120°C, a significant drop in the concrete strength then followed with strength
regain up to 300°C and a rapid strength loss with temperature after 300°C.

2- The change in the dynamic modulus of elasticity under high temperature was
greater than that in static modulus of elasticity.

3- Strength and static modulus of elasticity were improved in specimens which
were subjected to preloading before testing.
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Objectives

Overall Finding

Hertz, (1992)

To investigate the behavior of silica fume
steel-fibers reinforced concrete under high
temperatures in the range of 300 and
600°C.

1- The presence of steel fibers in the silica fume concrete does not reduce the
explosion risk of the silica fume concrete when exposed to high temperature..

2- Toxic gasses emitted from heating of specimens due to the presence of
superplasticizers in the concrete mixtures.

Sarshar and
Khoury, (1993)

To examine the effect of high temperatures
(20°C to 600°C) on the compressive
strength of cement paste and concrete with
silica fume, blast furnace slag and
pulverized fuel ash as replacement of
ordinary Portland cement.

1- The replacement of ordinary Portland cement by 10% silica fume did not show
any improvement in concrete performance yet using pulverized fuel ash in the
concrete improved the thermal properties of concrete.

2- The firebrick aggregate concrete showed a better performance than concrete
with Lytag aggregate where the best results obtained for firebrick/slag concrete.
3- The application of 15% initial pre-heating load improved the residual strength
for firebrick concrete but not so for Lytag concrete.

4- The residual strength of cement paste specimens decreased by increasing the
heating rate from I °C/min to 3 °C/min.

5- The heating duration had a small effect on the residual strength of concrete
subjected to lower temperature ranges but had no effect at higher ranges.

6- After cooling, specimens exposed to 100% relative humidity atmosphere for 28
days regained some of their strength.

Linetal., (1996)

To study the effect of fire on the
microstructures of concrete prepared using
Portland cement type I and siliceous
aggregates. Scanning electron microscopy
(SEM) examinations was used.

I- At temperature between 300 and 500°C, cracking appeared around the
aggregate boundaries and the cracking enlarged with the increase of temperature.
2- Between 440 and 580°C, calcium hydroxide (CH) decomposed then calcium
silicate hydrate (CSH) destructed at temperature between 600 to 700°C.

3- Rehydration process occurred upon re-curing of heat-damaged samples in air
or in water resulting in the formation of CH and CSH products.
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Reference Objectives Overall Finding
Chan et al., | To study the effect of high temperature (up | 1- Both NSC and HSC lost their strength in similar manner and the critical
(1999) to 1200°C) on the compressive and tensile | temperature range was 400°C to 800°C.
splitting strength as well as on the pore | 2- A coarsening in the microstructure of both HSC and NSC was noticed after
structure of high strength (HSC) and | exposure to high temperature.
normal strength concretes (NSC). 3- Deterioration of the permeability-related durability of HSC concrete due to high
temperature exposure was higher than that of NSC.
Chan et al., | To study the effect of high temperature (up | 1- The residual compressive strength of HPC was higher than that of normal-
(2000) to 800°C) on the mechanical properties | strength concrete although the strength degradation rate was higher in HPC than
and pore structure of normal-strength | normal-strength concrete.
concrete and high performance concrete. | 2- The pore structure of HPC concrete was changed after exposure to high
temperature confirming the deterioration of the concrete mechanical properties.
Poon et al., | To study the effect of high temperature (up | 1- Concrete containing fly ash and blast furnace slag has better performance than
(2001) to 800°C) on the mechanical and durability | pure cement concretes at high temperatures below 600°C.

properties of normal and high strength
concrete containing silica fume, fly ash,
and blast furnace slag.

2- High strength concrete containing silica fume was suffering from explosive
spalling at high temperatures while concrete specimens with fly ash and blast
furnace slag showed intensive fine cracks network without any spalling.

3- The loss in the permeability-related durability was more than the compressive
strength loss and the replacement of cement with either fly ash or blast furnace
slag improved the residual strength and durability.

4- The optimum percent of replacement of cement by fly ash in HSC was 30%
whereas the optimum percent of replacement of cement by blast furnace slag in
normal strength concrete was 40%.
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Xu et al., (2001)

To investigate the effect of high
temperature on the residual mechanical
and durability properties of concrete
containing pulverized fly ash (PFA).

1- The residual compressive strength of concrete specimens containing PFA and
heated up to 250°C was higher than the unheated concrete compressive strength.
2- The increase in the compressive strength was attributed to the hardening of
cement paste due to drying and additional hydration of cementitious materials.

3- At 450°C, the residual strength were 85-96% of the original strength whereas
at 650°C and 800°C, the residual strength were 50% and 20%, respectively.

4- The deterioration of durability started at temperature lower than the temperature
needed to start deterioration of the compressive strength.

5- The use of PFA in concrete improved its fire resistance and this improvement
was clearer for maximum exposure temperatures of 450°C and 650°C.

To study the effect of high temperature (up
to 700°C) on the compressive strength of
heavy weight high strength concrete
including silica fume and magnetite sand.

1- The compressive strength decreased when temperature increased up to 100°C
followed by strength recovery at temperature range between 100°C and 300°C.
2- Above 300°C, compressive strength decreased sharply.

3- When silica fume was used together with magnetite sand, the residual
compressive strength for concrete was improved.

4- Using lower content of aggregates in concrete resulted in a higher residual
compressive strength.

Mahdy et al.,
(2002)
Poon et al.,
(2003)

To study experimentally the effect of
elevated temperatures (up to 800°C) on the
performance of normal and high strength
metakaolin concrete (MK).

1- The compressive strength of MK concrete increased up to 200°C followed by
a severe loss in compressive strength and durability above 200°C.

2- The loss of strength of MK concrete at high temperatures was more than that
of SF, FA and OPC concretes.

3- The severity of the explosive spalling, observed in MK concretes at exposure
to high temperature, increases by increasing the MK contents
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Lietal., (2004)

To study experimentally the effect of high

1- The loss of strength starts from temperature of 400°C.

temperatures (200°C to 1200°C) on | 2- The residual compressive strength of concrete samples exposed to 200, 400,
compressive, splitting tensile strength, and | 600, and 1000°C were 82.3%, 63.2%, 58.1%, and 27.3% of the ambient
bending strengths of high strength | temperature compressive strength, respectively, whereas the residual splitting
concrete (HSC). tensile strength were 85.7%, 81.8%, 51.9%, and 16.4%, respectively.
3- The residual bending strength of the heat-damaged specimens were 84.5%,
43.7%, 16.3%, and 7.4% of its original bending strength, respectively.
4- By increasing the specimen size, the strength loss became less.
Chen and Liu, | To investigate the effect of high | 1- The residuals compressive and splitting tensile strengths were higher in case of
(2004) temperatures on the residual strengths of | fiber-reinforced HSC than of normal HSC; indicating that the use of short fibers
high-strength concrete (HSC) and hybrid- | in high-strength concrete can be beneficial to resist high temperatures.
fiber-reinforced high-strength concrete | 2- Normal HSC started spalling when exposed to high temperatures above 400°C.
(HFRHSC). 3- HSC containing high melting point fibers, such as carbon or steel fiber, started
spalling at 800°C whereas HSC with polypropylene fibers showed no spalling
when exposed to high temperatures.
4- Adding carbon and steel fibers in HSC can delay the time when spalling occurs,
while adding PP fibers can eliminate the spalling under high temperatures
therefore the best fire resistance and residual properties can be obtained by using
mix of high melting point fiber and low melting point fiber in the HSC.
5- The power of the explosive spalling increased with exposure temperature.
Georgali  and | To study the effect of fire on the strength | 1- The change in concrete color to pink coincided with the major loss in concrete
Tsakiridis, and the internal structure of concrete. strength.
(2005) 2- The residual concrete strength after exposure to fire reached about 30%.
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Georgali 3- The cement pastes at the external layer
and exposed to fire were suffering from
Tsakiridis, complete spalling and dehydration
(2005) process while the inner contained

crystals of Ca(OH), upon SEM testing.
4- Rapid cooling (due to fire-
extinguishing) after overheating resulted
in significant internal shrinkage cracking
toward to the core axis.

Alarcon- To study experimentally | 1- Portlandite Ca(OH),, formed during
Ruiz et al., | the chemical and physical | the cooling, has lower decomposition
(2005) changes in cement paste | temperature than the original portlandite

after exposure to elevated | therefore it can be used in determining
temperatures starting from | the temperature history of fire-damaged
100°C to 800°C for 24 | concrete.

hours.

2.6 Summary

This chapter provided brief review of different studies, performed on the FRP
materials and their practical applications in construction, the effect of elevated
temperatures on FRP composites, the pre- and post-heating bond between FRP bars
and concrete and the pre- and post-heating structural behavior of FRP-RC elements.
As can be noticed, most research works concentrated on GFRP bars due to their
relatively low cost. Up to date, most of the available studies did not precisely determine
the critical exposure temperature of FRP composites that affects their properties and
bond strength with concrete. There is a lack of research on the post-fire structural
behavior of FRP-RC elements with no research works, carried out to enhance the
behavior of FRP reinforced concrete under fire exposure. Provisions for fire condition
were not incorporated in available design codes of FRP-RC structures. Hence, new
analytical equations are urgently needed to be incorporated to aid in design of

structural elements reinforced with FRP composites under fire conditions.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

The testing program, materials used, specimens’ preparation, heat treatment, and
testing are presented in this chapter. Properties of materials used are presented in
Section 3.2. The testing program is presented in Section 3.3. Preparation of different
types of specimens is presented in Section 3.4. The heating processes is presented in
Section 3.5. Finally, the different load tests are described in Section 3.6. Flow chart of

methodology showing the steps used in this work is presented in Fig. 3.1.

| FRP/Steel
Reinforcement
| | Normal Strength
Concrete
Materials .
—1 Used - Epoxy Adhesives
Stainless Steel
Caps
| | Thermal
Insulation Coating
Tensile Test
Specimens
| | Specimens | | | Pullout Test
Preparation Specimens
_| Experimental | | Mixing, -
Waork || Casting and '{ Beam Specimens
Curing
_|Pullout Specimens
Heating
|| Heating | | | Beam Specimens
Process Heating
| | Standard Cubes/
Cylinders Heating
Methodology
—I Tensile Test |
L Mechfanlcal —~| Pullout Test |
Testings

—| Flexural Test |

Bond-Slip Behaviour
Analytical Model
Theoretical

Waork FRP-RC Beams Load
Capacity Prediction
Theoretical Method

Fig. 3.1 Flow chart of methodology
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3.2 Materials
3.2.1 Reinforcement bars
3.2.1(a) FRP bars

Three types of FRP bars with two nominal diameters (6 and 10mm) were used in
various reinforced specimens, prepared in this work. Fig 3.2 shows bars of 10 mm
diameter having different surface treatment of helically wrapped GFRP, and BFRP,
and sand-coated CFRP bars, used as main tensile reinforcement. The properties of the

used FRP bars as provided by the manufacturer are summarized in Table 3.1.

3.2.1(b) Reinforcing steel bars

Steel bars of 10 mm diameter were used as the main reinforcement in RC beam
and pullout specimens, whereas 6 mm bars were used as reinforcement in stirrups. The
mechanical properties of the 10-mm-bars with the geometric configuration shown in
Fig. 3.11 were obtained at 23°C and after heating up to 450°C then cooling to room
temperature; results are summarized in Table 3.2.

Table 3.1 Mechanical properties of different used FRP bars as per manufacturer data
sheet.

Type Suis Euf Ef OTr oL F Type of
MPa | % GPa | x10%°C | x10%°C | % matrix
CFRP-6mm | 2068 | 1.7 124 89 -0.9 70% VER
CFRP-10mm | 1896 | 1.6 124 89 -0.9 70% VER
GFRP-6mm | 900 2.1 40 22 54 N.A. UP
GFRP-10mm | 800 2.1 40 22 54 N.A. UP
BFRP-6mm | 1100 | 2.1 65 23 6 N.A. EPR
BFRP-10mm | 1000 | 2.1 65 23 6 N.A. EPR

Sult-r » maximum tensile strength; e,r, maximum strain at ultimate strength; Ef, FRP’s
modulus of elasticity; F%, fiber to matrix volume ratio; ar, Longitudinal coefficient
of thermal expansion; atr, Transverse coefficient of thermal expansion; VER, Vinyl
Ester Resin; UP, Unsaturated Polyester; EPR, Epoxy Polymer Resin; N.A. , not
applicable.
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Table 3.2: The mechanical properties of reinforcing steel bars collected from our

experimental work

Temperature (°C) YS (MPa) US (MPa) EUS (%)
23 570 638 8.48
450 541 622 8.94

YS, Yield Strength; US, Ultimate Strength; EUS, Elongation at Ultimate Strength

Fig. 3.2: Different reinforcement bars used in this study

3.2.2 Concrete

Normal strength concrete having 28-days-compressive strength of 40 MPa was

used in preparing the various specimens. Concrete mixture proportioning is presented

in Table 3.3. The average measured slump was found 90+2 mm which allowed for

good compaction without excess bleeding. The modulus of elasticity for the concrete

was calculated based upon experimentally obtained stress-strain curves. The

coefficient of thermal expansion of concrete was estimated at 11.5x10/°C based upon

the mix proportions and the thermal properties of the used concrete components. The

typical CTE ranges for granite aggregate, sand and 0.5 w/c cement paste is (7-9)x10°

/°C, (11-12) x10°°C, and (18-20)x10°°C, as per the US Department of

Transportation- Federal Highway Administration report FHWA, 2007.

Table 3.3 Concrete mix proportioning, based upon Ismail et al., (2011)

Water | Cement | Coarse Aggregate | Fine Aggregate | Target Compressive Target
kg/m® | kg/m? kg/m? kg/m? Strength, MPa Slump, mm
207 416 1139 619 40 90
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3.2.2(a) Water
Tap water obtained from a domestic water supply pipe at the civil engineering's

concrete laboratory was used for all concrete work of this study.

3.2.2(b) Cement

Ordinary Portland cement Type-I produced by Cement Industries of Malaysia
Berhad (CIMA), and known commercially as Blue Lion cement, was used in this
work. The cement has sulfate content of less than or equal to 3.5%, chloride content
of less than or equal to 0.1%, soundness of less than or equal to 10 mm and minimum
initial setting time of 75 minutes which comply with the Malaysian Standards, MS EN

197-1, (2014).

3.2.2(c) Coarse aggregate

Crushed granite coarse aggregate of 10 mm maximum aggregate size, obtained
from a location near Bukit Mertajam, was used in producing the normal strength
concrete of this study. The specific gravity and water content was determined

according to ASTM test method C127, and found to be 2.66, and 0.5%, respectively.

3.2.2(d) Fine aggregate

Natural river sand, obtained from river located near Nibong Tebal- Penang, was
used in this study as fine aggregate. The specific gravity and water content was
determined according to ASTM test method C128, and found to be 2.7, and 0.6%,
respectively. Sieve analysis of fine particles was performed according to ASTM test
method C136 and a fineness modulus of 3.0 was obtained. Properties of fine and coarse

aggregates are summarized in Table 3.4.
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Table 3.4: Properties of fine and coarse aggregates

Fine Aggregate Coarse Aggregate
Specific Gravity 2.7 2.66
Water Content, % 0.6 0.5
Fineness Modulus 3.0 N.A

N.A., Not Applicable

3.2.3 High tensile strength epoxy

Epoxy adhesive having the commercial designation CONCRESIVE 14418, and
manufactured by BASF-Malaysia, was used to adhere grip steel pipes to the FRP bars
free ends before tension and pullout tests. These steel pipes provide a confinement
pressure on the bar to prevent its slippage or local failure due to the damage of the bars
ends under tension. This gray color epoxy was obtained by mixing two parts, Part-A
of white color base and Part-B of black color reactor, at volumetric ratio of 2:1,
respectively, as per the manufacturer recommendation. Properties of this epoxy as per

manufacturer technical data sheet are given in Table 3.5.

3.2.4 High temperature resistant epoxy adhesive

An epoxy adhesive of ultimate stability and strength at high temperature of up to
650°F (343°C) was used to bond the proposed stainless steel end caps to the FRP
reinforcement bars used in reinforcing certain groups of concrete beams. This aimed
at improving bond between FRP and concrete hence the flexural behavior.

Duralco 4703 Adhesive used was manufactured by Cortronics Corp., and has an
excellent resistance to most chemical solvents, acids and bases with high stability
under exposure to high temperature. This epoxy can be obtained by mixing two parts:
Partl as resin and Part 2 as hardener at a mix ratio of 100:22 by weight. Properties of

the adhesive is summarized in Table 3.6.

64



Table 3.5: Properties of CONCRESIVE 14418 epoxy as provided by BASF-Malaysia
Tensile Strength after 7 days of cure 10 MPa

Compressive Strength after 7 days of cure | 83 MPa

Slant Shear Strength after 7 days of cure > 35 MPa (100% concrete failure)

Elastic modulus in compression 4600 MPa
Density (Mixed) 1.25 kg/LL
Surface temperature for application 26 °C

Initial Cure/ Full Cure Time 1 day/7 days

Table 3.6: Duralco 4703 epoxy properties

Tensile Strength at room Temperature 81.4 MPa
Tensile Strength at 260°C 69.2 MPa
Bond Strength at room temperature 20.7 MPa
Bond Strength at 260°C 8.3 MPa
Thermal Expansion 3.9x107 /°C
Elongation 2%

Cure Time and Temperature 2 hrs at 175°C

3.2.5 Stainless steel end cap

Stainless steel caps were fabricated by welding Grade 316L pipes of 100 mm
length, external diameter of 17.2 mm and thickness of 2.3 mm, to small plates made
of the same metal (50x50x6.0 mm) as shown in the sketch at Fig. 3.3. This steel caps
were aimed at improving bond between FRP and concrete hence the flexural behavior
of end-capped-FRP reinforced concrete beams. The mechanical and thermal properties
of the stainless steel cap are shown in Table 3.7.

Table 3.7: Properties of SS316L stainless steel used as per supplier data sheet

Tensile Yield Elongation | Coefficient of
Temperature Strength | Strength | in 50 mm | Thermal expansion
MPa MPa (%) * x 10 /°C *
68°F /20°C 608 302 50 15.9
600°F /316°C | 465 193 48 16.2
1000°F / 539°C | 444 179 46 17.5

* As per AISI: A designer handbook series No. 9004, High-temperature characteristics of stainless steel,
American Iron and Steel Institute, page 42-42.
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172 mm OD/ 12.6 mm ID

300 mm

Fig.3.3: SS316L End Cap

3.2.6 High temperature thermal insulation coating

High-temperature thermal insulation coating (RLHY-12), manufactured by
Beijing Ronglihengye Technology Corporation, Ltd - China, was used to insulate the
bar’s end caps hence maintain their temperature during heating at low values. The
coating has a high temperature resistance range from -80°C to 800°C and heat
conductivity of 0.03W/m.K only. This insulation coating was used specifically to
insulate the stainless steel caps fixed to the ends of the FRP bars to prevent melting of
the adhesive used to adhere the caps to the FRP bars. According to the manufacturer’s
technical data sheet, a thick layer of 4 mm of coating can reduce the temperature
between the external and internal side of the coating to 40%. Table 3.8 shows the
temperature at the internal side of various coating thicknesses with respect to an
external temperature of 500°C. The insulation material was applied to the caps with

average thickness of 4.0 mm as shown in Fig. 3.4.

Table 3.8: Temperature reduction for different insulation thicknesses by special
coating as per the manufacturer’s technical data sheet

Thickness of Coating, mm 12 10 8 6 4 2

From 500°C, temperature decreased to | 45°C | 55°C | 80°C | 130°C | 200°C | 300°C
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Fig.3.4: Different FRP bars with steel end caps, with and without thermal
insulation coating (RLHY12)

3.3 Testing program

To achieve the objectives of this study, the following tests were carried out.

1) Concrete strengths test

The compressive and splitting tensile strength of concrete was determined using
standard cylinders and cubes specimens before and after being subjected to elevated
temperatures of up to 500°C.

2) Tensile tests on reinforcing bars

The tensile mechanical properties of different bars used in the present work were
determined at room temperature and after heating to 125, 250, 325, 375 and 450°C and
cooling to room temperature. Detailings of the testing program are shown in Fig. 3.5

3) Bond tests using pullout specimens

The bond characteristics between FRP/Steel bars and concrete was studied using
standard pullout cube specimens before and after exposure to high temperatures of
125°C, 250°C, 325°C, and 375°C. Fig. 3.6 shows the Detailings of the testing program.

4) Temperature Profile Evaluation

The temperature profile across the depth of two concrete beams was determined
by embedding type-k thermocouples at eight different locations. Measurements were

acquired while the specimens were heated in gas furnace up to 500°C for four hours.
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5) Flexural response of concrete beams

The flexural response off 130x180x1200 mm concrete beams reinforced with
different reinforcement types (BFRP, CFRP, GFRP and steel bars) was determined
under four points loading. Flexural behavior and its characteristics, and modes of
failure were acquired and monitored, respectively. Beams are divided into two main
groups: the first group were tested at ambient temperature 23°C and used as controls
whereas the other were tested after exposure to a high temperature of 500°C for 90
minutes. Designations of NT and HT were used for control and heated specimens,
respectively. Each group was divided into two secondary groups corresponding to
cases without or with rebar’s steel end cap. Steel caps were fixed to the ends of FRP
bars using high temperature resistant epoxy adhesive.

Detailings of this testing

program are shown in Fig. 3.7.

TENSILE
TESTING
|
| ] | | | I |
STEEL BARS BFRP BARS CFRP BARS GFRP BARS
23°C 23°C 23°C 23°C
= —
3 Specimens 3 Specimens 3 Specimens 3 Specimens
125°C 125°C 125°C 125°C
3 Specimens 3 Specimens 3 Specimens 3 Specimens
250°C 250°C 250°C 250°C
3 Specimens 3 Specimens 3 Specimens 3 Specimens
375°C 375°C 375°C 375°C
3 Specimens 3 Specimens 3 Specimens 3 Specimens
450°C 450°C 450°C 450°C
3 Specimens 3 Specimens 3 Specimens 3 Specimens
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Fig. 3.6: Detailing of testing program via pullout tests
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3.4 Specimens preparation
3.4.1 Preparation of tensile testing specimens

BFRP, CFRP, GFRP and steel bar specimens of 600 mm length and 10 mm
diameter were prepared for tensile tests. A total of 18 specimens of each bar type was
used. Three of them were tested at ambient temperature and used as controls while the
remaining fifteen specimens (in triplicates) were exposed to different elevated
temperature equal to 125°C, 250°C, 325°C, 375°C and 450°C.

Specimens were heated up with 10°C/min heating rate in an electric furnace
allowing the hot air to circulate in the oven until reaching the required target
temperature then kept at this target temperature for 30 minutes to ensure a uniform
temperature distribution in the FRP specimens (Abbasi and Hogg, 2005a; Wang et al.,
2007). After heating, the specimens were left to cool in air ready for tensile testing. It
was noticed that all FRP bars heated up to 450°C were totally damaged, hence were
not tested for mechanical properties as shown in Fig. 3.8. Figures. 3.9 through 3.12

show the physical status of various bars after exposure to various high temperatures.

Fig 3.8: Damaged FRP bars after exposure to 450°C
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Fig 3.9: GFRP bars before and after exposure to different high temperatures

Fig 3.10: BFRP bars before and after exposure to different high temperatures
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Fig 3.11: CFRP bars before and after exposure to different high temperatures

Fig. 3.12: Steel bars after exposure to different elevated temperatures ready for
tensile test

Internally threaded steel pipes of a length, an outer diameter and a thickness of
200, 42 and 4 mm, respectively, were bonded to both ends of the FRP bars using a

high tensile epoxy (CONCRESIVE-1441S) to enable testing of the bars without end
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failure caused by the testing machine grips. Air pockets formation during adhesion
was avoided to prevent any anchorage slippage during testing or undesired local failure
due to the crushing of the bars ends. The threaded steel pipes were adhered to the FRP
bars after their heat treatment as shown in Fig. 3.13.

Additional samples were prepared with bonded steel pipes of a length, an outer
diameter and a thickness of 100, 20 and 3 mm, respectively, as shown in Fig. 3.14, and

used to test the exact elastic modulus of the different specimens using an extensometer.

Fig. 3.13: Samples of FRP bars before and after exposure to different elevated
temperatures, ready for tensile strength test

Fig. 3.14: Samples of FRP bars before and after exposure to different elevated
temperatures, ready for elastic modulus determination
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3.4.2 Preparation of pull-out testing specimens

Traditional pullout specimens were prepared using 10-mm-diameter FRP/steel
bars embedded vertically in concrete cubes (150%150%150 mm) with a bond length of
100 mm. The latter was achieved using bond breakers consisting of PVC pipes of 25
mm length each, as shown in the schematic of Fig. 3.15(a). The de-bonded areas were
created to prevent any localized artificial confinement of the bond length due to
compressive load on concrete; specially at the loaded end and to ensure a uniform
temperature distribution along the entire bar length. Fig. 3.15(b) shows the wooden
mold in which the pullout specimens were cast as well as the locations of the PVC
breakers.

A total of 78 pullout specimens were prepared, cured, and stored at room
temperature of 23°C for 28 days before being tested in two groups. The first group, of
60 specimens, represented triplicates of pullout specimens with the four types of bar
reinforcement embedded in concrete blocks without anchorage using steel end caps.
These were tested before and after exposure to different temperature levels of 125,
250, 325 and 375°C for three hours then cooled. The second group, of 18 specimens,
represented triplicates of pullout specimens with FRP bars anchored at their ends with

the steel end caps. These were tested before and after exposure to 325°C.

130X130mm WOOD MOULD

Tl0mm FRP/STEEL BAR

@limm HOLES AT MIDDLE Pomm LENGTH PWC BOND BREAKER

OF FROMT AND BACK FACE

(a) A schematic of pullout test specimen mold with bars embedded to the
desired length
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(b) A picture of pullout test specimen mold with bars embedded to the desired
length

Fig. 3.15: Detailing of the geometric dimensions of pullout test specimen molds

150X 150mm WOOD MOULD

®10mm FRP BAR _—

88316 END CaF FSmm LEMGTH PWC BOND BREAKER

(a) A schematic of pullout test specimen with SS316L steel end cap mounted
along the embedment length of the bar

(b) A picture of pullout test specimen with thermally insulated SS316L steel end
cap mounted along the embedment length of the bar

Fig. 3.16: Detailing of pullout specimens with steel end cap anchorage
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3.4.3 RC beams preparation

A total of 44 concrete beams (130x180%1200 mm) reinforced with different
reinforcement types (BFRP, CFRP, GFRP and steel bars) were cast, then cured for 28
days and tested for flexural response and modes of failure according to experimental
program of Fig. 3.7. All beams were cast in plywood molds of 10 mm thickness, as

shown in Fig 3.17.

Fig. 3.17: Wooden molds for concrete beams

FRP-reinforced concrete beams were designed according to ACI, 2006 (ACI
440.1R) while steel RC beams were designed according to ACI, 2005 (ACI 318R).
FRP-RC beams were designed as over-reinforced with reinforcement ratio (p) greater
than the balanced reinforcement ratio (py) while the steel RC beams were designed as
under-reinforced with (p) lower than (py).

For all cast beams, two bars of 10 mm diameter were used as main bottom tensile
reinforcement and two top 6.0-mm-diameter bars were used. Steel stirrups of 6.0 mm
diameter were used for shear reinforcement at a spacing of 70 mm; the reinforcement
detailing is shown in Fig. 3.18. Special steel spacers were positioned underneath and
at the sides of the reinforcement cages to achieve a cover of 25 mm.

Each type of FRP-RC beams are divided into two groups corresponding to cases
without or with rebar’s steel end cap as shown in Fig. 3.19. Steel caps were fixed to
the ends of FRP bars using high temperature resistant epoxy adhesive. Fig. 3.20 shows

the reinforcement cages in the wooden mold, ready for casting.
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Fig. 3.20: Reinforcement cages inside the wooden molds
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Prior to the placement of reinforcement cages in the molds, contact strain gauges
were adhered to the main bottom reinforcement. A strain gauge, manufactured by
Kyowa Electronic Instruments-Japan and having a length of 5.0 mm and gauge length
of 3.0 mm, was adhered to the mid-length of the main reinforcement bar. The bar
surface was first smoothed using sandpaper then cleaned from dusts and impurities
using a volatile liquid before the strain gauge was attached. A layer of silicone sealant
covered by aluminum foil tape was used to protect the fixed stain gauges during casting

as shown in Fig 3.21.

Fig. 3.21: Strain gauge at reinforcement bar

For beams subjected to high temperature, special type of high temperature
resisting strain gauges that can resist up to 300°C were used. Three layers of protection
were used in order to reduce the temperature that will reach the gauges. After attaching
the strain gauge using high temperature adhesive, it was coated with ceramic paste
layer, then wrapped by ceramic wool layer followed by Teflon tape. A minimum of
one inch of protection on both side of the fixed gauge is required to absorb the heat
and reduce the temperature that reaches the gauge by 100-150°C.

An additional strain gauge was fixed to the second main reinforcement of the
specimens which was already subjected to heating. This strain gauge was used as an

alternative in case the one which was installed prior to heating didn’t work.
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For this purpose, a small hole of approximately 30x30%30 mm was created during
casting at the main reinforcement level and then later filled with a ceramic wool to
protect the neighboring FRP bar during heating, as shown in the pictures of Fig. 3.22.
After burning of RC beams, ceramic wool was removed before the strain gauge was
fixed to the reinforcement bar and protected by silicone sealant, as shown in Fig 3.23,
and finally the hole was filled with concrete which was allowed to cure for two weeks

prior to testing.

(a) Hole created (b) Hole filled with ceramic wool

Fig. 3.22: Hole at bottom of RC beam used for later fixation of strain gauges

Fig. 3.23: Fixation of strain gauge after burning of RC beam

To monitor the temperature changes across the beam’s depth during heating, four
K-Type thermocouples having a 1.0 m probe length were placed at different location
across the depth of two beams prior to casting, as shown in Fig. 3.24. This allowed
acquiring the temperature variation across the beams, while being subjected to a high

temperature of 500°C for four hours.
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Fig. 3.24: Locations of thermocouples

A strain gauge, manufactured by Kyowa Electronic Instruments-Japan and having
a gauge length of 40.0 mm, was fixed at the middle of the top surface of all concrete
beam prior to flexural testing. To do so, concrete surface, where the strain gauge is to
be attached, was smoothed using a grinder and sandpapers then cleaned from dusts and
impurities using a volatile liquid. After fixing the strain gauge, a thin layer of silicone
sealant was used to protect the strain gauges from any damage during the testing

procedures as shown in Fig 3.25.

Fig. 3.25: Strain gauge at beam's mid-span top surface

3.5 Mixing, casting, and curing of different specimens

Mixing

A titling drum mixer of 0.15 m’ capacity was used in mixing the concrete
ingredient following the ASTM standard C192. Initially, a little spray water was used
to wet the inner surface of the mixer, followed by placing the total amount of coarse
and fine aggregates in the mixer, which was initially dry mixed, followed by adding
half of water with the mixer running to wet their surface and ensure full absorption of

the water. Cement and water was added carefully and gradually until total cement
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amount is blended. Remaining water was added to produce a workable mix. Mixing

continued for 3 minutes followed by a 3-minutes rest then a 2-minutes final mixing.

The slump, measured according to ASTM standard C143 as showing in Fig. 3.26, was

found to be about 90 mm.

Casting of pullout specimens

Pullout specimens were cast according to the following sequences:

1.

The wooden cubic molds were oiled followed by placing the FRP/steel bar in
the mold as shown in Figures 3.15 and 3.16.

Concrete was placed in the wooden molds in three layers. A vibration table was
used to achieve a good compaction then a smooth surface of the specimens was
produced using a trowel.

Specimens were left in their wooden molds for 24 h and covered with wet

burlap before being de-molded.

Casting of RC beams

Concrete beams specimens were cast according to the following sequences:

4. The wooden molds were oiled and the reinforcement cages were placed in the

mold as shown in Fig. 3.20.

Mixed concrete was placed in the wooden molds in three layers. Each layer
was consolidated by inserting the steel rod of an electric internal poker vibrator
vertically between the reinforcing bars to achieve a good compaction then the
surface of the beams was finished smooth by a trowel as shown in Fig 3.27.
After casting, the beams were left in their wooden molds for 24 h and were

covered with wet burlap before being de-molded.

81



Casting of standard concrete specimens:

For controlling the quality of the concrete used in making the pullout and beams
specimens, standard concrete cylinders of 100 diameter x 200 mm length and
100x100x100 mm cubes were cast in layer, at the same time of casting RC beams and
pullout specimens, compacted using a vibrating table then de-molded after 1 day of

casting.

Fig. 3.26: Slump test Fig. 3.27: RC beams after casting in the
wooden molds

Curing

All specimens were de-molded 24 hours after casting and cured for 21 days at
room temperature (23°C) by spraying water daily and cover them tightly by plastic
membrane to reduce the evaporation of sprayed water from concrete surface as shown
in Fig 3.28. By the end of three weeks curing, the specimens were left for a week in

the laboratory air before being heated or tested.

Fig. 3.28: Water spray curing of RC beams
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3.6 Heating processes
3.6.1 Heating of pull-out specimens

Pullout specimens were heated to 125°C and 250°C in an electric furnace at a rate
of 10°C/min and in a gas furnace at a rate of 100°C/min when heated at higher
temperatures of 325°C and 375°C. The target temperature was maintained constant for
3 hours to achieve uniform distribution of the heat across the cubic concrete blocks.
Fig. 3.29 shows the heating scheme used for the pullout specimens.

In order to maintain bond between the steel end caps and FRP bars, and prevent
explosive separation between FRP bars and concrete, a thermal insulating coat
(RHLY-12) was applied to the steel caps prior to concrete casting. Thermal insulating
coat was also applied on the exposed length of the FRP bars prior to heating in order
to protect them from direct gas fire flames that may damage the FRP bars. Fig. 3.30
shows how the insulation material was applied on the exposed length of the FRP bars.
The pullout specimens inside the gas furnace after heating are shown in Fig. 3.31.

After cooling of the pullout specimens in the laboratory air, threaded steel pipes
with a length, an outer diameter and a thickness of 100, 20 and 3 mm, respectively,
were bonded to the free end of the FRP bars using high tensile epoxy adhesive
(CONCRESIVE-14415). These allowed pullout of the FRP bars without end rupture
because of the effect of stress concentration at the tensile machine’s gripper’s location.

Fig. 3.32 shows the pullout specimens with the threaded steel pipes, ready for testing.
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Fig. 3.29: Heat scheme for pullout specimens

Fig. 3.30: Pullout specimen with external Fig. 3.32: Pullout specimen with
thermal insulation coating protection top steel pipe ready for testing
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Fig. 3.31: Pullout specimens in gas furnace after heating

3.6.2 Heating of beam specimens

A gas furnace having an internal dimensions of (1.0x1.0x1.0 m?) with a movable
top tight cover was used in this experimental program. The furnace is lined internally
with insulating bricks. Each side wall of the furnace has one gas-fired nozzle burner
and one fixed thermocouples to control the temperature inside this furnace during
heating process. The average temperature, calculated from these side wall
thermocouples, is used to control the furnace temperature automatically in accordance
with the proposed heating curve.

The two RC beams, cast with K-Type thermocouples, were heated up to 500°C
and kept constant for four hours to obtain the temperature profile across the beam’s
depth during the heating process. According to the thermocouples readings, it was
found that the beams reach a uniform temperature of approximately 460°C at the end
of the heating duration. It was also found that the temperature, at the location of the

main bottom reinforcement, had reached 325°C after 92 minutes of heating.
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Based on the obtained temperature profile and in order to avoid significant
degradation in the mechanical properties of FRP reinforcement, it was decided to
maintain a maximum temperature of 500°C, to which the beams were exposed, for a
duration of 90 minutes only.

After three weeks of curing, the specimens were left for a week in the laboratory
air before being heated in gas furnace at maximum temperature of 500°C for 90
minutes following the curve shown in Fig 3.33; two beams were heated at the same

time, as shown in Fig 3.34.

3.6.3 Heating of concrete standard specimens

At the age of 28 days, half of the concrete cubes and cylinders were tested for
compression and splitting tensile strength, respectively, while the remaining cubes and
cylinders were placed in the gas furnace and heated up to 500°C for 90 minutes

following the curve shown in Fig. 3.33, then left to cool in air before testing.

1,200
1,100 )—-
1,000
T
900 7
U 800 /
o
£ 700 /
2 /
'g 600
=—|S0 CURVE 834
= 4
g 500 '
2 400 \ e Current Test Fire Curve
300
200
100
0

0 30 60 90 120 150 180
Time (Minutes)

Fig. 3.33: Heating time-temperature schedule
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Fig. 3.34: Two RC beam inside the furnace ready for heating

3.7 Mechanical testing
3.7.1 Tension test of FRP/steel bars

The tensile tests on FRP/steel bars were conducted at room temperature (23°C)
according to ASTM D7205 using a Universal Testing Machine of 1000 kN maximum
capacity. The tensile testing was performed using a standard constant head stroke rate
of 3.0 mm/min until failure according to ASTM D7205/D7205M-06
recommendations. The tensile force was transmitted from the upper and lower jaws of
the testing machine to the bars using epoxy bonded steel pipe at two ends of the tested
bars as shown in Fig. 3.35. Loads versus displacement data were acquired
automatically, before being analyzed for ultimate tensile stresses or stress-strain
characteristics. An extensometer was installed on certain bars representing the
different materials (steel/FRP) to enable acquiring the exact strain values as shown in
Fig. 3.36. The accurate tensile chord elastic modulus was calculated according to
ASTM standards, 2006 (D7205/D7205M-06) using the following equation:

E = Ac/Ase (3.1)
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where:

Aa is the difference in tensile stress between the start and end strain points.

At is the difference in tensile stain between the start and end strain points.

According to ASTM standards, 2006, (D7205/D7205M-06) the start and end
points were defined as points of 0.001 and 0.003 strain. In case of ultimate strain gui
of less than 0.006, the start and end points were redefined as point of strain equal to

0.25&gut and 0.5&yy.

Fig. 3.35: FRP/steel bars attached to the jaws of the testing machine using epoxy
bonded pipes
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Fig. 3.36: Testing setup for obtaining the exact stress-strain diagram for steel/FRP
bars using an extensometer

3.7.2 Pull-out test

Pullout tests were conducted at room temperature (23°C) according to
ACI440.3R-04 recommendations using a Universal Testing Machine of 1000 kN
maximum capacity. The concrete cubes were hold below the movable head of the
testing machine whereas the free end of the bar was fastened to the fixed top head of
the testing machine, as shown in Fig. 3.37. A built-in LVDT was used to measure the
displacement between the two heads of the machine.

All pullout tests were carried out with a displacement-rate control of (1.2 mm/min)
loading rate as per ACI440.3R-04 recommendations. Load and displacement readings

were taken every second until bond failure.

The average bond strength was calculated from the following equation:

Max. Applied Load P

1 * Bar Diameter * Embedded Length T hox dyp * Lg
(3.2)

bond strength (t) =
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The actual bond slip (s) was calculated from the following equation

s = (Measured reading from the machine)
— (Elongation of the bar during testing )
(3.3)

Max. Applied load * Length L P * Lo

1t * Elastic Modulus * (Bar Radius)? T +E 12
(3.4)

Elongation of the bar =

Where Lo= is the length between edge of the concrete cube to the edge of head wedges.

Fig. 3.37: Pullout test arrangement
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3.7.3 Flexural response test

Control and heated beams were tested as simply supported beams of 1200 mm
total span, 1050 mm clear span and 350 mm pure bending moment span around the
middle of the beams. A structural testing frame with a load cell of 500 kN maximum
force capacity was used for testing. A linear variable displacement transducers
(LVDT) was placed at the middle point of the bottom surface of the beam to measure
the mid-span deflection, while another two LVDT's were placed at 350 mm distance
from the center line of the beam as shown in the schematic and picture of Fig. 3.38.

All beams were tested under monotonically increasing load up to failure while
LVDT's, strain gauges and load cell readings, were recorded using a data acquisition
system. Cracks propagation were observed visually, marked and photographed.

350 350
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Loading Cell

sl Bk Exterrral Sirain

Qaciig Fisie G LVDT #3
LVDT #2 cielli auge

Roller Hinge

{1 Internal Strain Gauge /

%8 { at Bar Level VDT #1

350 350 350
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800 800

(a) Schematic presentation

(b) Actual test Sefup
Fig. 3.38: Flexural test arrangement, setup and positioning of the LVDT’s
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3.7.4 Compressive and splitting test of concrete

Three cube samples of (100 x 100 x 100 mm) and two concrete cylinders of (100
diameter x 200 mm height) were prepared for each batch along with four beams
specimens, and cured then tested for compressive strength and modulus of elasticity.
Half of these specimens were tested after 28 days at ambient temperature whereas the
rest were tested after exposure to a high temperature of 500°C for 90 minutes duration.

Compression test on concrete cubes was performed using a universal compression
machine of maximum capacity of 3000 kN at rate of 0.3 MPa/sec whereas that of
cylinders was performed using a universal testing machine of maximum capacity of
1000 kN at rate of 0.3 MPa/sec. The compressive strength of concrete cylinders was
performed according to ASTM C39; whereas that of cubic specimens was performed
according to BS standards, 2009 (BS EN 12390-3:2009).

The testing setups for both types of specimens are shown in Fig. 3.39 and Fig.
3.40. Strain gauge was fixed to the concrete cylinder to measure the actual compressive

strain.

Fig. 3.39: Cube compressive strength Fig. 3.40: Concrete cylinder
test compressive strength test
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Similar to compressive strength, the tensile splitting strength of concrete was
determined at 28 days under room temperature using a universal testing machine of
maximum capacity of 1000 kN, before and after exposure to of 500°C for 90 minutes
duration. The splitting tensile test at each temperature was conducted using two
concrete cylinders (100 diameter X 200 mm height), prepared for each casting batch,
at rate of 1.0 MPa/min according to ASTM, 2004 (ASTM C496/C496M-11). The

splitting tensile test setup is shown in Fig. 3.41.

Fig. 3.41: Concrete cylinder splitting tensile strength test

3.8 Theoretical Work

Different theoretical studies were performed and presented in more details in
chapter Five. The theoretical work was separated into two main parts. The first part
includes the empirical prediction of post-heating bond behaviour between FRP bars and
concrete, which is presented in details in section 5.2, whereas the second one includes
the theoretical prediction of the load carrying capacity, mid-span deflection and
cracking load for beams with FRP/steel bars without and with end anchorage, before

and after exposure to 500°C, which is presented in details in section 5.3.
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3.9 Summary

In this chapter, the details of the experimental and theoretical parts of this research
work were presented. The experimental part, including the materials used, the
specimens’ preparation, the heating processes of different specimens and the
mechanical tests, was presented in sections 3.2 through 3.6. Four different mechanical
tests were performed. The first test was the tensile test that carried on FRP/steel bars
to study their mechanical properties before and after exposure to different high
temperatures. The ultimate tensile strength, the ultimate strain and the elastic modulus
of each tested bar were collected and discussed in section 4.3. The un-heated and heat-
damaged concrete specimens were subjected to compressive and tensile splitting tests
to investigate their residual mechanical properties; results were discussed in section
4.4. The third test was the pullout test that carried out to study the pre-and post-heating
bond behavior between different FRP/steel bars and concrete. Characteristics of bond-
slip curves of all tested pullout specimens were discussed in section 4.5. Finally,
concrete beams with FRP/steel bars, with and without end anchorage before and after
exposure to 500°C, were subjected to four-point loading test to study their flexural
performance. The load-deflection characteristics, strains, cracking pattern and failure
modes of all tested beams were discussed in section 4.6. The detailed theoretical work

are presented in chapter 5.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

The results of all experimental works performed are presented in this chapter.
The temperature profile for the RC beams used is presented in Section 4.2. The post-
heating mechanical properties of the different reinforcing bars and concrete are
presented in Sections 4.3 and 4.4, respectively. The post-heating bond behavior
between FRP/steel bars and concrete is presented in Section 4.5. Finally, the flexural
performance of concrete beams with FRP/steel bars with and without end anchorage,
before and after exposure to 500°C, is discussed in Section 4.6 including detailed

discussions on different load-deflection characteristics of the tested beam specimens.

4.2 Temperature profile for RC beams

Two RC beams were heated up to 500°C and then the temperature was
maintained at 500°C for four hours in order to draw the temperature distribution
profile of the beam during the heating process. A proper heat distribution inside the
furnace and equal heating of the beams at all directions (bottom, sides and top) was
obtained by the use of gas-fired nozzle burners and fixed thermocouples at all sides
of the furnace. Eight K-Type thermocouples (four thermocouples for each beam)
were distributed through the cross section of the beam. The temperature readings
were collected and illustrated in Fig. 4.1.

The temperature readings indicated that the beams had reached a uniform
temperature of approximately 460°C at the end of the heating duration. It was found
that the temperature of thermocouple (#1) located at same level of the main bottom

reinforcement bar's had reached 325°C in 92 minutes. This was considered as a
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critical temperature for the FRP bars with a (40-50%) loss of its ultimate tensile

strength. Accordingly, the period of heating at 500°C was limited to 90 minutes.
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Figure 4.1: Temperature profile for RC beams heated to 500°C

Fig.4.1 shows that with 30 mm concrete cover, the temperature at the location of
main reinforcement bars had reached 325°C in 92 minutes. Abbasi and Hogg,
(2005b) provided Eq. 2.7 that can be used to predict the beam’s main reinforcement
rebar’s temperature upon exposure to standard fire as a function of time and concrete
cover. For example, when concrete beam with 30 mm concrete cover is subjected to

standard fire test, the furnace’s temperature reached 945°C after 60 minutes whereas
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the main reinforcement bar’s temperature reached 316°C. After 90 minutes of
standard fire, the furnace temperature reached 1005°C whereas the main
reinforcement bar’s temperature reached 436°C. By increasing the concrete cover to
50 mm, the main reinforcement bar’s temperature reached 326°C after 90 minutes of
standard fire heating. Similarly, Nigro et al., (2011a) provided an analytical model to
predict the temperature of FRP bars as a function of concrete cover and time. Nigro’s
model, presented in Fig 2.6, showed that the temperature rise in the rebars can be
delayed further by using larger concrete cover. A minimum of 50 mm concrete cover
is required to maintain the reinforcement bar’s temperature below the critical

temperature (325°C) upon exposure to standard fire.

4.3 Post-heating mechanical properties of reinforcement bars
4.3.1 Characteristics of FRP bars at different temperature exposures

The effects of elevated temperature on mechanical properties of FRP such as the
tensile strength, modulus of elasticity and ultimate strain were determined
experimentally then the results were compared with predictions by the relevant
analytical models such as Nadjai’s model (Nadjai et al., 2005) and Wang's model
(Wang et al., 2011).

Typical stress-strain curves of the different FRP bars before and after exposure
to high temperatures in the range of 23°C to 450°C are shown in Figs. 4.2 to 4.4 and
their average characteristics are summarized in Table 4.1; the stress-strain diagrams
and corresponding characteristics for individual specimens are reported in Figs. A-1

to A-3 and Tables A-1 to A-3 of Appendix A.
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Table 4.1: Average characteristics of stress-strain diagram for different FRP bars at

different temperatures (mean + standard deviation)

FRP Tem fuier Eult-f Er fuer / Egr /
Type p- MPa x10° GPa furer E;
R 816.49 47.14
23°C -+ 7935 22200.00 150 1.00 1.00
R 703.29 44.87
125°C 3096 18700.00 160 0.86 0.95
. 552.25 40.91
GFRP | 250°C TYY 15900.00 113 0.68 0.87
R 45297 37.40
325°C e 14100.00 560 0.55 0.79
. 76.74 24.50
375°C ey 4000.00 506 0.09 0.52
R 939.99 65.58
23°C 4105 21400.00 ey 1.00 1.00
. 757.62 63.02
125°C 1A 16100.00 hpye 0.81 0.96
R 662.37 57.74
BFRP | 250°C \ 4189 14800.00 2504 0.70 0.88
. 514.28 51.89
325°C 6o 13000.00 2551 0.55 0.79
R 122.28 30.73
375°C 13393 7910.00 L acs 0.13 0.47
R 1572.07 119.08
23°C L 5978 17000.00 400 1.00 1.00
R 1438.33 109.76
125°C L saaR 16700.00 616 0.91 0.92
250°C 1152.30 14000.00 100.56 0.73 0.84
+57.44 +5.69
CERP 700.02 81.10
325°C 7658 9500.00 + (35 0.45 0.68
R 454.41 56.23
375°C i 11500.00 2303 0.29 0.47
R 164.27 43.81
450°C Ry 4800.00 4904 0.10 0.37

fui-r; ultimate tensile strength, ey.¢ strain at ultimate tensile strength, E; :tensile chord
modulus of elasticity
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Figure 4.2: Typical stress-strain curves of GFRP bars at different temperatures
1000
900 s
800 ' .1 :
& 700 #% \ i
E AR TR
Z 600 .’-9’ e \\ sessss BFRP-23C
= ;
g s00 e > — > BFRP-125C
b R® s ~/
@ 400 e ~-e — . = BFRP-250C
" - &
§ 300 /o-/"," = == .®BFRP-325C
- Ir" L
200 'ar.” P BFRP-375C
100 "
—»
0
o} 0.5 1 1.5 2 2.5
Strain, %
Figure 4.3: Typical stress-strain curves of BFRP bars at different temperatures
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Figure 4.4: Typical stress-strain curves of CFRP bars at different temperatures

The stress-strain relationship of the different FRP bars was almost linear up to

failure for temperatures in the range from 23°C up to 325°C yet became non-linear at
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higher temperatures due to the loss of bonds between fibers resulting from the
damage of epoxy resin. The tensile stiffness and elastic modulus were reduced
significantly especially prior to failure because the stress distribution among the
fibers become non-uniform prior to failure; Fig. 4.5 shows the condition of the fibers
upon heating to high temperature.

Table 4.1 indicates that the average tensile strengths of three specimens of
GFRP, BFRP and CFRP bars at ambient temperatures were 816.5, 940 and
1572MPa, respectively. Their corresponding modulus of elasticity values were 47.14,
65.58, and 119.08 GPa, respectively. After exposure to high temperatures, FRP
suffered reductions in their tensile strength proportional to the exposure temperature.
The critical temperature which caused a significant degradation in the tensile strength
of FRP bars in the range of 45 to 55% was 325°C. At this critical temperature, the
different FRP bars suffered 21~32% loss in their elastic moduli. A higher rate of
strength and elastic modulus loss was noticed at 450°C when the GFRP and BFRP
bars melted hence lost their tensile strength capacity totally whereas the CFRP bars
retained 10% and 37% of their tensile strength and elastic modulus, respectively.

Upon exposure to (125°C, 250°C, 325°C and 375°C), GFRP, BFRP and CFRP
bars lost (14%, 32%, 44% and 91%), (19%, 30%, 46% and 87%) and (9%, 27%,
55% , 71%) of their ambient temperature strength, respectively. See Table 4.1.

The longitudinal elastic modulus of FRP is governed by the properties of the
fibers hence reduction in elastic modulus with temperature was smaller than that of
tensile strength. The residual elastic modulus of GFRP, BFRP and CFRP bars after
exposure to (125°C, 250°C, 325°C and 375°C) was (95%, 87%, 79% and 52%),
(96%, 88%, 79% and 53%), (92%, 84%, 68%, and 47% ) of their ambient

temperature elastic modulus, respectively.
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It was observed that fracture failure of FRP bars exposed to lower elevated
temperatures (250°C and below) happened suddenly within the specimen’s middle
length while those heated to 325°C and greater showed some repeated minor load
drops before failure, hence tests were terminated before bars separation happened;
see Fig. 4.5. Consequently, small differences between triplicate readings were
noticed at temperatures below 325°C whereas significant differences were noticed at
higher exposure temperature because of the decomposition of the matrix polymer

which affected the bonds between the fibers hence the bar's mechanical properties.

Figure 4.5: Failure of heated FRP bar in tensile testing

The experimental results were used to assess the accuracy of the available
analytical models such as the Nadjai's and Wang's models (Nadjai et al., 2005 and
Wang et al., 2011). As shown in Figs. 4.6 and 4.7, Nadjai's model tended to
overestimate the predicted reductions in tensile strength and elastic modulus of
GFRP and BFRP bars yet showed a good agreement with those of CFRP bars. On the
other hand, Wang's model tended to overestimate the reductions in tensile strength of
FRP bars at temperatures below 325°C yet significantly underestimated those

reductions especially at higher temperatures than 325°C. The reduction in tensile
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strength and elastic modulus of FRP bars is almost linear from ambient temperature

up to 325°C.
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Figure 4.6: Residual tensile strength for FRP bars under elevated temperatures
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Figure 4.7: Residual elastic modulus for FRP bars under elevated temperatures
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4.3.2 Characteristics of steel bars at different temperature exposures

Tensile tests were carried out on steel specimens before and after exposure to
different high temperatures such as 125°C, 250°C, 325°C, 375°C & 450°C. The
stress-strain data of steel bars before and after exposure to the different high
temperatures is illustrated in Fig. 4.8 with the recorded characteristics summarized in
Table 4.2; the stress-strain diagrams and corresponding characteristics for triplicate
bars are reported in Fig. A-4 and Table A-4 of Appendix A.

The results in Table 4.2 show that the average yield and ultimate strengths of
steel bars at ambient temperature were 571.5 MPa and 638.3 MPa, respectively,
whereas its measured average elastic modulus was 228.3 GPa. Exposure of steel bars
to high temperatures up to 450°C had a minor effect on their mechanical properties
as compared to that of FRP bars.

Steel bars preserved high portions of their yield strength and elastic modulus
upon exposure to high temperatures from 125°C to 375°C. Upon exposure to 450°C,
the yield strength and the elastic modulus lost 5.3% and 7.7% of their corresponding
room values, respectively. The elongation of steel bars at failure increased by 11%
after heating the steel bars to 125°C, then steadily decreased reaching 97.8% at
450°C.

The normalized yield tensile strength and normalized elastic modulus of steel
bars were compared with reduction factors presented in Section 3.2.3 of Eurocode 4-
Part 1.2 (EN 1994-1-2, 2005), as shown in Figures 4.9 and 4.10. As shown, the
Eurocode equations assume that the yield strength is not affected by temperature of
less than 300°C, disagreeing with the experimental results. Furthermore, the
Eurocode equations tend to overestimate the reduction in the yield strength at

temperatures greater than 300°C compared with the experimental results. According
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to Eurocode equations, the elastic modulus is not affected by temperature less than

100°C whereas reductions in the range of 13% to 60% is predicted with heating from

200 °C to 500°C, respectively. Eurocode equations tend to overestimate the

reduction in elastic modulus at temperatures greater than 150°C compared with the

experimental results.

Table 4.2: Steel bars-tensile tests results (mean =+ standard deviation)

€r for for Est ErRT
Lok B[ ’ ’
Temp. Eult % / / / /
MPa MPa mm/mm GPa fy23C Sfuazec Esozec | Er2zec
o 571.46 | 638.24 10.54 | 228.3+ o o o o
23°C | | 2020 | +20.98 84800 | | 083 | 18.93 100.0% | 100.0% | 100.0% | 100.0%
o 513.01 | 598.70 11.72 | 203.9+ 0 o 0 o
125°C 15134 | +34.04 97300 v112 | 1175 89.8% | 93.8% | 89.3% | 111.2%
o 52490 | 619.74 11.16 | 207.74 0 o 0 o
250°C | 3494 | 2263 93400 | 055 | =509 91.9% | 97.1% | 91.0% | 105.9%
o 547.32 | 628.26 10.97 | 209.21 o o o o
325°C | | 2753 | +17.09 92300 | _ 138 | =304 95.8% | 98.4% | 91.6% | 104.1%
o 554.37 | 638.97 10.72 | 213.14 0 0 0 o
375°C 12674 | +2815 90700 1060 | 177 97.0% | 100.1% | 93.3% | 101.7%
o 541.12 | 622.45 10.30 | 210.72 o N o o
BOCT 1705 | 2961 | 89400 | Lo55 | oy | 2477 | 975% | 923% | 97.8%
fy: yield strength, fi: ultimate tensile strength, gu: strain at ultimate tensile strength,
er: elongation at rupture, Es: modulus of elasticity
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Figure 4.8: Typical stress-strain curves of steel bars at different temperatures
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4.4 Residual mechanical properties of concrete

4.4.1 Compressive strength

Concrete compressive strength test was carried out on twelve concrete cylinders

(®100%x200 mm) and eighteen concrete cubes (100x100%x100 mm), before and after

exposure to a high temperature of 500°C for 90 minutes. Compressive stress-strain

diagrams of the tested cylinders were obtained and illustrated in Fig. 4.11 while the

average readings were summarized in Table 4.3. Readings and curves for triplicate

concrete cylinders are presented in Table A-5 and Fig. A-5, respectively, of Appendix

A.

According to Eurocode 2 (EN 1992-1-2, 2004), the reduced concrete compressive

strength after heating to 500°C is approximately 60.5% of its unheated value (Refer to
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eq 2-15), which is close to that of Zhang et al., (2002) at 65%. In the present work,
the experimental average cylinder compressive strength (fc') was found to be 34.0
MPa before exposure to heating but was reduced to 25.2 MPa after heating to 500°C
at a residual value of 74%. The corresponding average cube compressive strength (fc,)
was 41.0 MPa as compared to 31.3 MPa after heating. The corresponding average
strain at ultimate stress increased from 0.00260 before heating to 0.006489 after

heating; readings for each specimens are reported in Table A.5, of Appendix A.
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Fig. 4.11: Compressive stress versus strain for concrete before and after exposure to
500°C

4.4.2 Splitting tensile strength

Splitting tensile strength test were carried out on six concrete cylinders
(®100X200mm) before and after exposure to high temperature of 500°C for 90
minutes. Average readings of the tested cylinders were obtained and presented in
Table 4.3 while readings of individual specimens were summarized in Table A-5,
Appendix A.

According to Eurocode 2 (EN 1992-1-2, 2004), the theoretical residual splitting
tensile strength of concrete after exposure to 500°C is 20% as compared to 35% and
45% calculated by Zhang et al., (2002), and Noumowe et al., (1996), respectively.
The experimental average splitting tensile strength was 3.265 MPa before as

compared to 1.706 MPa after heating with a residual value of 52%.
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Table 4.3: Compressive and tensile strength of concrete at 23°C and 500°C (Mean +
standard deviation)

Temp. Pc (kN) f' (MPa) e % Pr (kN) fsp (MPa)

23°C | 266.9+12.34 | 33.98+1.57 | 0.2635+0.0233 | 102.58 +£22.34 | 3.265+0.71

500°C | 198.2+21.70 | 25.24+£2.76 | 0.6489 +0.0451 | 53.60 £ 8.65 1.706 + 0.27

Pc: maximum measured compression load, f.'": concrete cylinder compressive strength at 28
days, e.: Strain at f¢', Pr: maximum measured tensile load, f: splitting tensile strength.

4.5 Bond strength test results
4.5.1 Bond between FRP/steel bars and concrete at ambient temperature

Results of bond versus slip of triplicate FRP bars were obtained and presented in
Figs. A.6- A.9, Appendix A. Accordingly, typical bond slip curves representing
different specimens and exposure temperatures were prepared to study the bond
performance of each type of FRP bars with concrete under various exposure
temperatures. Fig. 4.12 demonstrates bond versus slip between concrete and GFRP,
BFRP, CFRP and steel bars for pullout specimens maintained at ambient temperature
before testing. As shown, the bond slip curves consist mainly of three portions; linear
followed by nonlinear portion; representing the ascending part of the curve then
irregular descending portion of the curve which showed non-linear softening behavior
reflecting the degradation of the bond.

The behavior obtained in Fig. 4.12 is in agreement with previous research which
concluded that the bond strength between reinforcing bars and concrete is influenced
by the bar's surface characteristics, elastic modulus; the surface of all FRP bars were
damaged when observed after the pullout testing.

As expected the steel bars attained the highest bond with concrete at 11.31 MPa
followed, in sequence, by CFRP, BFRP, and GFRP at 8.338, 2.628 and 2.014 MPa,
respectively. On the other hand, the CFRP bars showed the highest bond stiffness yet
the lowest slip at failure among other FRP bars due to better surface compared with

the GFRP and BFRP bars.
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Figure 4.12: Typical bond-slip curves of FRP and steel bars at ambient temperature

4.5.2 Post-heating bond behaviour between FRP/steel bars and concrete
4.5.2(a) Introduction
Since FRP bars have high transverse coefficient of thermal expansion as compared
to concrete, hence the surrounding concrete would be bursted at a relatively low
exposure temperature; reducing bond strength between the bars and concrete. The
reduction in bond is aggravated further due to the undesirable change in the
mechanical properties of the surface polymer resin upon heating. Accordingly, two
types of failure modes were noticed. The first was represented in pullout of the bar
due to concrete splitting with radial cracking along the embedded length of the bar.
When the bond strength is lower than the splitting tensile strength of concrete, pullout
of the bars occurs due to the abrasion of the exterior surface of the bars that is rather
weak. The first mode is expected to be predominant in pullout specimens subjected to
temperatures lower than the glass transition temperature (Tg) of the FRP bar; whereas

the second is most probably to happen in specimens subjected to temperatures higher
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than the glass transition temperature (Tg) (Lubloy et al., 2005; Galati et al., 2006; Rafi

et al., 2007; Bai et al., 2007b; Bellakehal et al., 2014).

4.5.2(b) Bond stress versus slip relationship

The above discussion explained the clear degradation in the bond characteristics
of FRP bars upon exposure to varying exposure temperatures. Fig. 4.13 through Fig.
4.16 demonstrate that the change in the drawn bond stress versus slip curves was
affected by both the type of the bar and exposure temperature. In general the curves of
the bond stress versus slip pertaining to GFRP and BFRP experience limited linearity
with noticeable softening at temperatures greater than 23°C. The slope of the
ascending portion of the bond stress versus strain curves was reduced by exposure
temperature, accompanied with reduction in maximum bond stress. As was expected,
the CFRP and steel bars maintained high bond with concrete up to 250°C and 325°C,
respectively, beyond which the corresponding bond stress versus slip curves tend to

show noticeable softening, as shown in Fig 4.16.
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Figure 4.13: Typical bond stress-slip curves of pullout specimens with GFRP bars
subjected to different temperatures
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Figure 4.14: Typical bond stress-slip curves of pullout specimens with BFRP bars
subjected to different temperatures
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Figure 4.15: Typical bond stress-slip curves of pullout specimens with CFRP bars
subjected to different temperatures
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Figure 4.16: Typical bond stress- slip curves of pullout specimens with steel bars
subjected to different temperatures
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4.5.2(c) Characteristics of bond stress versus slip curves

The bond characteristics of the different pullout specimens are summarized in
Table 4.4; representing the average of three specimens while the bond characteristics
of all triplicate pullout specimens were summarized in Tables A-6 through A-9, of
Appendix A. As indicated earlier, the different characteristics were affected by both
the type of reinforcement bar as well as the exposure temperature.

Among the FRP bars pullout specimens, the CFRP ones showed the highest
residual bond strengths with concrete when exposed to temperatures of (125, 250 and
325°C) at values of (84%, 56.4% and 18.5%) followed by those of BFRP and GFRP
at (78.2%, 39.1%, 21.1) and (72.6%, 49.8%, 20.8), respectively. The corresponding
slip values at maximum bond stress were the highest for pullout specimens with
CFRP bars followed, in sequence, by BFRP and GFRP at (3.028, 2.224, and 1.607
mm), (2.158, 1.962, and 0.909 mm), and (2.060, 1.892, and 1.048 mm), respectively.

As expected, the steel bars showed the best performance among all bars and
sustained higher temperature exposures while maintaining satisfactory bond. The
residual bond strengths of pullout specimens with steel bars were (94.5%, 80%,
72.8% and 69.2%) at exposure temperatures of (125, 250, 325 and 375°C),
respectively. The corresponding slip at maximum stress showed close values to those
of the CFRP bars with values of (2.74, 2.28, 1.93 and 2.62 mm), respectively. The slip
values of steel bars were lower than those of GFRP and BFRP at the same load level

due to stronger bond behavior of specimens with steel bars.

4.5.2(d) Bond stress versus slip relationship of FRP bars with end cap
anchorage
Figures 4.13 through 4.15 show that the use of end cap to anchor different FRP

bars had contributed towards improving the bond characteristics substantially. The
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curves show linear behaviour without a softening pattern up till failure contrary to the
case without end cap anchorage. This suggests that the applied anchorage technique

was very effective in promoting bond strength.

Table 4.4: Characteristics of bond stress versus strain curves for pullout specimens
with different bars and exposure temperatures

Bar Type Temp. Fu SAF BE UBS | SABS | RUBS/UBS
°C kN mm mm MPa mm
23 6.328 | 4.022 | 1.282 | 2.014 | 2.740 100%
125 4593 | 3.038 | 0.977 | 1.462 | 2.060 72.6%
GFRP 250 3.150 | 2.627 | 0.735 | 1.003 | 1.892 49.8%
325 1.316 | 1.384 | 0.336 | 0.419 | 1.048 20.8%
23+EC 21.055 | 6.753 | 4.265 | 6.702 | 2.488 332%
325+EC 15.654 | 6.438 | 3.997 | 4983 | 2.441 247%
23 8.256 | 3.635 | 1.197 | 2.628 | 2.438 100%
125 6.453 | 3.136 | 0.978 | 2.054 | 2.158 78.2%
BFRP 250 3227 | 2.496 | 0.534 | 1.027 | 1.962 39.1%
325 1.741 1.319 | 0.320 | 0.554 | 0.999 21.1%
23+EC 27.062 | 6.332 | 3.924 | 8.614 | 2.407 328%
325+EC 21.016 | 7.472 | 3.868 | 6.690 | 3.605 255%
23 26.198 | 5380 | 2.101 | 8.339 | 3.279 100%
125 22.007 | 4943 | 1.915 | 7.005 | 3.028 84%
250 14.765 | 3.626 | 1.402 | 4.700 | 2.224 56.4%
CFRP 325 4.844 | 2.177 | 0.570 | 1.542 | 1.607 18.5%
375 2719 | 2.729 | 0.462 | 0.865 | 2.267 10.4%
23+EC 28.079 | 6.056 | 2.252 | 8.938 | 3.805 107.2%
325+EC 21.830 | 4.513 | 2.570 | 6.949 | 1.943 83.3%
23 35.54 4.45 0.99 | 11.31 2.85 100%
125 33.59 3.79 1.05 | 10.69 | 2.74 94.5%
Steel 250 28.45 3.16 0.87 9.06 2.28 80.0%
325 25.87 2.71 0.79 8.24 1.93 72.8%
375 24.59 3.35 0.73 7.83 2.62 69.2%

F,: maximum measured force, SAF: stroke at maximum force, BE: bar elongation, UBS: bond
strength, SABS: slip at maximum bond strength, RUBS: residual ultimate bond strength, EC:
end cap
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4.5.2(e) Characteristics of bond stress versus slip curves for FRP bars with end
cap anchorage

The bond characteristics provided in Table 4.4 show that the benefit from using
end cap anchorage was the highest in pullout specimens with GFRP followed by
BFRP and CFRP. Upon the use of end cap anchorage, the corresponding residual
bond strengths at (23°C and 325°C) were (332% and 247%), (328% and 255%) and
(107%, 83%), respectively. The slip at maximum stress showed limited changes at
room temperature upon the use of the end caps yet was significantly increased when
anchorage was applied to pullout specimens heated to 325°C. Upon the use of end cap
anchorage, the percentage increase in slip at maximum stress for heated pullout

specimens with GFRP, BFRP and CFRP were (133%, 260% and 21%), respectively.

4.5.3 Failure modes of pull-out specimens

The pullout specimens with GFRP and BFRP failed due to the damage and
shearing-off of the surface matrix layer from the core of the slipped bars as shown in
Fig 4.17a. After breaking the pullout specimens, the residue of the rebar’s surface
polymers was seen on the concrete whereas no residue of concrete was seen on the
bar’s surface. The pullout specimens, tested after exposure to 325°C, showed a high
slip value at a low load level indicating that the bond between the FRP bars and
concrete was almost damaged whereas the pullout specimens with GFRP and BFRP,
which were heated to 375°C, were totally damaged, hence were not tested.

Pullout failure of unheated specimens with CFRP bars was accompanied by cone
failure as shown in Fig. 4.17b. Upon heating, the sand-coating layer of the carbon bar
peeled off when the shear strength at the interface between the coating layer and bar
core was less than the shear strength of the concrete cover, causing a damage in the

bond between the carbon bars and the surrounding concrete.
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A sudden splitting concrete failure was noticed in the pullout specimens with steel
bars accompanied with the formation of 2 to 4 splitting cracks along the embedded
length where the steel bar ribs remain un-damaged. This splitting failure occurred
because the bond strength exceeded the splitting tensile strength of the concrete which
was clearer in the case of heated specimens due to effect of high temperatures in
reducing the splitting tensile strength of concrete

After reaching the maximum bond stress for pullout specimens with FRP/steel
bars, the slip continued with gradual reduction in the bond stress whereas a sudden

failure was noticed in the case of specimens with end capped FRP bars.

s A RS

(a) Pullout slip failure mode | (b) Concrete cone failuré mode

(c) Concrete splitting with radial cracks failure mode

Figure 4.17: Different failure modes of pullout tests
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4.6 Flexural Performance of FRP-RC and steel-RC beams

The flexural behavior and the characteristics of load versus mid-span deflection
of concrete beams, reinforced with FRP and steel bars and tested before and after
exposure to 500°C, are discussed in details in the following sections.
4.6.1 Load deflection diagram of RC beams with FRP bars

Due to the linear elastic nature of FRP bars, the experimental load deflection
curves of FRP-RC beams consist mainly of two main linear segments followed by a
nonlinear segment prior to failure as shown in Fig.4.18. The first linear segment
represents the un-cracked concrete section where the behavior of the concrete is still
linear. The second linear segment of the curve starts exactly after the first cracking of
concrete where it transforms from the linearity to non-linearity while the FRP bars
still in linear behavior. At certain point prior to ultimate load, cracked concrete
shows unreasonable nonlinear behavior which reflects on the behavior of the FRP-

RC beams and the nonlinearity become more visible up to failure.
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Fig. 4.18: Typical load-deflection behavior of FRP-RC beams

Below the cracking load, the beam's deflection is related directly to the beam's

gross moment of inertia which depends on the beam's overall cross sectional
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dimensions (width and height) therefore, all beams of similar size and reinforcement
should have similar first linear part of the curve.

Results of load versus mid-span deflection response of triplicate beams with
different FRP bars, with and without end cap anchorage, before and after exposure to
500°C were obtained and presented in Figs. A.10 through A.12, Appendix A.
Accordingly, typical load versus mid-span deflection diagrams representing beams
with different FRP bars at similar exposure conditions were prepared to study and
compare their flexural performance. Fig. 4.19 presents the typical load-deflection
response of GFRP, BFRP, and CFRP reinforced concrete beams with and without end
caps before and after exposure to 500°C.

The experimental load-deflection diagrams of FRP-RC beams without end cap
anchorage showed a relatively high initial deflection value at low level of applied
load, occurred due to expected initial slippage of the FRP bars leading to reduce the
beam's stiffness and increase the deflection. Sudden drops in the applied load,
accompanied with increase in the mid-span deflection, were noticed concurrent with
the initiation of each new crack. These drops in load were more visible in the case of
GFRP and BFRP than CFRP.

Upon exposure to 500°C, the FRP reinforced concrete beams suffered from a
non-linear load-deflection response accompanied with a dramatic increase in mid-
span deflection at low load levels due to the loss of bond between the FRP bars and
the surrounding concrete. The effect of high temperature on the behavior of FRP-RC
beams was much clearer in the GFRP and BFRP-RC beams compared with the
CFRP-RC beams due higher negative effect of temperature on the bond strength of

the GFRP and BFRP bars.
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By using end cap anchorage, the linearity of load-deflection behavior of FRP-
RC beams was improved with higher load capacity and lower number of load drops.
The use of end cap anchorage had prevented the occurrence of initial slippage, hence
increasing the beams stiffness and reducing the expected initial mid-span deflection
especially in the cases of end capped BFRP and CFRP reinforced concrete beams.
Under high temperature exposure, the use of end cap anchorage in the FRP-RC
beams had improved their load-deflection behavior with higher load capacity and

better linearity.

4.6.2 Load deflection diagram of RC beams with steel bars

Typical load-deflection curves of steel-RC beams tested before and after
exposure to 500°C are shown in Fig. 4.20. Load versus mid-span deflection diagrams
of triplicate steel reinforced concrete beams, before and after exposure to 500°C,
were obtained and presented in Figs. A.13, of Appendix A. Characteristics of load-
deflection curves of the steel-RC beams are discussed and compared with that of the

FRP-RC beams in the following section.
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Fig.4.20: Typical load-deflection curve of steel-RC beams before and after exposure
to 500°C
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4.6.3 Characteristics of load deflection diagram of RC beams with different
bars

The characteristics of load versus mid-span deflection of beams with different
bars at different exposure conditions are summarized in Table 4.5; representing the
average of three specimens while the characteristics of all triplicate beams are
presented in Tables A-10 through A-12, of Appendix A. These characteristics,
including ultimate load capacity, stiffness, mid-span deflection and ductility, were
affected by different factors such as type of reinforcement bar, exposure temperature
and usage of end cap anchorage. Discussions are presented in the following sections.
4.6.3(a) Ultimate load capacity

Pullout test results showed that the CFRP bars had the highest bond strength
with concrete compared with that of the other reinforcement types which reflected
positively on their flexural performance. Hence, concrete beams with CFRP bars,
tested at ambient temperature, had the highest ultimate load capacity followed, in
sequence, by beams with steel, BFRP and GFRP bars where the measured ultimate
load capacity of beams with CFRP, steel, BFRP, and GFRP bars was 89.9, 76.1, 38.6
and 32.6 kN, respectively.

The measured ultimate load capacity was improved upon the use of bonded end
caps in BFRP, and GFRP reinforced concrete beams, hence these beams carried
much higher loads than similar beams without end caps whereas no change was
noticed in the case of CFRP beams due to the primary good bond between CFRP
bars and concrete. The measured ultimate load capacity of BFRP, GFRP and CFRP
beams with end caps was 80.2, 58.4, and 89.8 kN, which represent 207.7%, 179%,

and 100% of that of corresponding beams without end caps, respectively.
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Upon exposure to high temperatures, the mechanical properties of FRP bars and
their bond with concrete were deteriorated dramatically, especially in the case of
GFRP and BFRP bars, which reflected negatively on the flexural performance of
concrete beams with FRP bars when exposed to 500°C. The degradation of the
GFRP and BFRP beams’ load capacity was more pronounced than that of the CFRP
beams where the average measured ultimate load capacity of the BFRP, GFRP and
CFRP beams, exposed to 500°C, were reduced to 7.26, 6.85, and 31.9 kN, which
represent 18.8%, 20.9%, and 35.5% of that of the control beams, respectively. Due to
minor effect of heating on the tensile strength of steel bars and bond between steel
bars and concrete, minor reduction of 8.8% in the ultimate load capacity from 76.1 to
69.4 kN was measured upon heating to 500°C.

With the use of the bonded end caps, the performance of the heated FRP beams
was improved noticeably where the ultimate load capacity of the heated BFRP,
GFRP and CFRP beams was increased to 47.3, 27.8, and 60.8 kN, respectively,
which is approximately 122.6%, 85.1%, and 67.6% of that of control beams tested at
ambient temperature without end caps. By comparing the results of heated FRP beam
before and after using end cap anchorage, the ultimate load capacity of the end-
capped BFRP, GFRP, and CFRP was increased very significantly to 652%, 405%,
and 190% of that of heated beams without end caps, respectively. This can be
explained that, at early stage, the bond between heated FRP bars and concrete
exceeded its deteriorated maximum bond strength value, hence the tensile forces
were not transferred between the concrete and reinforcement leading to early failure.
By using steel end caps, the caps started their role in transferring these tensile forces
immediately after losing the bond between the bars and concrete. When the tensile

forces in the bars reached the allowable bond forces capacity of the bonded end caps,
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bond failure happened leading to the failure of the beams. Comparison between load-
deflection diagrams for different cases of concrete beams with similar reinforcement

bars is presented graphically in Fig. 4.21.
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Fig.4.21: Typical load-deflection curves pertaining to different FRP-RC beams
(with and without steel end caps) tested in flexure before and after exposure to 500°C
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4.6.3(b) Stiffness

As mentioned previously, the load deflection curves of FRP-RC beams consist
mainly of two main linear segments followed by a nonlinear segment prior to failure.
The slope of the first linear segment of the load-deflection curve represents the initial
stiffness of the RC beam (k). After cracking, the slope of the second linear portion of
the curve was reduced indicating that the stiffness of the RC beams reduced after
cracking. The initial stiffness, stiffness after cracking and the stiffness reduction
percent after cracking were summarized in Table 4.5; representing the average of
three specimens.

The highest initial stiffness of control FRP beams (without end caps), tested at
ambient temperature, was noticed in CFRP beams followed, in sequence, by BFRP
and GFRP beams at 18147, 13440, and 12543 kN/m which were reduced after first
cracking by 48%, 71% and 65%, to 9260, 3892 and 4370 kN/m, respectively. The
lowest reduction in stiffness after first cracking was found in steel-RC beams with
27% reduction from 15888 kN/m to 11496 kN/m.

Adding steel end caps to the ends of FRP bars had improved the initial stiffness
of the GFRP, BFRP and CFRP RC beams to 28119, 30304 and 32154 kN/m which
represents 224%, 225% and 177% of that of the corresponding control beams,
respectively. The improved initial stiffness of the FRP-RC beams with end was
approximately in the range of 28,000 to 32000 kN/m. However, the CFRP-RC beams
had the highest initial stiffness, they had the lowest increase in stiffness after using
the end caps. However the use of end cap anchorage had improved the initial
stiffness of the GFRP, BFRP and CFRP beam, their stiffness after cracking was

reduced by 80%, 80% and 77%, to 5601, 6011, and 7370 kN.m, respectively.
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Upon exposure to 500°C, all RC beams suffered from degradation in their
stiffness, where the initial stiffness of the heated GFRP, BFRP, CFRP and steel -RC
beams was 4071, 3277, 3851 and 9990 kN.m representing 32.5%, 24.4%, 21.2%, and
62.8% of their control beam's stiffness, respectively. After cracking, they suffered
from 79%, 56%, 46% and 16% reduction in their stiffness to values of 853, 1428,
2087 and 8247 kN.m, respectively.

Effect of using steel end caps on the stiffness of the heated FRP-RC bars was
highly clear in both GFRP and BFRP-RC beams with smaller effect on the CFRP-RC
beams. Using end cap anchorage had increased the stiffness of the heated GFRP,
BFRP, and CFRP RC beams from 32.5% to 58%, 24.4% to 53%, and 21.2% to 26%
of their control beam's stiffness, respectively. After cracking, the stiffness of the
heated GFRP, BFRP, and CFRP beams with end cap anchorage had decreased from
7270 to 2056, 7134 to 3613, 4678 to 2665 kN/m, representing reduction percentages

of 72%, 49% and 43%, respectively.

4.6.3(c) Mid-span deflection at ultimate load

According to the load-deflection curves presented in Fig. 4.20 and their
characteristics summarized in Table 4.5, the FRP reinforced concrete beams showed
larger mid-span deflections than that of the steel reinforced concrete beams at same
load level due to the lower modulus of elasticity and bond strength of the FRP bars
compared with that of the steel bars. The mid-span deflections of the GFRP, BFRP,
CFRP and steel reinforced concrete beams, measured at ultimate load capacities of
32.64, 38.6, 89.97 and 76.13 kN were 13.28, 11.98, 11.44 and 11.13 mm,
respectively.

The effect of adding steel end caps to the ends of the FRP bars was more

pronounced in beams with GFRP and BFRP bar where both of ultimate load capacity
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and its corresponding mid-span deflection were significantly increased. The mid-
span deflection of the GFRP, BFRP, and CFRP beams was increased by 37.5%,
96.4%, and 37% to reach 18.25, 23.53, and 15.68 mm measured at ultimate load
capacities of 58.4, 80.2 and 89.8 kN, respectively.

Upon exposure to high temperature, the FRP bar’s modulus of elasticity and the
bond between FRP bars and concrete were affected negatively, resulting in reducing
the stiffness of the beams and thus increasing the mid-span deflection at low load
levels. All heated beams failed at small loads simultaneous with large deflections.
Upon exposure to 500°C, mid-span deflection of the GFRP, BFRP, and CFRP beams
was increased by 50.4%, 32.4%, and 43.5% to reach 19.97, 15.86, and 16.42 mm
measured at low load capacities of 6.85, 7.26 and 31.97 kN, respectively.

Adding steel end caps to the ends of FRP bars showed a similar effect on the
flexural performance for both beams tested before and after exposure to 500°C. The
ultimate load capacity of the heated GFRP, BFRP and CFRP-RC beams and its
corresponding mid-span deflection of were increased to (27.79, 47.35 and 60.8 kN)

and (19.8, 20.43 and 24.65 mm), respectively, after using the end cap anchorage.

4.6.3(d) Mid-span deflection at service load (serviceability)

Serviceability is defined as the ability of the structure to be remain useful.
Serviceability includes criteria's such as deflection, cracking width and fire
resistance. Common international codes defined the serviceable deflection limit of
ordinary usage floor beams as L/240. As per Veysey and Bischoff, (2011), FRP-RC
beams satisfy the deflection limit of L/240 at service load levels range between 35 to
45% of the member capacity. Therefore, in the present study, the service load Ps was

taken as 35% of the theoretical member capacity. The mid-span deflections, at
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service load of 35% of theoretical ultimate load of each beam, were measured and
presented in Table 4.5.

Beams with CFRP bars showed a lower serviceable mid-span deflection than
BFRP and GFRP beams due to higher stiffness of CFRP bars than the others. Adding
steel end caps to the ends of the CFRP bars had a negligible effect on the serviceable
mid-span deflection of the CFRP-RC beams whereas significant reductions of 35.3%
and 51.9% was noticed in that of the BFRP and GFRP beams, respectively, upon
using the end cap anchorage. The mid-span deflections at service load of control
GFRP, BFRP, and CFRP-RC beams were 6.55, 6.86, and 2.728 mm, which were
decreased to 4.238, 3.30, and 2.736 mm by adding the end caps, respectively.

Upon exposure to 500°C, the maximum load capacities of GFRP and BFRP-RC
beams were quite significantly decreased to levels lower than the defined service
loads, therefore their serviceable mid-span deflection could not be measured. Adding
steel end caps to the ends of the GFRP and BFRP bars had improved the maximum
load capacities of their heated beams to values greater than the defined service load,
yet decreased their serviceable mid-span deflections to 6.19 and 4.02 mm which
represents 94.5% and 58.6% of their control beam’s deflections, respectively. Upon
exposure to 500°C, the serviceable mid-span deflection of the CFRP beams was
highly increased by 250% to reach 9.51 mm which was decreased to 7.51 mm upon
using steel end caps. Although the CFRP-RC beams showed a stiffer response than
other the FRP-RC beams, the CFRP beams with end caps showed the highest mid-
span deflection at service load, due to the higher defined service load of the CFRP
beams compared with the other FRP beams.

Beams with steel bars, tested before and after exposure to 500°C, showed lower

serviceable mid span deflections than that of the FRP-RC beams due to the higher
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stiffness of the steel RC beams. Upon exposure to 500°C, the measured serviceable
mid-span deflection of the steel-RC beams was increased from 1.587 to 2.73 mm due

to the effect of heating on reducing beam’s stiffness.

4.6.3(e) Ductility

Ductility is the term used to describe the ability of a material to deform plastically
and absorb energy during deformation. Several forms of ductility are available like
curvature, energy ductility, rotational and deformation ductility. In this research the
energy ductility and deformation ductility are reported.

The traditional ductility definition of steel-RC elements is the ratio of post yield
deformation to the yield deformations which can't be applied to FRP-RC elements due
to the linear elasticity of the FRP bars. Energy based approach and overall ductility
factor approach are used to describe the ductility of FRP-RC beam:s.

Energy based approach, defined the ductility index, p, for FRP-RC beams as the
ability to absorb the inelastic energy without losing the load capacity and it can be
calculated according to Eq. 2.1 using the elastic and total absorbed energy, defined by
Naaman and Jeong , (1995) as shown in Chapter 2- Fig.2.1; the total energy is the
total area under the load-deflection curve while the elastic energy is the area of right
triangle formed at failure load with hypotenuse slope equal to weighted average slope
of the two initial straight lines of the load deflection curve. The hypotenuse slope (S)
depends on the selection of P1 and P2 and the slopes S1 and S2. In some cases, it was
difficult to idealize the load-deflection curves into three segments as per the typical
curve presented by Naaman and Jeong, (1995), therefore some errors were expected
in finding the points P1 and P2 and their corresponding slopes S1 and S2.

The overall ductility factor was defined by Mulfti et. al, (1996) as the product of

the strength factor and the deformability factor; where the deformability factor is the
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ratio of ultimate deflection to the deflection when the maximum concrete compressive
strain equal 0.001 while the strength factor is the ratio of the ultimate moment to the
moment when the maximum concrete compressive strain equal 0.001.

Mufti et. al, (1996) considered the concrete compressive strain of 0.001 as the
strain at which the inelastic deformation of concrete starts. Service strain limit of
0.001 is accepted for intact concrete, while the strain value at which heat-damaged
concrete starts its inelastic deformation is much higher than 0.001. The applied load
corresponded to 0.001 concrete compressive strain was found experimentally to be
40-50% of the theoretical ultimate load capacity of unheated beams while the concrete
compressive strain of heated beams corresponds to 40-50% of its theoretical ultimate
load capacity was found in the range of 0.0016 to 0.0026. An average strain value of
0.0021 was used instead of 0.001 as strain limit in the case of the heated beams.
Overall ductility factors are given by Eq. 2-3 for the control beams and Eq. 4-1 for the

heated beams

P e Ault Mult.
Modified Overall Ductility Factor of Heated Beams = X (4.1

€c=0.0021 €c=0.0021

The results of the two methods were summarized in Table 4.5; representing the
average of three specimens, while ductility results of all triplicate beams were
presented in Tables A-15 through A-18, Appendix A. The two methods are widely
different where the ductility indices computed using the energy methods were much
lower than the overall ductility factors calculated using Mufti's method.

Minimum ductility index value of 4 is considered enough to have ductile failure
mode as per Canadian Highways Bridge Design Code, while the New Zealand
standards (NZS3101:2006) defined the perfect ductile failure mode occurred when a
ductility index of more than 6 is obtained. Lower ductility means brittle performance

at failure (sudden failure).
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Energy method showed that the ductility indices for all FRP-RC beams tested at
normal temperature were less than the lower limit of ductility (minimum 4) indicating
that these FRP-RC beams failed in non-ductile mode. The GFRP -RC beams failed in
a more ductile mode than the other FRP-RC beams where ductility indices of the
GFRP, BFRP and CFRP-RC beams were 2.43, 1.954, and 1.291, respectively.
Although the CFRP-RC beams have the lowest ductility index, they showed the
highest absorbed total energy up to failure among the FRP beams where the average
total absorbed energy for the GFRP, BFRP and CFRP-RC beams were 286, 280, and
610 kN.mm, respectively.

Adding end caps to the ends of FRP bars has improved significantly both the
ductility indices and absorbed total energies of the GFRP, BFRP and CFRP beams to
(3.01, 2.781 and 1.886) and (711.7, 1266.5 and 955.7 kN.mm), which represents
(124%, 142%, and 146%) and (249%, 453%, and 157%) of that of the control beams,
respectively. However the highest effect of using end caps on ductility index was
noticed in CFRP-RC beams, they showed the lowest change in total absorbed energy.

Generally, upon exposure to high temperature, concrete suffers from a decrease in
compressive strength accompanying with an increase in ductility, therefore a
significant effect of high temperature on the ductility of FRP-RC beams was noticed.
Upon exposure to 500°C, the ductility indices of the GFRP and BFRP were increased
by 94% and 79% to reach 4.708 and 3.489, respectively, while a slight change from
1.291 to 1.265 was noticed in the case of the CFRP beams. Due to the major reduction
in the load capacity of heated FRP beams, the total absorbed energy of the GFRP,
BFRP and CFRP-RC beams had dropped to 90.8, 84.7, and 312.3 kN.mm,
respectively, which represents 32%, 30%, and 51% of that of the control FRP-RC

beams, respectively.
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Using end caps in heated FRP-RC beams had improved their ultimate load
capacity which in turn had increased the total absorbed energy, yet reduced their
ductility indices due to the change of failure mode into sudden combined bond slip-
shear failure. Upon using steel end caps, the ductility index of the heated GFRP,
BFRP and CFRP beams were reduced to 1.558, 1.547 and 1.282 which represent
64%, 79% and 99% of that of the control FRP-RC beams while the total absorbed
energies were increased by 17%, 115%, and 41% to reach 334.0, 602, and 859.3
kN.mm, respectively.

Based on energy method, the total absorbed energy of steel-RC beams was
increased from 625.5 to 632.5 kN.mm upon exposure to 500°C due to the significant
increase in mid-span deflection accompanied by small reduction in load capacity after
heating which indicated that the behavior of the steel-RC beams is more ductile than
that of the FRP-RC beams.

The overall ductility factor is more reasonable than the ductility index because it
considered both the effect of load and deformation at ultimate condition. Also, the
effect of using steel end caps on the ductility of FRP-RC beams were clearer in
overall factor method than in energy method. The overall ductility factor method has
confirmed the improvement of ductility of FRP-RC beams after using the steel end
caps where the overall ductility factor of the control GFRP, BFRP and CFRP-RC
beams was increased from (3.14, 3.01 and 8.99) to (8.91, 8.13 and 9.28) upon adding
the end caps, respectively.

The overall ductility factor of the heated GFRP and BFRP-RC beams could not be
calculated because the measured strain of concrete at failure was less than the defined
strain limit of 0.0021 whereas that of the CFRP-RC beams was reduced by 65% from

8.99 to 3.17 upon heating to 500°C.
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Contrary to the energy method, a significant improvement was noticed in the
overall ductility factor of the heated GFRP and BFRP-RC beams upon using the steel
end caps where the overall ductility factors increased to 201% and 290% of that of the
control beams at 6.30 and 8.72, respectively. Upon using steel caps, the overall
ductility factor of the heated CFRP-RC beams was increased from 3.17 to 7.96 which
represents 89% of that of the normal temperature CFRP-RC beams without end caps.

Ductility indices of steel-RC beams, calculated according to the traditional
displacement ductility method before and after exposure to 500°C, were 1.897 and
1.713, respectively, which are lower than 4, minimum limit of ductile behavior as per
Canadian Highways Bridge Design code, which means that these steel-RC beams
lacked the adequate ductility to resist larger displacement although these steel-RC
beams have better ductility than FRP-RC beams. The ductility indices of both FRP

and steel -RC beams can't be compared due to different methods of calculations.

4.6.4 Modes of failure, strains and cracking patterns

Tensile forces are transferred from the concrete to the rebar upon first cracking,
which initiates in locations of higher tensile stress than concrete tensile strength,
followed by a formation of additional cracks in other locations due to continues
increase of stresses up to failure.

The Control beams with GFRP and BFRP bars failed due the breakdown of bond
between FRP bars and concrete while the CFRP beams failed by shear. Upon bonding
the ends of FRP bars with steel caps, the GFRP beams failed by concrete crushing
while the BFRP and CFRP-RC beams failed in shear, at higher load capacities, due to
the high concentration of concrete shear stresses at locations of loaded end caps which

led to shear failure at the beam's ends.

132



When exposed to 500°C, all FRP beams failed at low load levels due to loss of
bonds between the FRP bars and the surrounding concrete. Upon using steel end
anchorage in heated FRP beams, load capacity was increased to higher levels
followed by a sudden breakdown of bonds between bars and concrete in the case of
the GFRP beams while a combined bond-shear failure was noticed in the BFRP and
CFRP beams.

The steel-RC beams, before and after exposure to 500°C, suffered from steel bar’s
yielding before failing by concrete crushing.

The observed experimental failure modes are summarized in the Table 4.6 while
detailed cracking patterns and failure modes for all beams are presented in the

following sections.

Table 4.6: Observed modes of failure

Observed Failure Mode
Temp End Cap
GFRP BFRP CFRP Steel
N.T. Without B.S B.S S S.Y
N.T. With C.C S S N.A.
H.T. Without B.S B.S B.S. S.YY
H.T. With B.S B.S+S B.S+S N.A.

B.S, bond slip, C.C, concrete crushing, S, shear, S.Y, Steel yielding followed by concrete
crushing, N.T., normal temperature, H.T, high temperature, N.A., not available

Typical curves of the applied loads versus strains of concrete and FRP bars were
illustrated graphically in Figs 4.22 whereas all curves of triplicate specimens were
presented in Figs. A.14 through A.17 of Appendix A. Strain readings of concrete and
reinforcement at ultimate load capacities were summarized in Table 4.7, representing
the average of three specimens, whereas results of all triplicate beams were presented

in Table A.14, Appendix-A.
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Table 4.7: Strain readings of concrete and different reinforcing bars at ultimate loads

GFRP BFRP CFRP Steel
Sc 85 8(: 85
Temp |End Cap | & &r & &r € &f
x 10° x 10° |x 10° |x 10°
x 10 |x 10° |x 10° |x 10° |x 10° |x 10°
@lt) |(ult) |(yield) |(yield)
N.T. | Without |1412 |5419 [1707 | 5075 (2740 |7144 [5418 |6910 | 2885 |2996
N.T. With [3346 ({10911 {2689 |10362 |2805 |6702 N.A
H.T. |Without [1075 | 1644 |1443 | 1869 |3255 (2835 [6201 [N.A |3279 |2360
H.T. With |4093 | 6103 [3997 | 7556 4559 |6952 N.A

&, FRP strain at ultimate load, €., concrete strain at ultimate or yield load, &, steel strain at
yield or ultimate load N.T., normal temperature, H.T, high temperature

In control FRP-RC beams, a significant increase in reinforcement tensile strain
was noticed at first cracking followed by an almost linear response up to failure; at
which the measured tensile strain of FRP bars and concrete compressive strain were
less than the FRP bar's ultimate tensile strain and concrete crushing strain,
respectively, which confirmed that bond slip failure happened before reaching either
concrete crushing or FRP rupture.

Adding the end caps to the ends had improved the bond between bars and
concrete; hence improved the linearity of load versus tensile strain curves and
increased the maximum tensile strain at failure. Upon exposure to 500°C, bonds
between FRP bars and concrete were weakened, hence load versus tensile strain
curves of the GFRP and BFRP beams suffered from high nonlinearity which was
improved by adding steel end caps to the ends of the FRP bars. Contrary to the GFRP
and BFRP beams, load-tensile strain relationship of the heated CFRP-RC beams

showed good linear behavior up to failure.
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4.6.4(a) Failure mode and cracking pattern of GFRP beam
a) Control GFRP beams

As shown in Fig.4.23, the first flexural crack of the control GFRP beams initiated
in the maximum tension zone, the middle third of the beam, at average cracking load
of 10.7 kN, which was extended towards the compression zone upon increasing of the
applied load, followed by the formation of two or three new main flexural cracks. A
sudden drop in load was noticed concurrently with the formation of further new
flexural crack. Before reaching the ultimate load, the cracks were widening rapidly
with small increase in load up to failure, which then the cracks width and deflection
increased with no increase in load.

The average measured strain of concrete and reinforcement at ultimate load was
1412x10° and 5419x107, respectively, indicating that a bond slip failure happened
before reaching the concrete crushing strain (3000x107) or the GFRP bars rupture
strain (21500x10°6).

b) GFRP Beams with end caps at normal temperature

With the use of steel end caps, the cracking load was increased by 23.3% to 13.2
kN. With increasing load, the beams with end-capped GFRP bars were initially
cracked in the middle third zone then the crack extended towards the compression
zone accompanied with the formation of a new flexural crack. The two main flexural
cracks extended deeply towards the top compression zone until the occurrence of
concrete crushing failure. Failure mode was purely flexural failure as shown in Fig.
4.24. The average measured strain of concrete and reinforcement at ultimate load was

3346x10° and 10911x10°, respectively, which confirmed that the failure happened
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after exceeding the concrete crushing strain (3000x10°) and before reaching the
GFRP bars rupture strain (21500x10°6).

¢) GFRP beams, exposed to 500°C

When heated to 500°C, the cracking load was dramatically decreased by 86%
where cracking was initially formed in the middle third zone at low load of 1.5 kN,
immediately followed by the formation of two new flexural cracks, located below the
loading points, at approximate load of 3.0 kN. These locations were mainly
considered the weak points at which bond failure starts, refer to Fig. 4.25. A sudden
drop in load was noticed concurrently with the formation of any new flexural crack.
The cracks were widening rapidly with a small increase in load until failure due to the
slip of the GFRP bars from concrete. The average measured strain of concrete and
reinforcement at ultimate load was 1075x10% and 1644x10°%, respectively, which
confirm the bond loss failure mode.

d) GFRP beams with end cap, exposed to 500°C

The use of steel end caps in the GFRP beams exposed to 500°C, had improved the
cracking load from 1.5 to 3.6 kN which represents 33.7% of that of the control GFRP
beam. The first flexural crack initiated in the middle zone. By increasing the applied
load, only two specimens showed additional two flexural cracks at locations below
the loading points, as shown in Fig. 4.26, which were extended more towards the
compression zone until a sudden failure with explosive sound occurred due to the
breakdown of bond between the GFRP bar and the steel end cap. At failure load, the
measured concrete and reinforcement strain was 4093x10° and 6103x107°,
respectively, which confirms that the bond failure took place before reaching the heat-
damaged concrete crushing strain (15000x107) or the heated GFRP bars rupture

strain (14800x10°6).
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Fig. 4.23: Cracking pattern of beams with GFRP bars, without end caps, tested at 23°C

Fig. 4.24: Cracking pattern of beams with GFRP bars, with end caps, tested at 23°C
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Fig. 4.25: Cracking pattern of beams with GFRP bars, without end caps, tested after exposure to 500°C

Fig. 4.26: Cracking pattern of beams with GFRP bars, with end caps, tested after exposure to 500°C
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4.6.4(b) Failure mode and cracking pattern of BFRP beam

a) Control BFRP beams

Fig. 4.27 showed that cracking was initially formed in the middle third of the
beam at average cracking load of 11.94 kN, then extended towards the compression
zone with increasing load. At load of double cracking load, maximum of two
additional flexural cracks were formed below the loading points; the cracks were
widening rapidly with slight increase in load up to failure due to the loss of bond
between the BFRP bars and concrete. Bond loss failure occurred at maximum
concrete and reinforcement strains of 1707x10¢ and 5075x10°6, respectively, which
are less than the concrete crushing strain (3000x10°%) and the BFRP bars rupture

strain (20600x10°6).

b) BFRP Beams with end caps at normal temperature

Adding steel end caps to the ends of the BFRP bars had increased the cracking
load to 14 kN which represent 117.3% of that of the control beams. Similar to the
control beams, vertical flexural crack initiated in the middle third zone followed by
formation of additional vertical cracks in the maximum tension zone with increasing
load. By increasing the applied load, inclined shear cracks were branched from the
existing vertical cracks, located below the loading point, and new inclined cracks
were formed in the nearby zones of the beam which extended towards the
compression zone until a sudden shear failure happened due the high concentration of
shear stresses at locations of the loaded end caps. The measured strain of the concrete
and reinforcement at ultimate load was 2689x10° and 10362x10°, respectively
indicating that failure happened just before reaching the concrete crushing strain
(3000x107°). Adding end caps to the BFRP bars had increased number of cracks and

reduced the visible crack widths as shown in Fig. 4.28.
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¢) BFRP beams, exposed to 500°C

Upon exposure to 500°C, the beams with BFRP bars cracked initially in the
middle third zone at low load of 1.62 kN, as shown in Fig. 4.29, followed by the
formation of additional vertical cracks in the nearby zone which were widening
rapidly with a small increase in load up to failure due to the loss of bond between the
BFRP bars and concrete. At failure load, the measured strains of concrete and
reinforcement were 1443x10° and 1869x10°, respectively, which confirm our

expectation of bond breakdown at low load.

d) BFRP beams with end caps, exposed to 500°C

Cracking load of the heated beams with BFRP bars had increased, upon using end
caps, from 1.62 to 2.71 kN which is 22.7% of that of the control beams. First crack
initiated in the middle third zone followed by the formation of multiple vertical cracks
distributed along the beam which were extended towards the compression zone with
increasing load. Vertical cracks in the high shear zone grew up in the shape of
inclined shear cracks accompanied with the development of new inclined shear cracks
until the breakdown of the end cap bonding resulting in a sudden explosive failure.
The measured strains of concrete and reinforcement at ultimate load was 3997x107°
and 7556x10°, respectively. A combined shear—bond loss failure with increasing
number and reducing widths of cracks was observed in the heated beams with BFRP

end-capped bars as shown in Fig.4.30.
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Fig. 4.28: Cracking pattern of beams with BFRP bars, with end caps, tested at 23°C
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Fig. 4.29: Cracking pattern of beams with BFRP bars, without end caps, tested after
exposure to 500°C

Fig. 4.30: Cracking pattern of beams with BFRP bars, with end caps, tested after
exposure to 500°C
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4.6.4(c) Failure mode and cracking pattern of CFRP beam
a) Control CFRP beams

At average load of 13.7 kN, first crack had appeared in the middle third zone of
the beams with CFRP bars which grew towards the compression zone by increasing
load, followed by the development of new vertical cracks that branched and
propagated deeply towards the top compression zone. At approximately 60% of the
measured maximum load, new inclined shear cracks were developed near the supports
of the beams and extended diagonally towards the top loading points until a sudden
shear failure happened. At failure, number of cracks was higher than that of similar
beams with GFRP and BFRP bars as shown in Fig. 4.31. At ultimate load, the
maximum strains of concrete and reinforcement were 2740x10° and 7144x10°,
respectively, indicating that the shear failure happened just before reaching the

concrete crushing strain (3000x10°°).

b) CFRP beams with end caps at normal temperature

Using steel end caps in the beams with CFRP bars had a slight effect on their
behavior where the cracking load had changed from 13.67 to 13.95 kN. Similar to the
CFRP-RC beams, the vertical cracks had initiated and grown in the middle third of
the beam, as shown in Fig. 4.32. With increasing load, cracks located below the
loading points had been branched to diagonal shear cracks followed by the formation
of new inclined cracks near the supports of the beam. All inclined cracks were grown
diagonally towards the top compression zone by increasing load until a sudden shear
failure occurred at concrete and reinforcement strains of 2805x10°¢ and 6702x10%°,

respectively, just before reaching the concrete crushing strain (3000x10°).
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¢) CFRP beams, exposed to 5S00°C

Similar to the heated beams with BFRP and GFRP bars, the beams with CFRP
bars, exposed to 500°C, were initially cracked at their middle third zone at low load of
1.59 kN, as shown in Fig 4.33. With increasing load, additional vertical cracks were
formed below the loading points, branched and extended towards the compression
zone, then widened rapidly with a small load increase up to failure which then the
cracks width and deflection were increasing quickly without any increase in load due
to the loss of bond between the CFRP bars and concrete. At failure load, strains of
concrete and reinforcement were 3255x10° and 2835x10°%, respectively, indicating
that bond-slip failure had occurred before reaching the heated-concrete crushing strain

(15000%x107) or the heated-CFRP bars rupture strain (9400x107).

d) CFRP beams with end caps, exposed to 500°C

As in the case of the heated beams with BFRP and GFRP bars, adding steel caps
to the ends of CFRP bars in beams exposed to 500°C, had increased the average
cracking load from 1.59 to 2.7 kN. First crack initiated in the middle third zone
followed by the formation of multiple vertical cracks which were distributed along the
beam with more concentration in the middle third zone. With further increase in load,
the vertical flexural cracks located in the maximum tension zone extended vertically
towards the compression zone whereas cracks located in the high shear zone were
branched and grown diagonally followed by the formation of new inclined shear
cracks near to the supports which were expanded towards the loading points until the
breakdown of the end caps bonding resulting in an explosive sudden failure as shown
in Fig. 4.34. The strains of concrete and bars at ultimate load were 4559x10°¢ and
6952x10°%, respectively, indicating that bond breakdown failure happened before

reaching the concrete crushing strain or the CFRP bars rupture strain.
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Fig. 4.31: Cracking pattern of beams with CFRP bars, without end caps, tested at 23°C

Fig. 4.32: Cracking pattern of beams with CFRP bars, with end caps, tested at 23°C
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Fig. 4.33: Cracking pattern of beams with CFRP bars, without end caps, tested after exposure to
500°C

Fig. 4.34: Cracking pattern of beams with CFRP bars, with end caps, tested after exposure to
500°C
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4.6.4(d) Failure mode and cracking pattern of steel-RC beam
a) Control steel-RC beams

The first flexural crack of the beams with steel bars initiated in the middle zone at
average cracking load of 20.67 kN which extended towards the compression zone, by
increasing load, accompanied by the formation of new vertical flexural cracks along
the beam with more concentration in the maximum tension zone (six to eight main
flexural cracks in total). At higher loads, flexural cracks in the maximum tension zone
were branched and grown towards the compression zone while cracks in the high
shear zone were developed with inclined branches that extended diagonally towards
the loading points until occurrence of concrete crushing failure at strain of 5418x10°
with a reinforcement strain of 6910x10°. The strains of concrete and steel measured
at yielding load was 2885x10° and 2996x10°, respectively, then increased up to
failure confirming that concrete crushing happened after steel yielding. As shown in
Fig. 4.35, the total number of cracks in steel-RC beams was higher than that of similar

beams with FRP bars, yet with smaller visible cracks widths.

b) Steel-RC Beams, exposed to 500°C

The cracking pattern of steel-RC beams, tested after exposure to 500°C, was
similar to that of control steel-RC beams but with a lower cracking load of 2.92 kN
which represents 14.1% of that of the control beams. Six to eight main flexural cracks
were formed along the beam extended towards the compression zone with increasing
load. At higher loads, additional inclined shear cracks were formed near the supports,
due to the reduction in concrete shear strength upon heating, and extended diagonally
towards the loading points up to failure as shown in Fig. 4.36. The strains of concrete
and steel measured at yielding load were 3279x10° and 2360x10°%, respectively.

After yielding point, the strain gauges used to measure the reinforcement strain
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stopped giving correct readings and the recorded readings were ignored whereas the

average measured concrete strain at ultimate load was 6201x10.

Fig. 4.35: Cracking pattern of beams with steel bars, tested at 23°C

Fig. 4.36: Cracking pattern of beams with steel bars, tested after exposure to 500°C
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4.7 Summary

In this Chapter, the results of all experimental works performed were presented
and discussed in details. In Section 4.2, the temperature distribution profile for the
RC beams heated to 500°C for four hours was presented. The main reinforcement
bar’s temperature during the heating process was monitored, and the minimum
concrete cover needed to maintain the bar’s temperature below the critical
temperature was determined. The mechanical properties of the different reinforcing
bars, such as ultimate tensile strength, ultimate strain and elastic modulus, tested
before and after exposure to different high temperatures, were presented and
discussed in Section 4.3. In Section 4.4, the different properties of concrete such as
compressive and tensile strengths were presented and the effect of heating to 500°C
on the concrete’s mechanical properties was discussed. The effect of exposure to
different high temperatures on the FRP/steel bars to concrete bond-slip behavior and
their pullout failure modes was presented and discussed in Section 4.5. The effect of
using steel end caps in improving the pre- and post-heating bond between FRP bars
and concrete was presented also in Section 4.5. In Section 4.6, the flexural
performance, cracking patterns and modes of failure of concrete beams with
FRP/steel bars, before and after exposure to 500°C, were presented. The load-
deflection characteristics of the tested beam specimens including the ultimate load
capacity, mid-span deflection, stiffness, serviceability and ductility were discussed in
details. The effect of using steel end caps in improving the pre- and post-heating

flexural performance of FRP-RC beams was quantified.
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CHAPTER FIVE
THEORETICAL STUDY

5.1 Introduction

Different theoretical studies were performed and presented in this chapter including
the empirical prediction of post-heating bond behaviour between FRP bars and
concrete, presented in Section 5.2. The theoretical prediction of the load carrying
capacity, mid-span deflection and cracking load for beams with FRP/steel bars without
and with end anchorage, before and after exposure to 500°C, which is presented in
details in Section 5.3. The comparisons between the theoretical and experimental results

were presented in Section 5.4.

5.2 FRP to concrete bond empirical modelling
Different models were analytically developed to predict the the ascending branch
of the bond stress versus slip diagram; among which was the model proposed by Ciampi
et al., (1982).
Ciampi et al., (1982) provided the following general equation for bond-slip relation

of any reinforcing bars type:

s \B
T(s) = Tmax ( ) (5.1)
Smax
where:
1(s) 1S the local bond stress at local slip (s);
Tmax and smax are the maximum bond stress and its corresponding slip, respectively;

and

B is a parameter derived from curve fitting process.
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Equation (5-1) was applied to the present results after a new parameter (or) that
accounts for the temperature effect was introduced. The modified form of Ciampi’s
equation is written as follows:

T(s) = A1 X Tmax,23oX ($)FT (5.2)

Where:
T(s, 1) 1s the local bond stress of a FRP specimen that was exposed to temperature (T) at
corresponding local slip (s);
Tmax,23° 1S the bond strength of the FRP bar measured at normal temperature (23°C);

(s) is the local slip which must not exceed the expected maximum slip value (Smax,T)
for each exposure temperature T.
The present results were used to develop a new equation for maximum slip value of

FRP specimen exposed to high temperature (T). The equation is given as:

2.287
Smax, T = Smax,23% <1 ~ 106 > (5.3)

ot and Br are parameters that depend on the exposure temperature (T) and given by the

following equations:

ar = AX]0.672 — B — 5.285Tx10™* — 2.983 T?x107°|¢ (5.4)

0.856
By =D [0.507 _ (W) l +F (5.5)

where A, B, C, D, E and F are constants estimated based upon curve fitting process of

each type of FRP bars; The results are summarized in Table 5.1.

Table 5.1: Regression constants for predicting ar and Bt (Eq. 5.4 and Eq. 5.5)

FRP Type A B C D E F
BFRP 1.0 0.0 1.0 1.0 1.0 0.0
GFRP 1.054 0.115 0.656 3.135 3.590 0.169
CFRP 0.564 0.184 0.186 1.047 0.582 0.0
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Based upon Egs. 5.2 through 5.5 and constants of Table 5.1, predictions of the
maximum bond stress were made. A sample calculations for a certain case is explained
in the following section. Results representing different FRP bars and exposure
temperature were then obtained and summarized in Table 5.2, before the data were
graphically presented in Figs. 5.1 through 5.3 along with the triplicate readings obtained
experimentally. More curves were drawn to show the trend behavior of analytical
predictions considering the FRP bar type and exposure temperature as shown in Figs.
5.4 through 5.6.

Comparison between the fit of the present model with the experimental data
revealed a very good fit in terms of the experimental data scattering around the
empirical curve or their trend versus that of the model, Figs. 5.1 through 5.3.
Furthermore, the predictions of the model of post-heating bond strength at various
temperatures for pullout specimens with FRP bars were consistent with the behavior
observed in the laboratory (Figs. 5.4-5.6).

Example:

To find the analytical equation that represent the ascending part of the CFRP bar's
bond-slip curve after exposure to 125°C, parameters A =0.564, B=0.184, C = (.186,
D=1.047, E = 0.582, F=0.0 were used to calculate the variables o and f.

Q15 = 0.564%|0.672 — 0.184 — (5.285 x125X10~%) — (2.983 x1252x1076)|0-186

= 0.4700

0.85670-582
P25 = {1-047X 0.507 — (m) ] }+ 0.0 = 0.5902

Therefore, For CFRP bars @125C  T(s125) = 0.47X Ty 530X ()52

1252.287
108 )

For CFRP bars @125C Smax125 = Smax,23 ¥ <1 -

= 0.9375XSpax 23
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The experimental pullout tests of CFRP bars at 23°C showed that maximum bond
strength Tm 23> was 8.338 MPa at corresponding slip Smax,23° of 3.278 mm.
For CFRP  Spgx125 = 0.9375%3.278 = 3.073 mm
T(s125) = 0.470%8.338%(5)?5992 = 3.919x%(s)?>9°2

T(max125) = 0.470%8.338%(3.073)%°%°2 = 7.6 MPa

Table 5.2: Experimental and analytical FRP’s maximum bond stress and
corresponding slip at different temperatures

FRP Error in Error in
Temp. Texp Sexp Temp Semp .
Type Bond Strength Slip
°C MPa | mm | MPa mm 100% 100%
23 2.014 |2.740| 2.100 | 2.736 4.2% 0.2%
125 1.462 | 2.060 | 1.594 | 2.568 9.0% 24.7%
GFRP
250 1.003 | 1.892 | 0.940 1.904 6.2% 0.7%
325 0.411 | 1.048 | 0.385 1.218 6.3% 16.2%
23 2.628 | 2.438 | 2.642 | 2.435 0.5% 0.1%
125 2.054 | 2.158 | 2.002 | 2.286 2.5% 5.9%
BFRP
250 1.027 | 1.942 | 1.068 1.695 4.0% 12.7%
325 0.554 | 0.999 | 0.495 1.084 10.7% 8.5%
23 8.339 | 3.279 | 9.163 | 3.274 9.9% 0.1%
125 7.005 | 3.028 | 7.604 | 3.074 8.5% 1.5%
CFRP
250 4700 | 2.224 | 5.035 | 2.279 7.1% 2.5%
325 1.542 | 1.607 | 1.564 1.457 1.4% 9.3%
Average Error 5.9% 6.9%

Texp: €Xperimental bond strength, sexp: experimental slip at maximum bond stress,
Temp: €mpirical bond strength, semp: empirical slip at maximum bond stress.

154



D68TE ® Jd4dD (P)

ww ‘dijs
€ ST T ST T S0 0
0
13a0W d3S0dOud D
e#'dsS-DSZE$- - —
- TO0
ctds-oace === ]
STO
T#AdS-DSCE @errvrnn
<o
S0
£0
SE'0
o
St'0
DoSCI @ dYAD (@)
wiw dys
€ ST Z ST 1 50 0
o
1300 Q3SOdoYd 20
~dg- Eo s y
eids-n6TT = 2l wa
oy -
z#ds-nszT 4 214 _—
T#dS-DGTT @ ~==-- B .
P4 u“n\ 80
l\n.-. g 1
- zT
i et
G-t l.?ul. - G
o'
8T

ZMwW/N ‘ssalls puog

AUW/N *ssans puog

saanyerdduwd) JUAIYJIP 0)
pasodxa s1eq JYAD Pm sudwroads jnofnd 103 saamd dijs-puoq jo uontod Surpuddse [eoundwd pue [ejudwddxy :1°¢ 31

D:08T® UAD (9)

ww “dijs

S Z ST T

S0

S'E

1300 A3S0Od0Hd
e#ds-D05z §= - —
zwdsDosz 4——-—
T#'d5-D0G7 @-------

D€ @ ddAD (B)

wuw ‘dis

€ S°Z 4 ST T

S0

13dOW d350dCHd

EHASIET = + =
Zds oee 4---
THOS-DEZ @ecenees

<0

0

90

80

T

S0

—

w
=

S'C

AUW/N ‘552435 puog

JUw/N ‘ssang puog

155



D.STE @ d¥49 (P)
ww ‘dijs

S5°¢ < ST

1300 A350404d
e dS-0G7E P= ¢ =
TH#'ds-057E f——-
T#dS-DGCE @ --vre-

D0ST1 @ dudd (D)

wuw ‘di|s
Sz z ST T 5'0 0]
0
13Q0W g3sodoud
EHdSOSTT §= - — <0
it ds-08¢1T q=——
TH'ASDGET @ecveves T
2 ST
. Z
-
ST

MW /N ‘ssadis puog

MW/N ‘ssau1s puog

sarnmye1ddwd) JUSIJIP

01 Pasodxa s1eq YA yim sudwrdads nofnd 103 saand difs-puoq jo uoniod Surpuoose [eorndwd pue [eyuowddxy :7°¢ "SI

0.08T @ d¥44 (9)

ww ‘dig
5C z ST T 50 0]
{ O
1300 4350d0Nd
e#ds-005¢ 4= - = 0
Lvo]
Zhds-o0sT d==—- . ]
4 gl vo s
T#dS-0057 @------- -of* @
90 m
=
S
820 3
wz
T
2T
Do£T @ ddd4 ()
wiw ‘dijs
52 z ST 1 g0 0
0
1300 A3SO40Hd
EH'ASDET = - — 5'0
ZH#'d5-IE7 4——-—

THASDET @eerenn

n
-
/N §5343 puog

156



D6STE ® dUAD (P)

ww “dyis
S'C z ST = - 0
0
13Q0W d3S0dOYd .
EH'dS-0SZE = + = Ao
c#'ds-0528 4-—— s
T#HUS-ISZE @ .
T
7T
v
9T
¥ - o
z
DeSTI @ YD (@)
ww ‘dis
€ z T .
0
1300 0350d0Hd
T
EHASDGZT 4= + =
Z#'ds-05ZT === z
T#'AS-DGZT @-cvenes g
L4
s
9
L
pae

WW/N ssans puog

JWW/N ‘ssans pucg

D:08T @ dAAD ()

wiw “dis
Sz z 51 I - a
13d0OW @3SOdodd .
2
e4'ds-D05Z 4~ - — =
#
24450057 4--- . 7
. g
T#dS-DOST @evvvren e \k
se .
-w.-.- -
....-... \. tw\\
et s . - I
T o |L..|\s
.-l I"l'l"l'l‘ll
D7 @ 194D ()
ww “dijg
£ z . "
4 0
1300W Q350d04d 2 "
-~
g ds-DEr 4= - — ..\s o
-
Z#'ds-0EZ 4-—-— \.\.. .
T#HUAS-IEZ@=rone ...\\. .
......,nv\ <
.-...“'b 9
e
s |\!\ L
-cu.-u.o-n.l\..-l..\l- .
.'olnnn. =
' 6
ot

WU /N ‘ssauig puog

ZWW/N ‘ssadi5 puog

samjerodwoy

JUQIIIP 01 pasodxd sieq JYA4D M sudwirodads jnofnd 10§ saamd dijs-puoq jo uontod Surpusose [eorndwd pue [ejudwrddxy ¢ 31

157



Bond Stress, N/mm?

o
wu

=
n

[\

[ay
i

(=Y

----- ..
.n'... ) —-"—’
-.‘..- ————’_- ”"'«SFRP-Z?’C-MODEL
;.,--;-—‘ ==$ GFRP-125C-MODEL
- R .
- = - $GFRP-250C-MODEL
[ 3

k____ = GFRP-325C-MODEL

Slip, mm

Figure 5.4: Empirical ascending portion of bond-slip curves for pullout specimens
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5.3 Theoretical prediction of shear and flexural behaviour of concrete beams
with FRP or steel bars

In this part, both shear and flexural capacity of the present beams are estimated
based on ACI, 2006 (ACI 440.1R) for FRP-reinforced concrete beams and ACI, 2005
(ACI 318R) for steel RC beams; considering behavior of concrete in compression,
bond behavior between bars and concrete and mechanical properties of the bars used
as obtained experimentally, prediction from ACI formulae (ACI 440.1R, 2006 and
ACI 318R, 2005) are compared with the experimental results obtained from direct

testing of beams under four-point loading.

5.3.1 Theoretical shear strength of FRP-RC beams
As per ACI440.1R, shear capacity of FRP-RC beam's V, can be calculated from
Vo=V + Vs (5.6)

Where V. is concrete shear capacity and can be evaluated from the following

equations:
V., =§ f.bkd (5.7)
k= J2om) + (om)” - (oym) (59)
py (reinforcement ration) = bA—g (5.9
n= g—]; (5.10)

While Vs is shear resistance of stirrups perpendicular to the member axis can be
calculated as per ACI318-05 code:

A,f,d
V. =
$ S

(5.11)

Where b = concrete section width =130 mm,

d=beam’s effective depth =144 mm,
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A= Area of FRP bars in tension region=157.08 mm?,

kq= cracked transformed section neutral axis depth, mm,

Ec = Concrete modulus of elasticity =4700 \/E ,GPa at ambient temperature,

(Note: at 500°C, Ec=4700 \/E 6 »GPa)

Er= FRP modulus of elasticity, GPa,

S= Stirrups spacing =70 mm and stirrups diameter =6 mm,
f.' = compressive strength of concrete, MPa,

A, = cross-sectional area of each stirrup (2 legs) = 56.55 mm?, and

fy = stirrups yield strength =280 MPa (note: fy at 300-350°C = 0.8fy at 23°C).

5.3.2 Theoretical shear strength of steel-RC beams
According to ACI-318, Steel-RC Beam's total shear capacity Vi, = Vc+ Vs where
concrete shear capacity V. and shear resistance of stirrups Vs can be evaluated from

the following equations

v = % (5.12)
V. = # (5.11)
P
. »m BE

Figure 5.7: Schematic of tested beams loading

For four point loading beams, beam’s shear capacity Pn = 2Vx
The theoretical shear capacities of the concrete beams with different reinforcing

bars were calculated using Egs. 5.6 through 5.11 and summarized in Table 5.3.
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Table 5.3: Theoretical shear capacity of RC beams at different conditions

Reinf. | Exposure f' E. | Efor Es « Ve Vs Vi Pa
n
Type Temp. MPa | GPa GPa kN kN kN kN
CFRP 34 27.4 119 434 | 0.236 | 10.30 | 32.57 |42.87 | 85.74
Ambient
GFRP T 34 274 | 47.14 1.72 | 0.156 | 6.82 32.57 |39.39 | 78.78
emp.
BFRP 2303 34 274 | 65.85 | 2.40 | 0.182 | 7.93 32.57 | 40.50 | 81.00
Steel 34 27.4 200 N.A | N.A |18.19 |32.57 |50.76 | 101.5

CFRP | Exposure | 25.2 | 4.6 80.41 | 17.6 | 0.415 | 15.62 |26.06 | 41.68 | 83.36

GFRP | to 500°C | 25.2 | 4.6 3739 | 8.19 | 0.308 | 11.58 | 26.06 |37.64 | 5.28

BFRP for 90 252 | 4.6 | 51.89 | 114 | 0.351 | 13.21 |26.06 |39.27 | 78.54

Steel minutes | 25.2 | 4.6 200 N.A | NA | 15.66 | 26.06 |48.23 | 96.46

f', concrete compressive strength, Ec, concrete modulus of elasticity, Er, FRP bars’s modulus of
elasticity, Es, steel modulus of elasticity, n, elastic moduli ratio, V., concrete shear capacity, Vs,
stirrup shear capacity, Vi, beam total shear capacity, P,, Load shear capacity, N.A., not available

5.3.3 Theoretical flexural strength of FRP-RC beams according to ACI440.1R

Flexural concrete sections reinforced with FRP is designed or analyzed as over-
reinforced where the failure mode is detected by concrete crushing.

High strength concrete is recommended with high-strength FRP bars as it increases
the stiffness of the concrete cracked section and reduces the overall deformability of
the flexural members (ACI 440.1R, 2006). For this, the upper limit of typical normal
concrete strength should be used. As per ACI codes, upper limit for normal weight
concrete is 41 MPa and 35 Mpa for light weight concrete. Concrete mix design was
proportioned to obtain the required concrete strengths; the experimental tests on
concrete cubes and cylinders showed an average concrete strengths of 42.5 MPa and
34 MPa, respectively. (Refer section 4.4.1)

To minimize the possibility of FRP rupture failure, ACI 2006 (ACI
440.1R).recommended reducing the ultimate tensile strength of the FRP bars by 10%

to 30%. In addition, the material properties of FRP given by manufacturer or obtained
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by direct testing were reduced by environmental reduction factor as per ACI 440.1R
to include the effect of long-term exposure to the environment.

The design tensile strength and strain of FRP were calculated from the following

equations:
fur = Cg fures (5.13)
€uf = Cg Eye—r (5.14)
where

fu-r = design tensile strength of FRP, considering reductions for service
environment, (MPa);
fur* = Ultimate tensile strength of an FRP bar (MPa);

eule-f = design strain of FRP reinforcement at ultimate strength;

eur-f* = Ultimate tensile strain of FRP reinforcement at ultimate strength;

CE = environmental reduction factor, given in Table 7.1 of ACI440.1R, 2006

for various fiber type and exposure conditions; (0.9 for carbon, 0.7 for glass, 0.8

for basalt); and

Er= design modulus of elasticity of FRP, reported by the manufacturer.

The nominal flexural strength of FRP-reinforced concrete section, My, is calculated

using strain compatibility, internal forces equilibrium and the controlling mode of
failure.

ACI440 Code assumptions: Code assumptions were used, as follows:

1. Plain section before loading remains plain after loading, therefore strain in
concrete and reinforcement is proportional to the distance from neutral axis.

2. Maximum usable concrete compressive strain €, to be assumed as 0.003.

3. Tensile strength of concrete is ignored

4. Perfect bond between concrete and FRP reinforcement.
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Additional assumptions: the following two additional assumptions were used.

1. Stress-strain relationship for concrete at normal temperature

Concrete compressive stress fc at any strain level can be evaluated using concrete
stress-strain curve proposed by Hognestad 1955, which consists of two parts, parabolic
shape curve up to peak stress then linear curve from peak stress to 85% of the peak
stress at crushing strain, as shown in Fig. 5.8.

'

", Crushing

Stress
e 0.85fc’
* * -
0.0028 to 0.0045, Y
generally 0.003 Strain

Fig. 5.8: Hognestad’s model for concrete stress-strain relationship

The stress in concrete at room temperature is computed using Hognestad’s equations:

f;(i)<2—i) if e, <&,

EO EO
fe= (5.15)
& — & ,
fe [1 — (0.15><—)] if €o <& <€y
Ecu — o
1.8f,  1.8f/

where ¢, strain at peak stress =

= 5.16
E.  4700f/ (5.16)

2. Stress-strain relationship for concrete at high temperature

Concrete compressive stress f; at any strain level can be evaluated using concrete
stress-strain curve proposed by Eurocode EN1992-1-2:2004, which consists of two
parts, parabolic shape curve up to peak stress then descending linear branch up to

crushing strain, as shown in Fig 5.9.
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Stress
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ot Strain EeuT

Fig. 5.9: Eurocode’s model for concrete stress-strain relationship at high
temperatures

The stress in concrete, exposed to 500°C, is computed using the following
equation where €, = 0.015 and &y, = 0.025 for concrete exposed to 500°C per EN1992

code:

3€c,ch’,T 3Sc,ch’,soo

- fes00 =
€ 3 ) £ T 3
Eor lz + (SZ;) l 0.015 [2 + (ﬁ) ]

fer = (5.17)

In the present study, three types of failure modes were expected including:

1. Concrete crushing failure mode which occurs when the reinforcement ratio

(p¢) 1s higher than balance reinforcement ratio (pv) and the bond between FRP

bars and concrete is good enough to reach the crushing strain of concrete (€cu);

the reinforcement ratio and balance reinforcement ratio can be computed using

Eq. 5.9 and Eq. 5.18, respectively.

f! Efe
py = 0.85p; - ¢ Fau
u

5.18
1t—f Ef€au + fure—f (5.18)

!

f/ — 28
085~ 0.05(~——| for f; >28MPa

where f; = (5.19)

0.85 for f; < 28MPa
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2. FRP bars rupture failure mode which occurs when the reinforcement ratio
(pr) is lower than balance reinforcement ratio (py) and the bond between FRP
bars and concrete is good enough to reach the FRP bar’s ultimate tensile
strength (f,) before reaching the crushing strain of concrete (€cu).

3. Bond failure mode which occurs when the bond stress between FRP bars and
concrete reaches it maximum value before reaching either concrete crushing or
FRP rupture.

Separate procedures for calculations of flexural capacity for each of the three cases

are presented in the following sections.

5.3.3(a) Calculations steps for flexural capacity of beams with FRP bars -
concrete crushing failure case (pf>pb)
1. Calculate FRP bar's tensile stress at time of concrete crushing f; from

Erecy\> 0.85p6,f/Ere Efe
ff =\/( fzcu> +( ﬂlﬁ: f cu> _ fzcu Sfuf (5'20)
Pr

2. Calculate the maximum tensile force in FRP reinforcement (Tm) from
T = Arfy (5.21)

Fig. 5.10 illustrates the strains, stresses and internal forces of FRP-RC rectangular

section:
b fe
I ew 1 0.85f
. a 0.85f:bc
N.A -
pldi VA A D
| . Af " fi At
f

Fig. 5.10: Stresses and internal forces of FRP-RC rectangular section-casel
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3. Calculate nominal moment capacity (Mx) from

0.59
M, =T, d (1 - iff) (5.22)
fe
4. Calculate nominal load capacity (Py), for four point loading beams, from
6M, )
P, = I where L = beam's pure bending span (5.23)

5.3.3(b) Calculations steps for flexural capacity of beams with FRP bars —FRP
rupture failure case (pf<pb)
1. Calculate maximum FRP tensile force (Tm) from
T = Affure—r (5.24)
2. Calculate maximum FRP strain from

fuie-
Eut—f = ”Efff (5.25)

3. Assume that concrete stress is less than its peak. The ACI compression stress block
is not applicable because the maximum concrete strain didn't reach its ultimate
value of 0.003 therefore an approximate stress distribution of concrete using
Hognestad or Eurocode model is used based on the calculated strain value.
Parabolic distribution of concrete compressive stress with maximum value f. is

assumed as shown in Fig. 5.11. (note: parabolic area=2/3 x fc x ¢ )

b iy fe

| | ee 1 T

=L 0.66 f< bc

B e e i e {--- | d-0.4¢

Af f Af
&f

Fig. 5.11: Stresses and internal forces of FRP-RC rectangular section-case2
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4. First trial, assume f. = f.' and calculate compression force (C) from

2
C = 3 fech (5.26)
5. Using internal forces equilibrium, C = Tp, find c

3T,

c=3 b (5.27)
6. Calculate concrete strain (gc) from
C &ule-f
= — 5.28
EC d —C ( )

7. Use Eq. 5.15 proposed by Hognestad. 1955 or Eq. 5.17 proposed by Eurocode to
calculate concrete strain new compressive strength (fc) based on (&¢) calculated in
step # 6.

8. By trial and error, previous steps were repeated using the new (f:) value until
getting the correct (f) value

9. Calculate the correct (c¢) using the maximum FRP tensile force (Tm) and the

correct (f¢) calculated in step # 8 ;

3T,

= 5.27
©=%%b (5.27)
10. Calculate nominal moment capacity (M,) from
M, = T,,(d — 0.4c) (5.29)
11. Calculate nominal load capacity (Pn), for four point loading beams, from
6M,
P, = I (5.23)

5.3.3(¢) Calculations steps for flexural capacity of beam with FRP bars —bond
failure case
1. Calculate the ultimate tensile force (F) based on the maximum bond capacity
The tensile force is transferred to the bars through bar-concrete bond. The bond

stress distributions are not constant along the reinforcement bars so the average mean
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values of the bond will be used to indicate the bond strength between the bars and
concrete. Average bond strength capacity between different FRP and concrete at

normal and high temperature are taken from the present pullout test results.

423 300mMm e luly
P
| I
P/2() L) P
) .

1 1136 1
2 1050 b
1200
425mm 423mm
< 7
7—85 S (400mm>—_I
Z::::i:::‘:'—f L —_——————————=

Fig. 5.12: Critical section for bonding failure

For FRP bar,ultimate bond force (Fig 5.12) = 7 Tppqxdp S
For two FRP hbars ,ultimate bond force(F) = 2XT Tjpq,dp S (5.30)
2. If the maximum bond force capacity (F) is lower than the maximum tensile force
capacity (Tm), calculated using Eq. 5.21 or Eq. 5.24, therefore bond failure
between FRP and concrete is expected before reaching either concrete crushing
or FRP rupture.

3. Calculate maximum FRP strain (er) from

F

& = E (531)

4. Assume that the concrete stress is less than its peak. Parabolic distribution of

concrete compressive stress of maximum value (f) is used as shown in Fig. 5.11.
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First trial, assume f. = f.' and calculate compression force (C) from

2
C = 3 fech (5.26)
5. Using internal forces equilibrium, C =F, find ¢

3F

c=3 b (5.32)
6. Calculate concrete strain (gc) from
o 5.33
Td—¢ (5.33)

7. Use Eq. 5.15 proposed by Hognestad. 1955 or Eq. 5.17 proposed by Eurocode to
calculate concrete strain new compressive strength (fc) based on (&) calculated in
step # 6.

8. By trial and error, repeat previous steps using the new (fc) value until getting the
correct (f) value

9. Calculate the correct (c) using the maximum bond force (F) and the correct (fc)

calculated in step # 8§ ;

_ 5.34
c=3 b (5.34)
10. Calculate nominal moment capacity (M;) from
M, = F(d — 0.4c) (5.35)
11. Calculate nominal load capacity (Pn), for four point loading beams, from
6M,
P, = I (5.23)

Properties of FRP bars before and after exposure to high temperature, summarized
in Table 5.4, were used to calculate the theoretical flexural capacity of the FRP-RC

beams based on the previous calculations steps.
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Table 5.4: FRP properties at 23°C and 325°C

Temp. FRP Type | CE Er fue-£* fute-f Eult-r* Eult-f
MPa MPa MPa
Carbon 0.9 | 119,000 | 1572 1414 0.0167 | 0.01503
23 °C Glass 0.7 | 47,140 816 571 0.0215 | 0.01505
Basalt 0.8 65,850 940 752 0.0206 | 0.01648
Carbon 0.9 80,410 700 630 0.0094 | 0.00846
325°C Glass 0.7 | 37,390 452 316 0.0148 | 0.01036
Basalt 0.8 51,890 510 408 0.0141 | 0.01128

CE, environmental reduction factor, Ef, FRP modulus of elasticity, fu.r* = FRP
ultimate tensile strength, fur.r = design tensile strength of FRP, euf* = FRP ultimate
tensile strain, eurf = FRP design strain, fc’, concrete compressive strength

Detailed calculations for flexural capacity of each beams with different FRP bars
and different exposure temperature were presented in detailed in Appendix B.
Reinforcement ratios based on ACI codes were summarized in Table 5.5 while the
reinforcement’s maximum bond force based on bond strength tests results were
summarized in Table 5.6. A summary of the theoretical flexural capacities of all FRP-
RC beams calculated according to ACI440 (assuming perfect bond up to failure either
concrete crushing or FRP rupture) and a summary of the theoretical predicted flexural
capacities of all FRP-RC beams based on the experimental bond strength results was
presented in Table 5.7.

Design calculations of steel-RC beams at normal and high temperature exposure
were presented in Appendix C, concrete compressive strength of 34 MPa and 25.2

MPa at 23°C and 500°C, respectively, were used in the detailed design calculations.

Table 5.5: Reinforcement ratio for FRP-RC beams

FRP | Temp. | f fule-f Ef

Type | °C | MPa| MPa | MPa pr po | pr/po | EFM
Carbon 34 | 1414.8 | 119,000 | 0.008391 | 0.003324 | 2.525 | S
Glass | 23 | 34 | 5712 | 47,140 | 0.008391 | 0.008104 | 1.035 | CC
Basalt 34 | 752 | 65,850 | 0.008391 | 0.006453 | 1.300 | CC
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Table 5.5: continued

FRP | Temp. | f fule- Er

Type | °C |MPa| MPa | MPa Pt po | pr/po | EFM
Carbon 252 | 630 | 80,410 | 0.008391 | 0.008001 | 1.049 | CC
Glass | 325 | 252 | 316 | 37,390 | 0.008391 | 0.015061 | 0.557 | FR
Basalt 252 | 408 | 51,890 | 0.008391 | 0.012324 | 0.681 | FR

f¢', concrete compressive strength, Er, FRP modulus of elasticity, fu.r = FRP designs
tensile strength, prreinforcement ratio, py balance reinforcement ratio, EFM, expected
failure mode

Table 5.6: Maximum bond forces for FRP-RC beams based on bond strength results

Temp. Tm F kN
FRP Type ; ;
°C kN Without EC With EC

Carbon 130.97 209.5 213.21
Glass 23 88.0 50.62 80.08
Basalt 101.92 66.05 103.92
Carbon 98.96 38.53 72.55
Glass 325 49.7 10.53 39.2
Basalt 64.09 13.95 52.5

T, reinforcement’s maximum theoretical tension force, F, reinforcement’s maximum
bond force based on bond tests results, EC, end cap

Table 5.7: Theoretical flexural capacities of all RC beams as per ACI codes and
predicted flexural capacities based on bond strength results

GFRP BFRP CFRP Steel
P Without | With | Without | With | Without | With
EC EC EC EC EC EC
Unheated | Peh-uit 66.51 75.94 94.69 67.66
Beams | Ppred-urt | 39.14 61.0 50.42 | 75.94 | 85.74* | 85.74*
Heated | Pw-uit 35.16 4432 66.05 631
Beams | Ppred-ult 7.46 27.74 9.66 |3633| 25.81 | 48.55

P, ultimate load capacity, EC, end cap anchorage, Pu-ui, theoretical ultimate load
capacity, Ppred-ult, predicted ultimate load capacity, *:load capacity is governed by shear

5.3.4 Theoretical prediction of cracking load

Cracks initiate when the tensile stress in the concrete exceeds the tensile strength of

concrete, cracking load can be estimated using Egs. 5.36 through 5.40. Calculated

cracking loads for all RC beams are summarized in Table 5.8.
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. Calculate moment of inertia of un-cracked transformed section (gross section)

(Ig) from:
L 5.36
9712 ( . )

Where h= overall height of the beam =180 mm and b = cross section width =130 mm

2. Calculate modulus of rupture of concrete (fcr) using

for = 0.624/f,

( ACI318 Code)

3. Calculate the cracking moment (M) using

M., = cracking moment =

2ferly
h

4. Calculate the cracking load (Pcr) using

PCT

_ 6M,,

L

(5.37)

(5.38)

(5.39)

5. For concrete exposed to 500°C, tensile strength is 20% of its normal temperature

strength as per EuroCode EN 1992-1-2:2004, therefore cracking load can be

calculated using modulus of rupture of 0.2 f.

Table 5.8: Theoretical cracking load of all RC beams, kN

GFRP BFRP CFRP Steel
Normal High | Normal High | Normal High | Normal | High
Temp. Temp. Temp. Temp. Temp. Temp. | Temp. | Temp.
14.5 29 14.5 29 14.5 29 14.5 2.9

5.3.5 Theoretical prediction of moment of inertia of the cracked section

The moment of inertia of the cracked transformed section (I¢r) can be calculated

using Eq. 5.40, cracked moment of inertia for different beams are as summarized in

Table 5.9.

Icr:l

bd3k3
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where

d =beam’s effective depth;

k, n and pr can be calculated using Eqs. 5-8 through 5-10

E; = 4700@ for normal concrete and

1
E; at 500°C = 3 X Eq at 23°C,as per Eurocode, N 1992 — 1 — 2:2004

Table 5.9: Cracked moment of inertia for different RC beams

Beam | Exposure fe' Ec | ErorEs n k Ler M

Type Type MPa | GPa| GPa mm* kN.m
CFRP N.T 34 |274 119 434 | 0.236 | 9956228 | 2.538
GFRP N.T 34 274\ 47.14 1.72 | 0.156 | 4482230 | 2.538
BFRP N.T 34 274 | 6585 240 | 0.182 | 6016890 | 2.538
Steel N.T 34 |274 228 832 | 0.310 | 16757029 | 2.538
CFRP H.T 252 | 4.6 80.41 17,6 | 0.415 | 28871751 | 0.508
GFRP H.T 252 | 4.6 37.39 8.19 | 0.308 | 16548703 | 0.508
BFRP H.T 252 | 4.6 51.89 11.36 | 0.351 | 21181234 | 0.508
Steel H.T 252 | 4.6 210 45.66 | 0.572 | 51459577 | 0.508

N.T., normal temperature exposure, H.T., high temperature exposure, Ec, concrete
modulus of elasticity, Er, FRP modulus of elasticity, Es, steel modulus of elasticity,

Ler, cracked moment of inertia, Mcr, cracking moment, fc', concrete compressive
strength.

5.3.6 Theoretical prediction of mid-span deflection of FRP-RC beams

For simply supported beam of span L, loaded with two equal concentrated load

(P/2) applied at a distance L/3 from the support, as shown in Fig. 5.7, short term mid-

span deflection (A) can be calculated using :

_23pL?
1296 E, I,

(5.41)

According to Eq. 5.41, the mid span deflection of RC beams depends mainly on

the beam’s effective moment of inertial (Ic). Many research works were performed to
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predict the FRP-RC beam’s effective moment of inertia (I) which led to modify or
develop new empirical equations as summarized below:.
1. Branson, 1977, proposed a method for calculating the effective moment of inertia,

Le, of steel-RC beams and this method was adopted by ACI-318 code.

M.\3 M
I, = I, (M") + I, l1 — <M")
a a

Where, M, = the maximum service moment at the required stage,

3

<I

<1, (5.42)

Mec: = cracking moment, and

I.: = the moment of inertia of the cracked transformed section,

I;= the moment of inertia of the gross section,

This model underestimates the deflection if applied to FRP-RC beams.

2. Alsayed and Alsalloum, 2000, proposed a modified ACI-318 equation, as follows:

M\>?° M
I, = I, <M") + I, [1 — (M")
a a

3. ACI440.1R, 2003, modified ACI-318 equation with new factors were introduced

5.5

<1

(5.43)

to account for the reduced area of the compression after exceeding the cracking

moment.

I, (M.\3 M
I =ﬁ<i) +al l1—< ")
e ﬁ Ma cr Ma

wherea =0.84and ff =7

3

<1

(5.44)

In the third revision of ACI 440.1R, 2003, the previous equation was modified:
3

M M
te=baty(32) +1|1- (52)
a a

where Bq is a reduction coefficient related to the reduced tension stiffening exhibited

3

<1l, when My > M, (5.45)

by FRP-reinforced members and can be calculated as follows.

Ba = ap (g—’; + 1) (5.46)
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where a;, = 0.5 is recommended by ACI 440 for alltypes of FR bars.

In ACI 440.1R, 2006, B4 was modified as follows:

Ba = %(g—’;) < 1.0 (5:47)

4. Alsayed and Alsalloum, 2000, proposed a new method based on their experimental

results as follows:

1—[14 (ZXM“)]I > ] 5.48
e — . ISXMCT cr = fcr ( )

5. According to Faza and Ganga, 1992, an assumption of a fully cracked section
between the two point loads and partially cracked section in the remaining parts of

the beam was used to develop the modified moment of inertia, I,, formula as

follows:

2311,

Iy = ————— 5.49

™ 8l + 151, (5.49)

where I, is calculated according to ACI318 (Branson equation)
6. Bischoff, 2007, proposed the following equation:

I

I, = T <lI, (5.50)

2

|-G |
Mid-span deflection of different beams at different load stages such as
theoretical cracking load, theoretical ultimate load and theoretical service load is
calculated using Egs. 5.36 through 5.50 and summarized in the Table 5.10. Theoretical
mid-span deflections of steel-RC beams were calculated according to ACI318 and
summarized in Table 5.11. From Table 5.10, it can be noticed that the last five methods
gave approximately equal results, therefore the deflections calculated according to

ACI440 were used for comparison purposes with the experimental results.
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Table 5.10: Theoretical mid-span deflection of FRP-RC beams at different load stages

. Theoretical Mid-Span Deflection, mm
Theoretical
Beam ACI- ACI-318 AlSayed, | Faza, i
Load kN . ACI440 Bischoff
318 Modified AlSalloum | Ganga

Athecr 14.5 0.1720 0.1720 0.1720 0.1720 0.1720 | 0.1720

GFRP Athes 23.28 0.9345 1.9763 2.6594 3.2828 2.8641 | 2.4895
NI Ath-uit 66.51 9.7940 | 11.0902 10.9067 11.1236 | 10.661 | 10.6323

Athecr 29 0.2065 0.2065 0.2065 0.2065 0.2065 | 0.2065

GFRP Athes 12.31 3.2257 3.3414 3.3701 3.3447 3.3033 | 3.2076

L Ath-uit 35.16 9.5412 9.5563 9.5594 9.5563 9.5510 | 9.5083

Athecr 14.5 0.1720 0.1720 0.1720 0.1720 0.1720 | 0.1720

}?\II:?P Athes 26.58 1.3021 2.4724 2.5848 2.8655 2.6126 | 2.4195

Ath-uit 75.94 8.8742 9.4514 9.3486 9.4613 9.2571 | 9.1491

Athecr 29 0.2065 0.2065 0.2065 0.2065 0.2065 | 0.2065

fiP Athes 15.51 3.2518 3.2933 3.3068 3.2940 3.2793 | 3.2174

Ath-uit 44.32 9.4061 9.4114 9.4129 9.4114 9.4096 | 9.3846

Athecr 14.5 0.1720 0.1720 0.1720 0.1720 0.1720 | 0.1720

Cl\ljiP Athes 30.01 1.4093 2.0579 1.8091 2.0101 1.9638 | 1.8150

Ath-uit 85.74 6.2929 6.4537 6.3875 6.4557 6.3991 | 6.3001

Athecr 29 0.2065 0.2065 0.2065 0.2065 0.2065 | 0.2065

(;fip Athes 23.12 3.5930 3.6014 3.6053 3.6014 3.5985 | 3.5706
Ath-uit 66.05 10.288 | 10.2897 10.2902 10.2897 | 10.289 | 10.2790

A-cr, theoretical deflection at theoretical cracking load, Awm-ur, theoretical deflection at
theoretical ultimate load, Awm-s, theoretical deflection at theoretical service load

Table 5.11: Theoretical mid-span deflection of steel-RC beams as per ACI-318

Beam Theoretical Load kN Theoretical Mid-Span Deflection, mm
Normal Temp. | High Temp. Normal Temp. High Temp.
Cracking 14.5 2.90 0.172 0.2065
Steel | Serviceable 23.68 22.08 0.648 1.922
Ultimate 67.66 63.10 2.947 5.495

5.4 Comparison between theory and experiments

5.4.1 Ultimate load capacity

Theoretical flexural capacities of FRP-RC beams (Pw-uit), calculated according to

ACI440 assuming a perfect bond between bars and concrete up to failure, were

compared with both the predicted flexural capacities based on the experimental bond
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test results (Ppre-utt) and the experimental load capacities (Pexp-ult) as illustrated in Table

5.12.

Table 5.12: Comparison between beams’ theoretical and experimental load capacities

Pth-uit Ppre-ult Pexp-ult Pexp-ute/ Pexp-ute/ Ppre-ute/
Beam Type
kN kN N Ppre-utt Pih-ute Pih-ute
GFRP- N.T. 39.14 | 32.64 0.83 0.49 0.59
66.51
GFRP- N.T- End Cap 61.0 58.44 0.96 0.88 0.92
GFRP- H.T. 35.16 7.46 6.85 0.92 0.19 0.21
GFRP - H.T- End Cap 27.74 27.79 1.00 0.79 0.79
BFRP- N.T. _y 50.42 38.6 0.77 0.51 0.66
BFRP- N.T- End Cap 75.94 80.2 1.06 1.06 1.00
BFRP- H.T. 443 9.66 7.26 0.75 0.16 0.22
BFRP - H.T- End Cap 36.33 47.35 1.30 1.07 0.82
CFRP- N.T. 85.74 85.74 89.97 1.05 1.05 1.00
CFRP- N.T- End Cap | (Shear) 85.74 89.75 1.05 1.05 1.00
CFRP- H.T. 25.81 31.97 1.24 0.48 0.39
CFRP - H.T- End Cap 66.05 48.55 60.8 1.25 0.92 0.74
Steel- N.T. 67.66 76.14 1.13 -
Steel- H.T. 63.1 69.42 1.10 -

Pw-ui, theoretical ultimate load capacity based on ACI440 assumptions, Ppred.u, predicted
ultimqte load capacity based on actual bond test result, Pexp-ur, €xperimental ultimate load
capacity
Based on Table 5.12, the experimental load capacities of control beams with
GFRP, BFRP and CFRP bars were (49.1%, 50.8% and 104.7% of their theoretical load
capacities) and (83.4%, 76.6% and 104.7% of the predicted load capacities based on
actual bond strength results), respectively, indicating that a bond loss failure had
happened in GFRP and BFRP beams before reaching either concrete crushing or FRP
bar’s rupture. Upon adding steel end caps to the ends of the FRP bar’s, the
experimental load capacities of beams with GFRP, BFRP and CFRP bars had

increased to (87.9%, 105.6% and 104.7% of their theoretical load capacities) and

(95.8%, 105.6% and 104.7% of the predicted load capacities), respectively.
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Upon exposure to 500°C, the experimental load capacities of beams with GFRP,
BFRP and CFRP bars were highly decreased to 19.5%, 16.4% and 48.4% of their
theoretical load capacities, respectively, indicating that the theoretical values, based
on assumption of perfect bond, were no more correct after heating. Upon using the
actual bond results in the proposed prediction model, the experimental load capacities
of heated GFRP, BFRP and CFRP beam were found at 91.8%, 75.2% and 123.8% of
the predicted load capacities. Using steel end caps in GFRP, BFRP and CFRP beam,
exposed to 500°C, had increased the experimental load capacities to (79%, 106% and
92% of their theoretical load capacities) and (100.2%, 130.3% and 125.2% of the
predicted load capacities) respectively.

Based on the above results, the proposed model for predicting the flexural load
capacities of FRP-RC beams, based on actual bond strength results, were reasonably
well and showed a good agreement with the experimental results, therefore can be used
as a trusted method for prediction of flexural load capacities. Also, it was found that
using steel end caps in FRP-RC beams had improved their measured load carrying
capacity, before and after exposure to high temperature, to a limit close to the
theoretical values.

The experimental load carrying capacity of beams with steel bars, tested before
and after exposure to 500°C, were 112.5% and 100% of their theoretical values,
respectively, which confirmed that the bond between steel bars and surrounding

concrete was strong enough to reach the calculated theoretical capacities.

5.4.2 Mid-span deflection
The comparison between the theoretical and experimental mid-span deflection at
cracking and ultimate load was summarized in Table 5.13. The theoretical prediction

of deflection of FRP-beams under-estimated the actual deflections due to two reasons;
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firstly, the available deflection formulas are based on the assumption of linear behavior
of the concrete which is correct only for un-cracked concrete sections, and secondly,
most of the current theoretical prediction methods do not take into consideration the
effect of bond-slip on inducing more deflections and therefore under-estimate the
actual deflection. Some nonlinearity in the beams' behavior had taken place, at high
load levels, resulting in more errors in deflection prediction.

The mid-span deflections of control beams with GFRP, BFRP and CFRP bars at
cracking and ultimate load were (467%, 537% and 466%) and (122%, 128% and
179%) of the corresponding theoretical values, respectively. Upon using steel end
caps, the mid-span deflections at cracking load of GFRP, BFRP and CFRP beam were
reduced to 276%, 269% and 312% of their theoretical values due to effect of these
caps in improving the beam’s stiffness, whereas the deflections at ultimate load were
increased to 167%, 252% and 245% of the theoretical ones, respectively, due to the
effect of these caps on increasing the non-linear portion of the beam’s load-deflection
response prior to failure.

After exposure to 500°C, the mid-span deflections of beams with GFRP, BFRP
and CFRP bars at cracking and ultimate load were (182%, 237% and 200%) and
(209%, 168% and 160%) of the corresponding theoretical values, respectively.
Generally, adding the steel caps to beams with GFRP, BFRP and CFRP bars, exposed
to 500°C, had increased the ratio between experimental to theoretical mid-span
deflection at both cracking and ultimate loads to (240%, 189% and 345) and ( 207%,

217%, and 240%), respectively.
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Table 5.13: Theoretical and experimental mid-span deflection at cracking, ultimate and
service loads for different cases of RC beams

B T A A A A A A Aexp-ult Aexp-cr / Aexp-s /
cam 1ypec h-ult h-cr h-s exp-ult exp-cr exp-s
t t t b b b / Ath—ult Ath—cr Ath—s
GFRP- N.T. 13.28 [0.804 | 6.55 | 1.22 4.67 2.46
1091 [0.172 |2.66
GFRP- N.T+E.C 18.25 (0474 [4.24 | 1.67 2.76 1.59
GFRP- H.T. 19.97 [0.376 |N.A. | 2.09 1.82 N.A.
9.56 10.207 |3.37
GFRP - HT+E.C 19.80 10.496 |6.19 | 2.07 24 1.84
BFRP- N.T. 11.98 [0.923 | 6.86 | 1.28 5.37 2.66
9.35 10.172 |2.58
BFRP- N.T+ E.C 23.53 [0.462 |3.30 | 2.52 2.69 1.28
BFRP- H.T. 15.86 [0.490 | N.A. | 1.68 2.37 N.A.
9.42 10.207 (3.31
BFRP - HT+ E.C 20.43 10.391 |4.02 | 2.17 1.89 1.21
CFRP- N.T. 11.44 10.802 |2.73 | 1.79 4.66 1.51
6.39 |0.172 |1.81
CFRP-N.T+ E.C 15.68 |0.536 |2.74 | 2.45 3.12 1.51
CFRP-H.T. 1642 0413 |9.53 1.60 2.0 2.64
10.29 [0.207 (3.61
CFRP - HT+E.C 24.65 10.714 | 7.51 | 2.40 3.45 2.08
STEEL-RC -N.T. | 2.95 (0.172 |0.65 |11.13 |[1.376 | 1.59 | 3.77 8.00 245
STEEL-RC - H.T. | 5.50 [0.207 |1.92 |13.68 |0.321 |2.73 | 2.49 1.55 1.42

Acxp-uii, measured deflection at measured ultimate load, Am.ui, theoretical deflection at
theoretical ultimate load as per ACI, Acxp-cr, measured deflection at measured cracking load, A
o, theoretical deflection at theoretical cracking load as per ACI, Acy-s, measured deflection at

service load, Aws, theoretical deflection at service load, N.A., not available, E.C, end cap

5.4.3 Cracking load

The experimental cracking load was compared with the theoretical values as

shown in Table 5.14. The experimental cracking loads of the control beams with

GFRP, BFRP and CFRP bars were 74.2%, 82.3% and 94.2% of their theoretical values

and were increased to 91.7%, 96.5%, and 96.2% of the theoretical ones, after adding

steel end caps to the ends of the FRP bars, respectively. Upon exposure to 500°C, the

experimental cracking loads were reduced to 51.7%, 55.8% and 54.6% of their

theoretical values then were increased to 124%, 93.4%, and 93.2% of the theoretical

ones, after adding steel end caps to the ends of the FRP bars. The effect of using steel

end caps in the control and heated FRP beams was clear, especially in the GFRP and
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BFRP-RC beams, in improving their measured cracking load to be close to the
theoretical cracking loads.

Contrary to beams with FRP bars, the average measured cracking load of beams
with steel bars was higher than their theoretical cracking load and reduced to 100.6%

of the theoretical cracking load after exposure to 500°C.

Table 5.14: Theoretical and experimental cracking load for different RC beams

Beam Type Pihcr | Pexp-cr Poer / Beam Type Pth-cr | Pexpcr Poper /
Pthecr Pth-cr
GFRP- N.T. 145 10.762 |74.22% CFRP- N.T. 145 13.667 [94.26%
GFRP- N.T+ E.C 13.297 [91.70% | CFRP- N.T+ E.C 13.946 (96.18%
GFRP- H.T. 59 1.501 |51.76% CFRP- H.T. 59 1.584 |54.62%
GFRP - HT+ E.C 3.596 [124.0% |CFRP-H.T+E.C 2.705 (93.28%
BFRP- N.T. 145 11.938 (82.33% | Steel-RC - N.T. |14.5 [20.67 (142.5%
BFRP-N.T+E.C 13.990 [96.48% | Steel-RC-H.T. |2.9 [2.919 [100.6%
BFRP- H.T. 59 1.620 |55.86%
BFRP - H T+ E.C 2.709 (93.41%

Pexp-cr, measured cracking load, Pu.-cr, theoretical cracking load as per ACI, E.C, end cap
5.4.4 Failure modes
Theoretically, over-reinforced FRP-RC beams, used in this study, should fail by
concrete crushing whereas expected failure modes, based on bond tests results, showed
that failure modes were mostly due to bond loss between the bars and concrete except
in the control CFRP-RC beams where the shear failure were expected. Steel-RC beams
were expected to fail due to steel yielding before reaching the concrete crushing strain.
The theoretical mode of failure, based on ACI assumption of perfect bond, and
the expected failure mode, based on the bond tests results, were compared with the

experimentally observed failure modes and summarized in Table 5.15.
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Table 5.15: Theoretical, expected and observed failure modes

T Theoretical FM Expected FM Observed FM
"llfjpi °C | Without With Without With Without With
EC EC EC EC EC EC
Carbon S S S S S
Glass 23 CcC BS BS BS CcC
Basalt CC BS CcC BS S
Carbon CccC BS BS BS BS+S
Glass | 325 FR BS BS BS BS
Basalt FR BS BS BS BS+S

FM, failure mode, CC, concrete crushing, FR, FRP rupture, S, shear failure, EC, end
cap, BS, bond slip

From Table 5.15, it was noticed that most of the observed failure modes were
matching with the expected failure modes except in the case of the beams reinforced
with end-capped FRP bars, tested at normal temperature, where the end-capped BFRP
and CFRP-RC beams failed in shear as explained earlier in Sections 4.6.4.2 and
4.6.4.3, while the end-capped GFRP-RC beam failed due to concrete crushing and not
as expected by bond loss, which means that the concrete reaches it crushing strain
while the bond between the end-capped GFRP bars and concrete was still working. In
the case of steel-RC beams, the observed failure mode was the same as the theoretical

expected mode where steel yielded before concrete crushing.

5.4.5 Strains of concrete and reinforcement at failure

The experimental and theoretical strains of concrete and reinforcement are
summarized in Table 5.16. As shown, maximum measured strain results were little
different than the theoretical calculated strain values which can be explained that the
assumption of linear strain distribution in FRP-RC beams is only accurate at low load
level at which the bond is still perfect and cracking width is still minor while at ultimate

load level, bonds become weaker and cracks become wider due to FRP's low modulus
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of elasticity, hence the linear strain distribution becomes no more accurate. In the case
of FRP-RC beams that carried high applied load, an interaction between shear and
flexure occurred at the high load level resulting in diagonal tension cracks which leads
to additional rebars strain therefore, higher measured reinforcement strain than the
theoretical values were noticed in the CFRP-RC beams and the end-capped BFRP-RC
beams which failed due to shear.

In the case of GFRP and BFRP-RC beams that failed at low load levels, the low
modulus of elasticity of these GFRP and BFRP bars causes wider cracks that extended
deeply towards the compression zone resulting in higher concrete compressive strain
than predicted strains and therefore lower ultimate measured loads than expected

loads.

Table 5.16: Experimental and theoretical strains of concrete and reinforcement at
ultimate load

Experimental Theoretical
Ec Er Ec Er
x107 x107 x10° x107
GFRP- N.T. 1412 5419 1213 6835
GFRP- N.T- End Cap 3346 10911 2410 10815
GFRP- H.T. 1075 1644 960 1793
GFRP - H.T- End Cap | 4093 6103 3589 6676
BFRP- N.T. 1707 5075 1406 6390
BFRP- N.T- End Cap 2689 10362 3000 9853
BFRP- H.T. 1443 1869 1121 1923
BFRP - H.T- End Cap 3997 7556 4248 6441
CFRP- N.T. 2740 7144 2317 6248
CFRP- N.T- End Cap 2805 6702 2317 6248
CFRP- H.T. 3255 2835 2645 3051
CFRP - H.T- End Cap 4559 6952 5033 5744
Steel- N.T. 5418 6910 3000 11900
Steel- H.T. 6201 N.A. 3000 9290

€., concrete strain at ultimate load, &, reinforcement strain at ultimate load,
N.A., not available
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1. Introduction

In this thesis, the post-heating performance of three types of FRP bars in concrete
was evaluated. For that, three tracks of testing were followed. In the first, the
mechanical performance of FRP bars under elevated temperatures in the range of 125
to 375°C was evaluated, whereas the post-heating bond behavior between FRP bars
and concrete under the same temperature spectrum was evaluated using conventional
pullout specimens. In the third track, post-heating flexural response of FRP reinforced
concrete beams (130x180x1200 mm) was studied under four-point loading
configuration. The FRP reinforcement bars in the beams were placed on the tension
side, with or without end anchorage using special steel caps. For the purpose of
comparison, identical pullout and beam specimens were prepared using conventional

steel reinforcement of the same bar size and numbers with those of the FRP bars.

6.2. Conclusions
The following findings are based upon the discussion of chapters 4 and 5 of this

thesis:

1. Effect of high temperatures on mechanical properties of FRP/Steel bars and

bond behavior between FRP/Steel bars and concrete

FRP suffered significant reduction in their mechanical properties due to exposure
to high temperatures. This reduction is almost linear up to a critical temperature of
325°C at which significant degradation in the tensile strength and elastic modulus of
FRP bars in the ranges of (45 ~ 55%) and (20~30%), respectively. This reduction

increased with exposure to temperature of up to 450°C at which GFRP and BFRP bars
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melted and lost their total tensile strength capacity. The impact of heating on tensile
strength and elastic modulus of steel bars was minor.

Steel bars attained the highest bond strength with concrete followed, in sequence,
by CFRP, BFRP and GFRP because of their better surface characteristics. Three types
of failure modes were noticed; pullout failure, concrete splitting failure and concrete
cone failure. The percentage reduction in bond strength and stiffness was more
pronounced in pullout specimens with FRP bars than those with steel bars under
elevated temperatures; the highest percentage reductions in bond strength between
concrete and BFRP, GFRP, CFRP and steel bars after exposure up to 325°C were

79.9%, 79.2%, 81.5% and 27.2%, respectively.

2. Flexural behavior of FRP/Steel RC beams

RC beams with GFRP and BFRP bars tested at ambient temperature failed before
reaching their theoretical maximum load capacity due to bond failure. Therefore, the
measured load capacity values for these beams were less than the theoretical ones,
computed according to ACI440 code. Contrariwise, the experimental load capacity for
beams with CFRP bars at ambient temperature was very close to the theoretical values;
owing to the satisfactory surface characteristics of CFRP bars which imparted
satisfactory bond with concrete. Stiffness of all RC beams was reduced after cracking
with the highest reduction noticed in the beams with BFRP bars, followed, in sequence,
by the control beams with GFRP, CFRP and steel bars at 71%, 65%, 48% and 26.5%.
Beams with steel bars showed pure flexural failure; confirming the assumption that
perfect bond strength between steel and concrete existed. At failure, number of cracks
in beams with steel bars was higher than that of similar beams with FRP bars yet the

cracks visible width was smaller than that of those with FRP bars. The mid-span
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deflection for beams with steel bars was smaller than that of those with FRP bars;

owing to steel bars higher stiffness.

3. Effect of heating to 500°C on the flexural behavior of FRP/Steel RC beams

Upon exposure to 500°C for 90 minutes, RC beams with FRP bars failed at
relatively low load levels due to degradation of bars' tensile strength and loss in bond
between the FRP bars and the surrounding concrete. Hence, they experienced
significant loss in load capacity, stiffness and total absorbed energy, yet showed
increased deflection and ductility; the maximum percentage reduction in load capacity,
stiffness, and total absorbed energy reached 81.2%, 78.8%, and 69.2% whereas the
ductility index, and ultimate load’s deflection increased by as high as 93.7% and
50.3%, respectively. The beams with CFRP bars showed superior flexural behavior as
compared to those with GFRP and BFRP bars under elevated temperatures; owing to
the former bars higher resistance to heating. The detrimental impact of heating to
500°C on RC beams with steel bars were minimal as compared to that on heated beams

with FRP bars.

4. Effect of using end caps on the pre- and post-heating flexural behavior of

FRP/Steel RC beams

Pre and post-heating bond strength between FRP bars and concrete was improved
upon the use of end caps as an anchorage technique; the residual for bond reached as
high as (332 and 255%) for exposure temperatures of 23 and 325°C, respectively.
Using the end caps with FRP bars in reinforcing beams enhanced the load carrying
capacity, cracking load, stiffness, total absorbed energy and ultimate load’s deflection
yet contributed to reducing ductility, except for the beams tested at normal

temperature. The positive impact of using steel end caps on flexural behavior of FRP
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beams was more pronounced at higher temperatures rather room temperature. The pre-
and post-heating residual load capacity, stiffness, ductility index, total absorbed energy
and deflection at ultimate load for FRP-RC beams with end capping reached as high
as (207.9%, 225.4%, 146.0%, 452.6% and 196.3%) and (122.7%, 57.9%, 99.3%,
215.1% and 215.5%), respectively. Whenever its estimation was possible, the overall
ductility factor was increased upon the use of steel end cap especially for specimens
with FRP bars and subjected to an elevated temperature of 500°C. The installation of
steel end caps to the BFRP and CFRP bars had changed the failure mode of
corresponding beams from bond-slip failure or flexural failure to shear-flexural failure,

increased the number of cracks and reduced the visible cracks widths.

5. The theoretical studies

The ACI analytical formulae for the prediction of ultimate load of beams with
FRP bars were over-estimated whereas ACI formulae used for the prediction of mid-
span deflections were under-estimated, compared to the corresponding measured
values; because bond reduction and excessive slippage as well as post-cracking
nonlinearity due to heating were not accounted for in ACI analytical formulae. Upon
the use of steel end caps for anchorage purposes, predictions became much closer to
measured values; because the anchorage system applied had allowed different FRP
bars to have a higher contribution to load capacity.

The present proposed model for predicting post-heating bond stress-slip
relationship showed an acceptable agreement with experimentally obtained curves.
Furthermore, the method proposed for predicting load capacity of FRP-RC beams,
based upon actual pre and post-heating mechanical properties for FRP bars and

concrete and their bond characteristics, gave reasonably reliable results.
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6.3. Recommendations

Some important recommendations for further studies on the fire-response of FRP-

RC elements are listed below:

3.

Fire endurance tests on loaded FRP-RC elements are required to investigate
the structural behavior of these heated elements and define the proper failure
criteria FRP-RC elements under fire.

Fire endurance tests on loaded end-capped FRP-RC elements are required to
investigate the effect of using these caps on the structural behavior.

New insulation methods need to be proposed and examined to insulate the
ends of the FRP-RC beams.

Minimum concrete cover thickness should be determined experimentally
based upon concrete materials properties, reinforcement type and exposure
temperature for beams with FRP bars. This is to provide enough bar insulation
at that the FRP bars are capable of maintaining their mechanical properties

and bond with concrete during and after exposure to high temperatures.
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APPENDICES



Appendix A: Tables and Figures

Table A.1: GFRP bars-tensile tests results

FRP Sample Temp. e Eult-f G0.001 G0.003 Er furer / Eer /
Type # MPa % mm/mm MPa MPa GPa fute- Er
S1 841.173 2.121 49.66 142.45 46.40
S2 23°C 727.740 2.112 44.56 136.87 46.16
S3 880.564 2.433 53.05 150.78 48.87 1.00 1.00
Average 816.49 2.22 47.14
S1 668.05 1.755 47.38 141.01 46.81
S2 125°C 715.71 1.901 47.42 135.29 43.93
S3 726.11 1.94 43.57 131.28 43.85 0.86 0.95
Average 703.29 1.87 44.87
S1 540.22 1.566 40.68 123.38 41.35
GFRP S2 250°C 542.48 1.525 40.05 123.57 41.76
S3 574.04 1.667 39.37 118.63 39.63 0.68 0.87
Average 552.25 1.59 40.91
S1 408.60 1.320 41.81 121.51 39.85
S2 325°C 449.12 1.529 37.35 106.70 34.68
S3 501.194 1.371 38.10 113.45 37.68
Average 452.97 1.41 37.40 0.55 0.79
S1 59.78 0.380 20.29* 41.02* 21.83*
S2 375°C 81.63 0.487 33.10* 62.34* 24.00*
S3 88.79 0.328 23.15% 45.85* 27.68*
Average 76.74 0.40 24.50 0.09 0.52

fu-r2 ultimate tensile strength, ey strain at ultimate tensile strength, Er :tensile chord modulus of elasticity, Go.o01, stress at 0.001 strain, Go.o03, stress at

0.003 strain, * start and end points were 0.25gy and 0.5 &y




Table A.2: BFRP bars-tensile tests results

FRP | Sample Temp. fuier Eultf G0.001 60.003 Er fuetr / Egr /
Type # MPa % mm/mm MPa MPa GPa fulef Er
S1 892.36 1.964 68.70 202.30 66.80
S2 23°C 971.46 2.228 68.43 190.15 60.86 L0 1.0
S3 956.14 2.225 68.87 207.01 69.07
Average 939.99 2.14 65.58
S1 773.70 1.692 65.95 186.23 60.14
S2 125°C 733.45 1.370 66.10 197.76 65.83
S3 765.72 1.778 65.29 191.48 63.10 0.81 0.96
Average 757.62 1.61 63.02
S1 654.69 1.728 59.64 175.00 57.68
BERP S2 250°C 621.82 1.259 61.71 181.33 59.81
S3 710.59 1.446 56.13 167.59 55.73 0.70 0.88
Average 662.37 1.48 57.74
S1 484.46 1.498 51.48 160.59 54.56
S2 325°C 536.80 1.30 51.02 150.20 49.59 0.55 0.79
S3 521.59 1.11 49.26 152.28 51.51
Average 514.28 1.30 51.89
S1 122.28 0.791 31.15 84.77 26.81
S2 375°C 92.67 0.500 37.72%* 82.61%* 3591* 013 0.47
S3 159.00 0.635 31.25 90.17 29.46
Average 122.28 0.791 30.73

fui-r2 ultimate tensile strength, eyi.r: strain at ultimate tensile strength, E¢ :tensile chord modulus of elasticity, Go.01, stress at 0.001 strain, Go 003, stress at
0.003 strain, * start and end points were 0.25gy and 0.5 &y



Table A.3: CFRP bars-tensile tests results

FRP Sample Temp. fure-r Eult-f G0.001 G0.003 Er furer / Eer /
Type # MPa % mm/mm MPa MPa GPa fute- Er
S1 1595.00 1.75 111.76 346.66 117.45
S2 23°C 1504.22 1.61 119.57 351.82 116.12 L0 L0
S3 1616.98 1.73 124.55 371.88 123.66
Average 1572.07 1.70 118.63 356.78 119.08
S1 1400.56 1.809 113.86 324.03 105.08
S2 125°C 1413.66 1.722 113.35 328.26 107.45 0.91 0.92
S3 1500.78 1.478 116.74 350.22 116.74
Average 1438.33 1.67 114.65 334.17 109.76
S1 1215.03 1.49 125.28 334.51 104.62
CFRP S2 250°C 1102.27 1.40 92.23 280.33 94.05 073 0.84
S3 1139.62 1.32 103.02 309.73 103.00
Average 1152.30 1.40 106.84 308.19 100.56
S1 670.16 0.85 102.50 264.60 81.05
S2 325°C 642.86 0.91 110.07 269.61 79.77 0.45 0.68
S3 787.02 1.10 81.55 246.49 82.47
Average 700.02 0.95 98.04 260.23 81.10
S1 486.85 1.152 55.19 167.06 55.93
S2 375°C 476.59 1.255 49.47 154.39 52.46 0.29 0.47
S3 399.80 1.029 61.39 181.99 60.30
Average 454.41 1.15 55.35 167.81 56.23




Table A.3: Continued

Sample Temp fure-r Eult-f G0.001 G0.003 Er furer / Eer /
# ) MPa % mm/mm MPa MPa GPa fuiis E:
S1 165.01 0.436 58.37* 113.10%* 50.16*
CERP ™55 450°C 137.45 0.419 50.82* 102.09% 48.91* 010 | 037
S3 190.37 0.58 62.98% 109.95* 32.36% ' '
Average 164.27 0.48 43 .81

fur-r: ultimate tensile strength, eyir: strain at ultimate tensile strength, Er :tensile chord modulus of elasticity, Go.01, stress at 0.001 strain, Go 003, stress at
0.003 strain, * start and end points were 0.25¢&,; and 0.5 &y



Table A.4: Steel bars-tensile tests results

Type Sample Temp. fy fa Eult (3 E, for/ fur/ Eor / Er.1/
# MPa MPa % mm/mm | % mm/mm GPa Jya3ec Sfu2zec Es230c ERr23°c
S1 563.10 | 627.03 9.29 11.41 240.54
S2 23°C | 556.98 | 625.25 8.14 9.65 206.53
S3 594.30 | 662.44 8.02 10.55 237.94
Average 571.46 | 638.24 8.48 10.54 228.33 | 100.0% | 100.0% | 100.0% | 100.0%
S1 501.17 | 579.38 10.08 12.81 212.42
Steel S2 125°C | 468.62 | 578.71 9.99 11.77 190.52
S3 569.23 | 638.00 9.12 10.57 208.83
Average 513.01 | 598.70 9.73 11.72 203.92 | 89.8% 93.8% 89.3% | 111.2%
S1 500.72 | 596.58 8.89 10.59 209.04
S2 250°C | 509.04 | 620.84 9.49 11.21 202.21
S3 564.96 | 641.80 9.63 11.69 211.98
Average 52490 | 619.74 9.34 11.16 207.74 | 91.9% 97.1% 91.0% | 105.9%

fy: yield strength, fi: ultimate tensile strength, gu: strain at ultimate tensile strength, egr: elongation at rupture, Es: modulus of elasticity



Table A.4: Continued

Type Sample Temp. fy fa Eult R E, for! fur/ Eor / Er.1/
# MPa MPa % mm/mm | % mm/mm GPa Jyazec Sfu2zec Es.23c ER 23°c
S1 526.02 | 608.92 9.36 10.86 208.29
S2 325°C | 537.53 | 641.35 10.09 12.41 213.53
S3 578.40 | 634.50 8.25 9.65 205.82
Average 547.32 | 628.26 9.23 10.97 209.21 | 95.8% | 98.4% | 91.6% | 104.1%
S1 528.85 | 607.23 9.42 11.16 214.82
S2 375°C | 552.08 | 660.91 9.37 10.95 211.30
S3 582.19 | 648.79 8.42 10.04 213.30
Average 554.37 | 638.97 9.07 10.72 213.14 | 97.0% | 100.1% | 93.3% | 101.7%
S1 52597 | 612.68 8.40 9.83 211.83
S2 450°C | 536.44 | 622.77 9.56 10.91 209.43
S3 560.95 | 631.90 8.88 10.17 210.90
Average 541.12 | 622.45 8.94 10.30 210.72 | 94.7% | 97.5% | 92.3% | 97.8%

fy: yield strength, fi: ultimate tensile strength, gy strain at ultimate tensile strength, egr: elongation at rupture, Es: modulus of elasticity



Table A.5: Compressive and Tensile strength of concrete at 23°C and 500°C

Sample P. ' € Pr fop

kN MPa kN MPa

S1-23°C 257.0 32.72 0.002527 127.88 4.070

S2-23°C 252.2 32.11 0.002687 94.35 3.003

S3-23°C 268.7 34.21 0.002586 85.53 2.723

S4-23°C 274.8 34.99 0.002615

S5-23°C 286.0 36.41 0.003050

S6-23°C 262.8 33.46 0.002348

Average 266.9 33.98 0.002635 102.58 3.265

S1-500°C 229.0 29.16 0.00656 45.85 1.460

S2-500°C 217.2 27.65 0.00676 52.02 1.656

S3-500°C 189.8 24.17 0.007128 62.94 2.003

S4-500°C 172.1 21.91 0.005809

S5-500°C 181.2 23.07 0.006235

S6-500°C 200.1 25.48 0.00644

Average 198.2 25.24 0.006489 53.60 1.706

Pc: maximum measured compression load, f.": concrete cylinder compressive strength at 28

days, &.: strain at ., Pr: maximum measured tensile load, f;: splitting tensile strength.




Table A.6: GFRP pullout tests results

SP. # Temp. Fou SAF 3 UBS | SABS RUBS/
UBS

°C kN mm mm MPa mm

1 5915 3.896 1.198 | 1.883 | 2.697

2 6.156 3.742 1.247 | 1.960 | 2.495

3 > 6.913 4.429 1.400 | 2.200 | 3.028

Average 6.328 4.022 1.282 | 2.014 | 2.740 100%

1 4.750 3.005 1.011 | 1.512 | 1.994

2 4.382 3.058 0.932 | 1.395 | 2.125

3 12 4.647 3.050 0.989 | 1.479 | 2.061

Average 4.593 3.038 0977 | 1.462 | 2.060 | 72.6%

1 2.848 2.393 0.665 | 0.906 | 1.728

2 3.141 2.612 0.733 | 1.000 | 1.879

3 20 3.463 2.877 0.808 | 1.102 | 2.069

Average 3.150 2.627 0.735 | 1.003 | 1.892 | 49.8%

1 1.337 1.281 0.341 | 0.426 | 0.939

2 1.217 1.395 0311 | 0.388 | 1.084

3 320 1.393 1.476 0.356 | 0.443 | 1.121

Average 1.316 1.384 0.336 | 0.419 | 1.048 | 20.8%

1 22.352 6.725 4528 | 7.115 | 2.197

2 23 + 21.150 7.135 4284 | 6.732 | 2.850

3 End cap | 19.663 6.399 3983 | 6.259 | 2.416

Average 21.055 6.753 4265 | 6.702 | 2.488 332%

1 17.104 6.962 4367 | 5.444 | 2.595

2 320 + 14.625 5918 3.734 | 4.655 | 2.184

3 Endcap | 15.234 6.433 3.800 | 4.849 | 2.543

Average 15.654 6.438 3.997 | 4983 | 2441 247%

Fb,u: maximum measured force, SAF: stroke at maximum force, €r: bar elongation, UBS: bond
strength, SABS: slip at maximum bond strength, RUBS: residual ultimate bond strength, EC:
end cap



Table A.7: BFRP pullout tests results

SP. # Temp. Fou SAF R UBS SABS RUBS/
UBS

°C kN mm mm MPa mm

1 7.619 3.700 1.105 2.425 2.595

2 8.513 3.386 1.234 2.710 2.152

3 > 8.635 3.820 1.252 2.749 2.568
Average 8.256 3.635 1.197 2.628 2.438 100%

1 6.098 3.113 0.924 1.941 2.189

2 6.225 3.210 0.943 1.981 2.267

3 123 7.036 3.083 1.066 2.239 2.017
Average 6.453 3.136 0.978 2.054 2.158 78.2%

1 2.885 2.241 0.477 0.918 1.764

2 3.263 2.820 0.540 1.038 2.280

3 2% 3.535 2.426 0.585 1.125 1.842
Average 3.227 2.496 0.534 1.027 1.962 39.1%

1 1.977 1.124 0.364 0.629 0.760

2 1.532 1.382 0.282 0.488 1.100

3 320 1.714 1.452 0.315 0.545 1.137
Average 1.741 1.319 0.320 0.554 0.999 21.1%

1 27.212 6.256 3.946 8.662 2.311

2 23 + 28.437 6.860 4.123 9.052 2.736

3 End cap | 25.538 5.878 3.703 8.129 2.175
Average 27.062 6.332 3.924 8.614 2.407 328%

1 19.298 5.892 3.551 6.143 2.341

2 320 + 23.125 7.566 4.256 7.361 3.310

3 End cap | 20.625 8.959 3.796 6.565 5.163
Average 21.016 7.472 3.868 6.690 3.605 255%

Fb,u: maximum measured force, SAF: stroke at maximum force, €r: bar elongation, UBS:

bond strength, SABS: slip at maximum bond strength, RUBS: residual ultimate bond strength,

EC: end cap




Table A.8: CFRP pullout tests results

SP. # Temp. Fou SAF R UBS SABS RUBS
/UBS

°C kN mm mm MPa mm

1 25.925 5.622 2.079 8.252 3.543

2 25.205 4.873 2.021 8.023 2.852

3 > 27.463 5.645 2.202 8.742 3.443
Average 26.198 5.380 2.101 8.339 3.279 100%

1 23.554 5.385 2.049 7.497 3.336

2 20.109 4.827 1.750 6.401 3.078

3 123 22.357 4.616 1.945 7.117 2.671
Average 22.007 4.943 1.915 7.005 3.028 | 84.0%

1 14.520 3.847 1.379 4.622 2.468

2 15.375 3.794 1.460 4.894 2.334

3 20 14.401 3.237 1.368 4.584 1.869
Average 14.765 3.626 1.402 4.700 2224 | 56.4%

1 4.276 2.008 0.503 1.361 1.504

2 4.677 2.134 0.551 1.489 1.583

3 320 5.580 2.391 0.657 1.776 1.734
Average 4.844 2.177 0.570 1.542 1.607 18.5%

1 30.625 6.252 2.456 9.748 3.796

2 23 + 27.587 5.543 2212 8.781 3.330
3 End cap 26.024 6.375 2.087 8.284 4.288 107.2

Average 28.079 6.056 2.252 8.938 3.805 %

1 21.721 4.528 2.558 6.914 1.970

2 320 + 20.673 4.281 2.434 6.580 1.847

3 End cap 23.097 4.731 2.720 7.352 2.011
Average 21.830 4.513 2.570 6.949 1.943 83.3%
1 375 2.719 2.729 0.462 0.865 2.267 10.4%

Fy,u: maximum measured force, SAF: stroke at maximum force, €r: bar elongation, UBS: bond
strength, SABS: slip at maximum bond strength, RUBS: residual ultimate bond strength, EC:

end cap




Table A.9: Steel bars pullout tests results

SP. # Temp. Fou SAF €R UBS SABS RUBS/
UBS

°C kN mm mm MPa mm

1 29.67 5.27 0.83 9.44 2.61

2 38.84 4.36 1.08 12.36 3.27

3 > 38.09 3.72 1.06 12.13 2.66
Average 35.54 4.45 0.99 11.31 2.85 100%

1 33.36 3.68 1.04 10.62 2.64

2 33.78 3.64 1.05 10.75 2.58

3 123 33.63 4.06 1.05 10.71 3.01
Average 33.59 3.79 1.05 10.69 2.74 94.5%

1 27.73 3.22 0.85 8.83 2.37

2 29.52 3.12 0.90 9.40 2.21

3 20 28.10 3.13 0.86 8.94 2.27
Average 28.45 3.16 0.87 9.06 2.28 80.0%

1 25.93 2.68 0.79 8.26 1.89

2 28.21 3.01 0.86 8.98 2.16

3 32 23.48 2.45 0.71 7.47 1.74
Average 25.87 2.71 0.79 8.24 1.93 72.8%

1 19.57 2.74 0.58 6.23 2.15

2 25.67 3.23 0.77 8.17 2.46

3 7 23.50 3.48 0.70 7.48 2.78
Average 24.59 3.35 0.73 7.83 2.62 69.2%

Fb,u: maximum measured force, SAF: stroke at maximum force, €r: bar elongation, UBS:bond
strength, SABS: slip at maximum bond strength, RUBS: residual ultimate bond strength, EC:
end cap



Table A.10: Characteristics of load-deflection diagram for GFRP-RC beams with and without end cap before and after heating

Beam Type Sample # | Pexpuit | Aexput | Pexper | Aexper | Aexps | LS S.2M | SR
Samplel |30.035 [13.746 | 9.756 |0.835 |7.713 11688 |3856 | 67%
. Samplel |35.466 |12.728 |12.235 [0.900 |6.803 |10560 (4149 | 61%
Without End Cap
Samplel |32.414 [13.365 [10.296 |0.679 |5.147 15380 (5106 | 67%
Average |32.638 |13.280 |10.762 [0.804 |6.554 |12543 (4370 | 65%
NT Samplel |60.556 [19.121 |13.297 |0.498 [4.463 (26761 |5801 | 78%
With Samplel |56.871 [19.583 [12.976 |0.462 |4.208 |28074 |4854 | 83%
End Cap Samplel |57.886 [16.029 [13.617 |0.462 |4.042 |29523 (6147 | 79%
Average |58.438 |18.244 [13.297 |0.474 |4.238 [28119 |5601 | 80%
Samplel | 6.355 |19.777 | 1.655 [0.460 | -- |3599 |692 |81%
Samplel | 8.384 [20.707 | 1.425 |0.346 | -- |4121 |768 |81%
Without End Cap
Samplel | 5.821 |19.424 | 1.422 [0.321 | - |4492 (1099 |76%
W Average | 6.853 |19.969 | 1.501 [0.376 | -- |4071 |853 |79%
Samplel |26.648 |19.103 | 3.898 [0.468 |6.274 | 8337 [1952 | 77%
With Samplel [30.011 |22.532 | 3.845 [0.524 |7.000 | 7348 [1940 |74%
End Cap Samplel |26.700 [17.770 | 3.044 |0.497 |5.314 | 6127 (2275 | 63%
Average |27.786 |19.802 | 3.596 |[0.496 |6.196 | 7270 [2056 |72%

Pexp-ult, experimental ultimate load, Aexp-ui, measured mid-span deflection at ultimate load, Pexp-cr, €xperimental cracking load, Aexp-
or, measured mid-span deflection at cracking load, 1.S., initial stiffness, S.2", stiffness after cracking, S.R., reduction in stiffness,
Aexp-s, experimental mid-span deflection at theoretical service load



Table A.11: Characteristics of load-deflection diagram for BFRP-RC beams with and without end cap before and after heating
Beam TYPC Sample # Pexp—ult Aexp—ult Pexp—cr Aexp—cr Aexp—s LS S-an S.R

Samplel |43.713 |13.690 |12.343 | 0.870 |6.995 |14194 (4423 |69%
Samplel |35.736 |11.674 |11.589 |0.962 |7.373 |12035 (3458 | 71%
Samplel |36.259 |10.585 |11.883 |0.937 |6.211 |14088 (3796 |73%
Average |38.569 [11.983 |11.938 [0.923 |6.860 13440 [3892 | 71%
Samplel |68.726 |22.675 |13.350 [0.462 |3.245 |28926 |7170 | 75%

With Samplel |87.202 |24.238 |13.290 | 0.444 |3.225 |29987 |5660 |81%
End Cap Samplel |84.692 |23.687 |15.330 [0.480 |3.430 |31998 |5203 | 84%
Average |80.207 |23.533 |13.990 [0.462 |3.300 [30304 [6011 | 80%
Samplel | 7.262 |17.143 | 1.185 |0.396 - 2996 [1341 | 55%
Samplel | 6.728 |14.505 | 1.968 |0.568 - 3467 (1780 |49%
Samplel | 7.796 |15.931 | 1.706 |0.506 - 3369 (1163 | 65%
Average | 7.262 |15.860 | 1.620 |0.490 - 3277 [1428 | 56%
Samplel |47.579 |23.048 | 2.189 |0.426 |4.322 | 5140 (3506 |32%

With Samplel |49.502 |20.524 | 3.806 |[0.498 |3.360 | 7647 |4065 |47%
End Cap Samplel |44.963 |17.717 | 2.131 |0.248 |4.379 | 8616 |3267 |62%
Average |47.348 |20.430 | 2.709 |0.391 [4.020 | 7134 |3613 |49%

Pexp-ult, experimental ultimate load, Aexp-ui, measured mid-span deflection at ultimate load, Pexp-cr, €xperimental cracking load, Aexp-
or, measured mid-span deflection at cracking load, 1.S., initial stiffness, S.2", stiffness after cracking, S.R., reduction in stiffness,
Aexp-s, experimental mid-span deflection at theoretical service load

Without End Cap

N.T.

Without End Cap

H.T.




Table A.12: Characteristics of load-deflection diagram for CFRP-RC beams with and without end cap before and after heating

Beam Type Sample # | Pexput | Aexp-ult | Pexp-cr | Aexpcr | Aexps | I.S s.2™ | SR
Samplel |84.030 |10.989 |12.289 |0.746 |2.891 |16492 | 8474 |49%

Without Samplel |98.152 |12.229 |15.254 |1.018 |2.741 |16587 |10144 |39%

End Cap Samplel |87.736 |11.094 |13.457 |0.642 |2.553 |21363 | 9160 |57%

Average |89.973 [11.437 |13.667 |0.802 |2.728 |18147 | 9260 |48%

N Samplel |94.251 [16.224 |13.751 |0.480 |2.500 [30465 | 7596 |75%
With Samplel |85.280 [13.222 |14.471 |0.490 |2.733 [36025 | 6940 |80%

End Cap Samplel [89.712 |17.592 |13.617 |0.638 |2.974 |29986 | 7575 |74%

Average |89.748 |15.679 |13.946 |0.536 |2.736 |32159 | 7370 |76%

Samplel |29.423 [16.466 | 1.121 |0.261 [10.957 | 4297 | 2448 |43%

Without Samplel [31.666 |15.040 | 1.762 |0.550 |7.945 | 2889 | 1824 |37%

End Cap Samplel |34.817 |17.749 | 1.869 |0.428 |9.636 | 4366 | 1988 |54%

HT. Average [31.969 |16.418 | 1.584 |0.413 |9.513 | 3851 | 2087 |46%
Samplel |61.837 [23.012 | 2.136 |0.409 |6.942 | 5222 | 2801 |46%

With Samplel |54.361 [27.153 | 2.881 |0.881 |7.635 |3271 | 2827 |14%

End Cap Samplel |66.216 |23.776 | 3.097 |0.853 |7.936 | 5541 | 2367 |57%

Average |60.805 (24.647 | 2.705 |0.714 |7.505 | 4678 | 2665 |43%

Pexp-ult, experimental ultimate load, Aexp-ui, measured mid-span deflection at ultimate load, Pexp-cr, €xperimental cracking load, Aexp-
or, measured mid-span deflection at cracking load, 1.S., initial stiffness, S.2", stiffness after cracking, S.R. reduction in stiffness,
Aexp-s, experimental mid-span deflection at theoretical service load




Table A.13: Characteristics of load-deflection diagram for Steel-RC beams before and after heating
Sample # Pexp—ult Aexp—ult Pexp—cr Aexp—cr Pexp—yield Aexp—yield Aexp—s LS S.2nd S.R

Samplel |77.780 |10.380 19.0 |1.350 | 70.447 | 6.383 |1.686 14285 |11756 |17.70%

Samplel 78.420 |10.120 22.0 |1.540 | 70.717 | 6.105 1.72 14930 |11610 |22.24%

N.T.
Samplel 72.210 |(12.870 21.0 (1.239 66.75 5.346 |1.355 (18450 [11121 |39.72%
Steel
Average 76.137 [11.123 |20.667 |1.376 | 69.305 5.945 [1.587 15888 | 11496 |26.55%
Samplel 70.595 [12.403 | 3.471 |0.428 | 64.561 8.482 2.82 | 8360 | 8000 | 4.31%
Samplel 72.197 |(14.363 | 3.097 |0.284 | 61.463 7.092 2.34 [ 12850 | 9400 |26.85%
H.T.

Samplel 65.468 |14.292 | 2.19 |0.250 |60.449 | 8.661 |3.03 | 8760 | 7340 |16.21%

Average 69.420 |13.686 | 2.919 |0.321 | 62.158 | 8.078 |2.730 | 9.990 | 8.247 |15.79%

Pexp-utt, €xperimental ultimate load, Aexp-ui, measured mid-span deflection at ultimate load, Pexp-cr, €xperimental cracking load, Aexp-cr,
measured mid-span deflection at cracking load, 1.S., initial stiffness, S.2"9, stiffness after cracking, S.R., reduction in stiffness, Aexp-s,
experimental mid-span deflection at theoretical service load



Table A.14: Strain measurements of concrete and different reinforcing bars at ultimate loads

Temp. GFRP BFRP CFRP Steel
Sample # |ecx 10 |grx 10° |ecx 10° |&rx 10° |e.x 100 |gx 10° |ecx 100 ult | g x 100 ult |e.x 10 yield |esx 107 yield
Samplel 1349 | 5370 | 1680 | 5897 | 2766 | 7067 5290 7760 2710 3750
Without | Samplel 1501 | 4993 | 1646 | 4711 | 2964 | 7766 5843 7320 3013 2973
End Cap | Samplel 1387 | 5893 | 1795 | 4617 | 2489 | 6600 5120 5650 2933 2265
Average 1412 5419 1707 5075 2740 7144 5418 6910 2885 2996
n Samplel | 2983 | 10562 | 2489 | 9087 | 2792 | 6473
With Samplel | 3463 | 10982 | 2746 | 10877 | 3045 | 7082
End Cap | Samplel | 3591 | 11189 | 2831 |11122 | 2578 | 6552
Average 3346 | 10911 | 2689 | 10362 | 2805 6702
Samplel 1066 | 1317 | 1308 1605 | 3060 | 2916 4858 N.A 2450 2720
Without | Samplel 1151 1911 1417 | 2068 | 2948 | 2709 6428 N.A 3038 1996
End Cap | Samplel 1008 | 1703 1604 | 1933 | 3758 | 2879 7318 N.A 4350 2364
Average 1075 1644 1443 1869 3255 2835 6201 N.A 3279 2360
AT Samplel | 3432 | 6000 | 3750 | 7946 | 4531 | 6634
With Samplel | 4577 | 6387 | 4041 | 8035 | 4312 | 6621
End Cap | Samplel 4270 5922 4199 6686 4835 7601
Average 4093 6103 3997 7556 4559 6952

er, FRP strain at ultimate load, &, concrete strain at ultimate or yield load, &s=steel strain at yield or ultimate load

116



Table A.15: Ductility indices and overall ductility factors of GFRP-RC beams

Temp. |End Caps Sample Ee Einel Etotal 0 Pom Am | Pexpuit | Aexp-utt | Pexputt | Aexp-ute ODF
# KN.mm | kN.mm |kN.mm kN mm kN mm /Pm |/ Anm
Samplel 71.5 192.7 264.1 2.348 18.67 | 6.00 |30.04 |13.75 | 1.61 2.29 3.68
Without | Samplel 86.7 200.4 287.1 2.156 2426 | 7.38 3547 |12.73 | 146 1.72 2.52
End Cap | Samplel 66.8 238.9 305.7 2.787 23.70 | 525 |32.41 | 1337 | 1.37 | 2.55 3.48
Average 75.0 210.6 285.6 2.430 22.21 6.21 |32.64 |13.28 | 147 2.14 3.14
Normal Samplel 148.0 616.0 764.0 3.081 2726 | 533 ]60.56 |19.12 | 2.22 3.59 7.97
With End | Samplel 138.6 618.5 757.1 3.231 21.79 | 3.89 |56.87 |19.58 | 2.61 5.03 13.14
Cap Samplel 138.5 475.5 614.0 2717 2746 | 486 |57.89 |16.03 | 2.11 3.30 6.95
Average 141.7 570.0 711.7 3.010 25.50 | 4.69 |58.44 |1824 | 2.29 3.89 8.91
Samplel 10.0 67.2 77.2 4.368 - - 6.36 | 19.78 - - -
Without | Samplel 22.6 88.0 110.6 2.950 - - 8.38 |20.71 - - -
End Cap | Samplel 6.7 77.8 84.5 6.806 - - 582 |19.42 - - -
High Average 13.1 77.7 90.8 4.708 - - 6.85 |19.97 - - -
Samplel 180.9 129.9 310.8 1.359 1433 | 7.62 |26.65 |19.10 | 1.86 | 2.51 4.66
With End | Samplel 163.0 245.8 408.8 1.754 1329 | 7.37 [30.01 |22.53 | 2.26 3.06 6.91
Cap Samplel 133.2 149.2 282.4 1.560 11.70 | 5.00 |26.70 |17.77 | 2.28 3.55 8.11
Average 159 175 334 1.558 13.10 | 6.66 |27.79 |19.80 | 2.12 297 6.30

Eq, elastic energy, Ein, inelastic energy, Ewwal, total energy, u, ductility index, P, force at 0.001 concrete strain (0.0021 in case of heated concrete), An,
deflection corresponding to P , Pexp-ui, measure ultimate load capacity, Acxp-u, deflection at ultimate load capacity, ODF, overall ductility factor




Table A.16: Ductility indices and overall ductility factors of BFRP-RC beams

Temp. |End Caps Sample Ea Einel Eotal 1) Pom Am | Pexpult | Aexp-utt | Pexputt | Acxp-utt ODF
# KN.mm | kN.mm |kN.mm kN mm kN mm /Pm |/ Anm
Samplel 107.1 252.0 359.1 2.176 2555 | 6.61 |43.71 |13.69 | 1.71 2.07 3.55
Without | Samplel 86.5 151.9 238.4 1.878 2345 | 631 |35.74 |11.67 | 1.52 1.85 2.82
End Cap | Samplel 92.5 149.5 242.0 1.808 25.16 | 5.75 |36.26 | 10.59 | 1.44 1.84 2.66
Normal Average 95.3 184.4 279.8 1.954 2472 | 6.22 |38.57 | 11.98 | 1.56 1.93 3.01
Samplel 215.8 888.7 1104.5 3.059 3497 | 5.64 |68.73 |22.68 | 1.97 | 4.02 7.90
With End | Samplel 344.6 1026.1 | 1370.7 2.489 38.42 | 6.25 |87.20 |24.24 | 227 | 3.88 8.81
Cap Samplel 288.6 1035.7 | 13243 2.794 4090 | 6.39 |84.69 |23.69 | 2.07 | 3.71 7.68
Average 283 983.5 1266.5 2.781 38.10 | 6.09 |80.21 |23.53 | 2.11 3.86 8.13
Samplel 16.1 73.6 89.7 3.287 -- -- 726 |17.14 -- -- --
Without | Samplel 11.4 66.8 78.2 3.940 -- -- 6.73 | 14.51 -- -- --
End Cap | Samplel 15.8 70.6 86.3 3.241 -- -- 7.80 | 15.93 -- -- --
_ Average 14.4 70.3 84.7 3.489 -- -- 7.26 | 15.86 -- -- --
High Samplel 313.9 365.5 679.4 1.582 19.80 | 5.54 |47.58 |23.05 | 240 | 4.16 10.00
With End | Samplel 271.8 395.8 667.6 1.728 20.87 | 470 |49.50 |20.52 | 237 | 437 10.36
Cap Samplel 275.9 183.1 459.0 1.332 2090 | 598 |44.96 |17.72 | 2.15 | 2.96 6.37
Average 287.2 314.8 602 1.547 20.52 | 541 |47.35 [ 2043 | 231 3.78 8.72

Eq, elastic energy, Ein, inelastic energy, Ewwai, total energy, u, ductility index, Pm, force at 0.001 concrete strain (0.0021 in case of heated concrete), Am,
deflection corresponding to Prm , Pexp-ut, measure ultimate load capacity, Acxp-ui, deflection at ultimate load capacity, ODF, overall ductility factor




Table A-17: Ductility indices and overall ductility factors of CFRP-RC beams

Temp. |End Caps Sample Ea Einel Eotal 1) Pom Am | Pexpult | Aexp-utt | Pexputt | Acxp-utt ODF
# KN.mm | kN.mm |kN.mm kN mm kN mm /Pm |/ Anm

Samplel 353.6 177.7 531.3 1.251 3422 | 3.44 |84.03 |10.99 | 246 | 3.19 7.84

Without | Samplel 463.7 2449 708.6 1.264 3426 | 3.16 |98.15 |12.23 | 2.86 | 3.87 11.09

End Cap | Samplel 343.5 245.6 589.1 1.358 36.73 | 3.19 |87.74 | 11.09 | 2.39 | 347 8.30

Average 386.9 222.7 609.7 1.291 35.07 | 3.27 |89.97 |11.44 | 2.57 | 3.50 8.99

Normal Samplel 386.0 647.0 1033.0 1.838 39.86 | 3.73 |94.25 | 1622 | 2.36 | 4.35 10.28

With End | Samplel 292.5 430.5 723.0 1.736 37.11 | 3.71 |85.28 |13.22 | 2.30 | 3.57 8.20

Cap Samplel 351.0 760.0 1111.0 2.083 39.38 | 429 |89.71 |17.59 | 2.28 | 4.10 9.34

Average 343.2 612.5 955.7 1.886 3878 | 391 |89.75 |15.68 | 2.31 4.01 9.28

Samplel 192.7 88.9 281.6 1.231 20.11 | 9.26 |29.42 | 1647 | 1.46 1.78 2.60

Without | Samplel 186.5 111.6 298.1 1.299 2238 | 7.71 |31.67 |15.04 | 1.42 1.95 2.76

End Cap | Samplel 233.8 123.5 357.3 1.264 1828 | 7.58 |34.82 | 17.75 | 1.91 2.34 4.46

_ Average 204.3 108.0 312.3 1.265 20.25 | 8.18 |31.97 |16.42 | 1.58 | 2.01 3.17

High Samplel 543.8 272.3 816.1 1.250 2536 | 7.67 |61.84 |23.01 | 2.44 | 3.00 7.32

With End | Samplel 495.0 428.8 923.8 1.433 2373 | 791 |54.36 |27.15 | 229 | 343 7.86

Cap Samplel 632.0 206.0 838.0 1.163 23.06 | 7.92 |66.22 |23.78 | 2.87 | 3.00 8.62

Average 556.9 302.3 859.3 1.282 24.05 | 7.83 |60.81 |24.65 | 2.53 3.15 7.96

E., elastic energy, Eine, inelastic energy, Erori, total energy, p, ductility index, Pm, force at 0.001 concrete strain (0.0021 in case of heated concrete), Am, deflection

corresponding to P , Pexp-uii, measure ultimate load capacity, Acxp-ut, deflection at ultimate load capacity, ODF, overall ductility factor




Table A.18: Ductility of steel-RC beams

Beam Type |Sample # Froul Bexp-ue | Bexp—yt eta Ductility = —Aexp_ult
(kN.mm) mm mm exp—yi eld
S1 555.3 10.380 6.383 1.63
STEEL-RC-
S2 565.5 10.120 6.105 1.66
Normal
S3 755.6 12.870 5.346 2.41
Temperature
Average | 625.5 11.123 5.945 1.897
S1 543.6 12.403 8.482 1.46
STEEL-RC-
S2 727.0 14.363 7.092 2.03
High
S3 627.0 14.292 8.661 1.65
Temperature
Average | 632.5 13.686 8.078 1.713

Eiotar, total absorbed energy, Acxp-ui, deflection at ultimate load capacity, Acxp-yicla, deflection at

yield load
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Appendix B: Theoretical Prediction of Flexural Capacity of FRP-RC beams

B1. Theoretical prediction of flexural capacity of GFRP-RC beams at normal
temperature

Er=47,140 MPa

Reduced fui-£=571.2 MPa

pr/pp = 1.035 >1.0 ==> crushing concrete mode failure

Extreme fiber compressive strain = ultimate concrete strain gcu = 0.003

‘ | Ecu |

a| = 0.85f:bc

&f

(Refer Fig. 5.10)

FRP tensile stress at time of concrete crushing = f

Ereq\2  [0.85B,f/Ere Ere
ff:\/<_f2CU> +< 'Blpfc ! CU)— fZCUSfuzt—f:571MPa
¥

\/(47140(0.003)2 N (0.85)(0.80714x34><4714()<0.003) 47140x0.003

Ir = 2 0.008391 2
= 5602MPa < f,;_ = 5712 MPa OK
fr 5602
=22 0011885
7 TE T 47140

Tensile force inreinforcemnet T, = Asff = 157.08x5602 = 88007N

=88.0 kN



Arfy _15708x5602 . a _ 2343 _ .
= = = i - = = — = i
&= 0.85f/b  0.85x34x130 mm = = 0.80714 mm

a 2343
M, =T, (d—z) = 88.0x (144— )><10‘6= 11.64kN.m

Or M, can be directly calculated from the below equation:

M, = Afffd <1 — T
c
0.59x0.00839 5602
= 15708%x5602x144x (1— 37 )><10‘6= 11.64kN.m
P
P/2 P/2
L/3 L/3 L/3

(Refer Fig. 5.7)

6M, 6x1164

I = 105 =66.52kN

For four point loaded beam, P, =

Check of bond capacity of GFRP in the Concrete beam at normal temperature:

The tensile force is transferred to the bars though bar-concrete bond. The bond
stress distributions are not constant along the reinforcement bars so the average mean
values of the bond will be used to indicate the bond strength between the bars and
concrete. From previous presented pullout -test results, Average bond strength
capacity between different FRP and concrete at normal and high temperature are

summarized in the following table:

T MPa Carbon | Glass | BASALT Steel
at 23°C 8.338 | 2.014 | 2.628 | 7.480
at 320°C 1.533 | 0.419 | 0.554 |3.923
+end cap at 23°C 8.937 |6.703 | 8.614

+end cap at 320°C 6.948 |4.983 | 6.690

Ultimate bond capacity of GFRP with concrete Ty, = 2.014MPa



For FRP bar ,ultimate nond force = T;q,dp S

F—————— 4P 5nm Fa0mm 42 5mm
Fi
[ ]
Pral ) L) FE
{ _ 1150 — |
N i
I 1050 |
1200

—= r—ES Y /_)’-'—Sl C400mm3

_— e e e = = —_— —= —= —= —= —=

(Refer Fig. 5.12)
For two GFRP bars F = 2X7 T,0,dp S = 2Xmx2.014x10x400= 50.617kN
< T, =880kN

Maximum bond force capacity between GFRP and concrete is lower than the
maximum tensile force capacity so bond failure between GFRP and concrete is
expected before reaching to concrete crushing and flexural capacity of the beam should
be recalculate as follows.

The ACI compression stress block is not applicable because the maximum
concrete strain didn't reach its ultimate value of 0.003 therefore an approximate stress
distribution in the concrete should be used according to the strain level reached using

Hognestad Model.



1. First step is to assume that the concrete stress is less than its peak & strain is

less than &,. Parabolic distribution of concrete compressive stress of maximum value

fc is assumed ( note: parabolic area=2/3 fc ¢ )
b s e
| | - e e
0.4
=R
c C

5 N.A. ?
fif| | spmmmm e e e e e e e {--- |d-0.4c
Af Ak
— 1 @ ® . $ ol

i

(Refer Fig. 5.11)
2. Assume f; = f.' =34MPa

F (maximum Bond capacity Force) =50,617 N=50.617 kN (from previous page)

F 50617

= =0.006835
ArE;  157.08x47140

Maximum FRP strain & =

2 2
Compression force C = §fccb =3 x34x130xc
Using internal forces equilibrium, C =F
2
§><34><130><c =50617->c=17177mm

ceg 17177x0.006835

d—c_ 14a—17177 00009288

E =

Using concrete stress — strain curve proposed by Hognestad 1955

concrete compressive stress f,

ﬁ'(i)(2—5> if e, <¢,

€o €o

cu 80

E— &
fc’[1—<0.15><c O)] if 8, < & < &0y

18f;  18f _ 18x34

= = =0.0022331
E.  4700/f, 4700/34

where ¢, strain at peak stress =



B ,<£C>(2 ec>_34x<0.0009288)(2 0.0009288)_2235MP
fe=te g, e,/ 0.002233 0.002233/ 7 4

3. By trial and error, repeat the previous step using initially fc =22.35 MPa, until
we find the correct stress value fc.

It was found that fc = 26.906 MPa

c¢=21.707 mm

e =0.001213

M, = F(d —0.4c) = 50.617x(144— 0.4%x21.707)x107% = 6.85kN.m

6M,  6X6.85

I = 105 = 3914kN

For four point loaded beam, P, =

Check of bond capacity of GFRP bar with end cap in the concrete beam at normal

temperature:

Ultimate bond capacity of GFRP with concrete t; = 2.014MPa
Ultimate bond capacity between GFRP,epoxy and SS cap 1, = 6.703MPa

For one FRP bar with end cap , ultimate bond force =m dy (5; 71 + S2 73)

~—— 42 0mm ——=

—

=

S1 (300mm) ==t S2 100mm)
r e

T .

— =

Fig. B.1
For two GFRP bars F = 2xmd, (5,7, + S, 75)
= 2XmXx10x(300%x2.014+ 100x6.703) = 80.08kKN < T

= 88.0 kN



Maximum bond force capacity between GFRP bars with end cap and concrete is
lower than the maximum tensile force in the reinforcement of the beam at concrete
crushing failure which means that bond between GFRP and concrete is expected to fail
before reaching to concrete crushing and flexural capacity of the beam should be
recalculate similar to previous steps:

1. Assume f. = ' =34MPa
F (maximum Bond capacity Force) =80,080 N=80.08 kN (from previous page)

F 80.08

= =0.010815
ArE;  15708x47140

Maximum FRP strain & =

2 2
Compression Force C = §fccb =3 X34x130xc

Using internal forces equilibrium, C = F

2
§X34X130XC =80080—»>c=27176mm

ce  27176x0.010815
d—c  144—27.176

£, = =0.002516> ¢,

18f,  18f  18x34

= = =0.0022331
E.  4700/f; 4700/34

where g, strain at peak stress =

This means that the concrete compressive stress had exceeded its peak values and
existed in the linear part of the curve between its peak stress (fc') and the crushing

stress (0.85fc")

Using concrete stress — strain curve proposed by Hognestad , for €. > ¢,

fo=f [1 - <0.15>< fc %o )]

Ecu— &o
,[1 (015 0.002516—0.002233)] 004471 — 3212 1P
Je 0.003—0002233 Ye @



02 &c ﬁf. 0502

TELTT o =t Co
&o _.I f.: | D"q-ﬂ 1i C
C G 1 — !-__4 LS | — 1
N.A. [/ || /|
d d-0.562
d-0.4GC+-C:
| 1| F
Ef - — oy . —
Fig. B-2

1. Assume f. = a f' = 0.94471 £.' = 32.12 MPa
) 2 1+a
Compression Force C = [gfc’clb] + [(T) fc’czb]
& — Eo) <80>
= & = |—
Cy ( e c1 1 . c

) 2 1+a\ /e — & ,
Compression Force C = C; + C, = [§/‘C clb] + [( > ) ( - )clfC b]
o

-res (2)]G)+ (F) 52)
_fCCb<£C>[(3 * 2 &
Using internal forces equilibrium, C = T
, &0\ [(2 1+a\ec—&\]
ren(2)]G)+ (=) 5] =

0.002233 [(2) (1 + 0.94471) (0.002516— 0.002233]
0.00251 2 0.002233

34><130><c><( 3 +
=80,080 - ¢ =25844mm

ce  25844x0.010815
d—c  144—25844

£, = =0.0023655> ¢,

Using concrete stress — strain curve proposed by Hognestad 1955 for . > ¢,

,[1 (015 e —e )} ,[1 (015 0.0023655—0.002233)]
= _ . X = - . X
fe=fe e )| T 0.003—0.002233

=0.974f



2. By trial and error, repeat the previous steps using initially f. = o fc' = 0.974 {.'
MPa until we find the correct stress value fe.
It was found that f. = 32.8 MPa,

¢=26.263 mm, ¢c1=24.3117 mm, ¢2=1.9517 mm, and ec = 0.00241.
2 2
Compression Force C; = [gfc’clb] = [§ X34x24.31171 30] x1073

=71.638 kN

x1.9517x130x1073

<3 2.8 + 34)

fc+fc'>c
> 2

Compression Force C, = (

= 8.474kN
Mn = [Cl(d - 0.4‘C1 - Cz)] + [Cz (d - OSCZ)]
= [71.638x(144—(0.4%x243117 —1.9517] + [8.474x(144—(0.5%1.951%))]

=10.69kN.m

6M, 6x10.69
L  1.05

For four point loaded beam, P, = =61.0kN



B2. Theoretical prediction of flexural capacity of BFRP-RC beams at normal
temperature :

Er=65,850 MPa

Reduced fuir =752 MPa

pr/pp = 1.3 >1.0 ==> crushing concrete mode failure

Extreme fiber compressive strain = ultimate concrete strain gcu = 0.003

b fe
‘ | Ecu |_._...| - 0.85f:
. a| (= 0.85f:bc
N.A o
ald o |/ A N
| - Af > fi At
of

(Refer Fig. 5.10)

FRP tensile stress at time of concrete crushing = f

Erecy\>  (0.8581f/Erecy\  Erecy
ff = \/(—2 ) + < —_ 2 S fult—f = 571MPa

Pr

B <65850<0.003)2+(0.85><o.80714><34><65850<0.003) 65850<0.003
s 2 0.008391 2

= 64885MPa < fy;_; = 752MPa  OK

Jr 84885 _ 0098533
Sf —_— — D e——— .
E; 65850
Tensile force inreinforcemnet T, = Asff = 157.08x64885=101921N

=10192 kN

Asfy 157.08x64884 a 34.86
= = =2713mm-c=—=———7
0.85f/b  0.85x34x130 p1 080714

=33.61mm



a 2713\ .
My =T, (d _E) =10192x (144—7) x1076 = 13.29kN.m

6M,  6x13.29

I = 10% =7594kN

For four point loaded beam, P, =

Check of bond capacity of BFRP in the Concrete beam at normal temperature:

Ultimate Bond capacity of BFRP with concrete T, = 2.628MPa

For FRP Bar ,Ultimate Bond Force = T Tpyg,dp S

For two GFRP bars F = 2X7 T,0,dp S = 2XmX2.628x10x400= 66.048kN

< T, =10192kN

Maximum bond force capacity between BFRP and concrete is lower than the

maximum tensile force in the bars at concrete crushing failure stage so bond failure

between BFRP and concrete is expected before reaching to concrete crushing and

flexural capacity of the beam to be recalculate similar to previous GFRP beam design:
1. First step is to assume that the concrete stress is less than its peak & strain is

less than &, . Parabolic distribution of concrete compressive stress of maximum

value f. is assumed ( note: parabolic area=2/3 fc ¢ )
_#, I fCI | fC\
I | - e
04
=P
c c

. N.A. ?
R R e e s {--- | d-0.4c
Af A f;
R & o . £ -—f f

i

(Refer Fig. 5.11)
2. Assume f. = f.' =34MPa
F (maximum Bond capacity Force) =66,048 N=66.048 kN

F 66,048

= =0.00639
ArE;  157.08x65850

Maximum FRP strain & =



2 2
Compression Force C = §fccb =3 X34x130xc

Using internal forces equilibrium, C =F

2
§X34X130XC =66048—>c=22415mm

ce 22415 0.00639
d—c  144—22415

£, = =0.001178< ¢,

18f,  18f  18x34

= = =0.0022331
E.  4700/f; 4700/34

where g, strain at peak stress =

Using concrete stress — strain curve proposed by Hognestad 1955

_ ,<EC>(2 ec>_34x<0.001178)<2 0.001178)_264MP
fe=1e g, e,/ 0.002233 0.002233/  ° 4

3. By trial and error, repeat the previous steps using initially f. = 26.4 MPa, until
we find the correct stress value fc.

It was found that f. = 29.34 MPa

¢=25.975 mm and & = 0.001406

M, = F(d — 0.4c) = 66,048x(144— 0.4x25975%x107°% = 8.825kN.m

6M,  6x8.825

I = 105 =5042kN

For four point loaded beam, P, =

Check of bond capacity of BFRP bar with end cap in the concrete beam at normal

temperature:

e 42 Dmm ——

—

=

S1GE00mm) = S22 (100mm)

T2

F

T! -

— =

(Refer Fig. B.1)



Ultimate bond capacity of BFRP with concrete t, = 2.628MPa
Ultimate bond capacity between BFRP, epoxy and S.S.cap 1, = 8.614MPa
For FRP Bar with end cap ,ultimate bond force =m dy (5; 11 + S3 73)
For two GFRP bars F = 2xmd, (S5; 7, + S, 73)
= 2Xxmx10x(300%x2.628+ 100x8.614) = 10366KkN > T,
=10192kN
Maximum bond force capacity between BFRP bars with end cap and concrete is higher
than the maximum tensile force in the reinforcement of the beam at concrete crushing
failure stage which means that concrete is expected to reach crushing strain before
reaching the de-bonding stage and flexural capacity of the beam is the same previously

calculated value of 13.29 kN.m.



B3. Theoretical prediction of flexural capacity of CFRP-RC beams at normal
temperature

Er=119,000 MPa

Reduced fu.r=1414 MPa

pr/pp =2.524 >1.0 ==> crushing concrete mode failure

Extreme fiber compressive strain = ultimate concrete strain gcu = 0.003

b fe
‘ | Ecu |_._...| - 0.85f:
. a| (= 0.85f:bc
N.A o
ald o |/ A N
| - Af > fi At
of

(Refer Fig. 5.10)

FRP tensile stress at time of concrete crushing = f

Ereq\>  [0.85B,f/Ere E:e
ff:\/<—f2“’> +< ﬁlpfc ! CU)— D5 < fue-y = 1414MPa
¥

B <1 19,000><o.003>2 s (O.85><O.80714x34><1 19,000><o.003>
fr = 2 0.008391

119000x0.003
2

= 83378MPa < fy_; = 1414MPa  OK

_Jr_ 83378 _ 107007
o TE T 119000
Tensile force inreinforcemnet T, = Asff = 157.08x83378=130970N
=13097kN

Asfr  157.08x83378 a 3486
a=—11_= =3486mmoc=—=—
0.85f/b  0.85x34x130 B, 080714

= 43.19mm



a 3486\
anTm(d—§)=130,970><<144—T)><10 =1657kN.m
6M, 6x1657

I = 10% =94.69kN

For four point loaded beam, P, =

Check of bond capacity of CFRP in the concrete beam at normal temperature:

Ultimate Bond capacity of CFRP with concrete T4, = 8.338MPa

I Ta ] T E—

—

i T ST C400MM)

S F

PR N V. N V. V.

—_— = — —= — —

(Refer Fig. B-1)

For each FRP Bar ,Ultimate Bond Force = T Tjq,dp S

For two CFRP barsF = 2 X T 7,4, dp S = 2 XmX8.338x10x400= 2095 kN

> T, =13097kN

Maximum bond force capacity is higher than the maximum tensile force capacity so

no bond failure between CFRP bars and concrete is expected at normal temperature.

Note:

The ultimate force capacity P, calculated from the flexural capacity of this CFRP-RC

is higher than its P, calculated from the beam shear capacity, which means that shear

failure is expected to occur before reaching the flexural failure due to concrete

crushing.

Maximum Compressive stress/ strain and maximum tensile FRP stress/ strain can be

calculated at time of shear failure as follows:



1. Assume that the concrete stress is less than its peak and strain is less than &.

Parabolic distribution of concrete compressive stress of maximum value f; is

assumed ( note: parabolic area =2/3 fc ¢ )
b ) fcl | fC\
| | - e e
0.4
=R
c C
5 N.A. ?
fif| | spmmmm e e e e e e e {--- |d-0.4c
Af Ak
— 1 @ ® . $ ol
i

(Refer Fig. 5.11)
P, from shear capacity calculation = 85.74

PL _8574x1.05

M =g = - 150 kN.m
rain at I st 1.8f; 1.8f; 1.8x34 0.0022331
&, Strain at peak stress = = = = 0.
° Ec  4700/ff 4700/34
) 2 2 & &
Compression Force C = = f.ch = = Xf/ <—> (2 — —) XbXc
3 3 & &
FRP Tensile Force T,;, = &7EfAf = ( _ )ecEfAf
Using internal forces equilibrium, C = T,
2 (& & d—c
§><fc <g><2—g) ><b><c=< p )eCEfAf eq.#1
—c
M, =T,,(d —0.4c) = ( )scEfAf(d —0.4c) = 15.0kN.m eq.#2

Solving the above two equations with two unknowns (c and &), we find that ¢ = 40.06
mm and & = 0.002415 > g, = 0.002233. This means that at this loading, the concrete

compressive stress exceeded its peak value and existed in the linear part of the curve

between its peak stress (fc') and the crushing stress (0.85f.")



(Refer Fig. B.2)

Cz S Cc
EC
cit=\|—]|C
1 &

fo=af =f [1—(0.15>< e~ % )] —

Ecu— &

Compression force C = C; + C, = Efc’clb] + [(HTQ> fc’czb]
c = [reee ()] +[(57) () ]
=reen[(5) C2)+ () ()

c
FRP Tensile Force T = &:EfAf = ( )ecEfAf

Using internal forces equilibrium, C = F

ool E)+ () (0 = (50 )ty eam

o= [1 - (o.15>< fc” % )] eq. #2

ECU EO

M, = [C;(d — 0.4c; — c;)] + [C,(d — 0.5¢;)]

TE i 1 ' T
| |Eo/ / fu: /0.4C
C GCi| / =7 |
NA. | _ 1/ (L1 72 1
d
d-0.4c+-C:
Ef ..... - _1




15= Efc’bc (‘Z—‘C’) (d — 0.4c (%) _ (Ec ;%) C>]
(59 C) e (a-05 (22)e)]  eaws

Solving the above three equations with three unknowns (c, o and &), we find that:

At expected shear failure mode,
Sce

c=38964mm |, rte
0.4cl
-~} C1
f. =0.98345 f.' =33.4374 MPa
g =0.002318 > g, = 0.002233 o-0,5c2
er=0.006248 H-D4c1-c2
ff = 743 Mpa —4'—_-- — -




B4. Theoretical prediction of flexural capacity of GFRP-RC beams after

exposure to high temperature

Ef=37,390 MPa, reduced fu.r=316.4 MPa

fc'=25.2 MPa at T=500°C

B1=0.85

pr/pb=0.557131 <1.0 ==> FRP rupture failure mode before crushing concrete

FRP reached its maximum tensile strength while concrete still below its crushing strain

stage.

Stress-strain relationship for concrete at High temperature

Concrete compressive stress fe at any strain level can be evaluated using concrete

stress-strain curve proposed by EuroCode EN1992-1-2:2004, which consists of two

parts, parabolic shape curve up to peak stress (at strain €o) then descending linear

branch up to &y, as follows:

_ 3ecrfer
fc,T - € 3
car24 (2)
_ 3ecrfe 500
= fes00 =

0.015

0.015[2 +(5et )3]

(Refer Fig. 5.9)

As per EN1992 code, for concrete exposed to 500°C, €9 = 0.015 and &y = 0.025

Flexural capacity of the beam should be calculated as follows:

1. Assume that the concrete stress is less than its peak & strain is less than &.

Parabolic distribution of concrete compressive stress of maximum value f; is

assumed

( note: parabolic area =2/3 fc ¢ )



fue-y 3164

Maxi FRP strai -f = -
aximum strain &y Ef 37,390

=0.008462

Tensile force inreinforcemnet T, = Asfuie—r = 157.08x3164

=49,700N = 49.7 kN

€&

= 9% 566 1. be
83 C ?

-— |d-0.4c

> Af " fr At
Ef

(Refer Fig. 5.11)

2. Assume f. = f.' =25.2 MPa
) 2 2
Compression Force C = §fccb =3 X252%x130xc
Using internal forces equilibrium, C = T,

2
§><25.2><130><c =49700-> c=227565mm

 Cewep 227565 0.008462

=0.0015883%k
T d_¢ 144— 227565 Fo
Using EN199 2concrete stress — strain curve, at 500C
£ = 3ecrfe 500 _ 3&crX25.2
c = 3 = 3
EC,T EC,T
0.015[2+(0_015)] 0.015[2+(—0_015)]
3x0.001588%25.2
B 0.001588%3 = *0MPa
o.o15l2 + (—0_015 3 l

3. By trial and error, repeat the previous steps using initially f. = 4.0 MPa, until

finding the correct stress value fc.



It was found that f. = 11.356 MPa, ¢= 50.497 mm and . = 0.004570.

M, =T(d — 0.4c) = 49.7x(144— 0.4x50.497)x107° = 6.153kN.m

6M,  6x6.153

I = 105 = 3516kN

For four point loaded beam, P, =

Check of bond capacity of GFRP bars in the concrete beam after exposure to high

temperature:

Ultimate Bond capacity of GFRP with concrete after exposure to 320T T4

= 0.419MPa

For FRP bar ,ultimate bond force = 7 Tpgdp S

For two GFRP bars F = 2X7m T,,0,dp S = 2XmX0.419x10x400= 10.530kN
< T, =497 kN

For GFRP-RC beams exposed to high temperature, maximum bond force capacity

between GFRP bars and concrete is lower than the maximum tensile force capacity in

the bars so bond failure between GFRP and concrete is expected before reaching to

bar maximum tensile capacity and flexural capacity of the beam to be recalculate

similar to previous cases.

b e fe
I | R i
= 9% 566 1. be
83 C
; N.A. ?
il | s et e {--- d04c
| e Af " fr At
ef

(Refer Fig. 5.11)
1. Assume f. =11.356 MPa (from previous step)

F (maximum bond capacity force) =10,530 N=10.530 kN



Maxi FRP strain &, = —— = 10530 =0.001793
aximum sramsf—AfEf_157.08><37,390_ '

2 2
Compression Force C = §fccb =3 x11.356x130xc

Using internal forces equilibrium, C =F

2
§X11.356X130XC =10530-> c=10.699mm

ceg 10699x0.001793

= ¢ 144—10699 _ 0001dd<s
Using EN199 2concrete stress — strain curve , at 500CT
£ = 3ecrfe 500 _ 3&crX25.2
c= 3 = 3
EC,T EC,T
(0519 ] 0'015[2 + (0519 ]
3x0.00014425.2
= 000014 = 0.363MPa
0.015[2+ 0015 3 ]

2. By trial and error, repeat the previous steps using initially fc = 0.363 MPa, until
finding the correct stress value fc.
It was found that f. = 2.419 MPa, ¢= 50.22 mm and &. = 0.000960

M, = F(d —0.4¢c) = 10,530x(144— 0.4x50.22)x107® = 1.3048kN.m

6M, 6x1.3048

For four point loaded beam, P, = . — 105 7.46 kN

Check of bond capacity of GFRP bar with end cap in the concrete beam after exposure

to high temperature:

Ultimate Bond capacity of GFRP with concrete after exposure to 320C 1,
=0.419MPa

Ult. bond capacity between GFRP, epoxy and steel cap after exposure to 320C (1)

=4.983MPa

For FRP bar with end cap ,ultimate bond force =mn d), (S; 11 + S, 73)



For two GFRP barswith steel end capF = 2xm dy (S; T4 + S5 73)
= 2XxXmx10x(300x0.419+ 100x4.983) =39.2KN < T,

= 49.7kN

e 42 DM

—

g S1GE00mm) = S22 (100mm)

Tz

F

T . .

— =

(Refer fig. B1)
Maximum bond force capacity between GFRP bars with end cap and concrete is lower
than the maximum tensile force in the reinforcement of the beam at failure stage which
means that de-bonding is expected before reaching the FRP rupture failure and flexural
capacity of the beam should be calculated again similar to previous cases.

1. Assume that the concrete stress is less than its peak & strain is less than &.
Parabolic distribution of concrete compressive stress of maximum value f; is
assumed ( note: parabolic area =2/3 fc ¢ )

2. Assume f. = fc' =11.356 MPa

F (maximum Bond capacity Force) =39,200 N=39.2 kN

F 39200
AsE;  15708x37,390

Maximum FRP strain & = =0.006674

2 2
Compression Force C = §fccb =3 X11.356x130xc
Using internal forces equilibrium, C =F

2
§><11.356><130><c =39200- ¢ =39829mm

ce  39.829x0.006676
d—c  144—39.829

& = =0.002552< ¢,



T lo.4c
0.66 fc bc
¢ c
p N.A.
L e I I I--= |d-0.4c
Af
—| ® ® £| ,l_qfﬂ
ef
(Refer Fig. 5.11)
Using EN199 2concrete stress — strain curve , at 500C
f _ 3EC,TfC’,500 _ 3£C,TX25-2
c 3 = 3
SC,T SC,T
(0579 ] 0'015[2 + (0613 ]
3x0.00255%25.2
= 000255 = 6.415MPa
o.o15l2+ 2092524 l

3. By trial and error, repeat the previous steps using initially fc = 6.415 MPa, until
finding the correct stress value f.
It was found that fc = 8.983 MPa, c= 50.355 mm and &. = 0.003589

M, = F(d — 0.4c) = 39.2%(144— 0.4X50.355X%107% = 4.855kN.m

6M, 6x4.855

For four point loaded beam, P, = T =1 (')5 =2774kN




BS. Theoretical prediction of flexural capacity of BFRP-RC beams after
exposure to high temperature

Er=51,890 MPa

Reduced fur.r =408 MPa

f'=25.2 MPa

B1=0.85

pr/pb=0.681 <1.0 ==>FRP rupture failure mode before crushing concrete

FRP reached its maximum tensile strength while concrete still below its crushing strain

stage.
Flexural capacity of the beam should be calculated as follows:
e Assume that the concrete stress is less than its peak and strain is less than eo.

Parabolic distribution of concrete compressive stress of maximum value f; is

assumed

(Note: parabolic area = 2/3 f; c)

—;— |fcl \fc\
| | S i N e
= 9% 4661, b
[ C
. N.A ?
R R e e (e Se {--- | d-04c
Ll e Ay i Af
ef

(Refer Fig. 5.11)

fue-y 408

Maxi FRP strai _f = =
aximum strain gype_5 E; 51890

=0.007863

Tensile force inreinforcemnet Ty, = Asfye—r = 157.08x408= 64,090N
= 64.09kN

e Assume f; = f¢' =25.2MPa



2 2
Compression Force C = §fccb =3 X252%x130xc

Using internal forces equilibrium, C = T,

2
§><25.2><130><c =64090 - ¢ =29345mm

Ceu—r  29.345x0.007863

£, = =0.002013< ¢,

d—c  144—29.345
Using EN199 2concrete stress — strain curve , at 500CT
_ 3ecrfe 500 _ 3e,r X252
fc_ =
0015[2+ 0015) ] 0015[2+(0015) ]
3x0.00201%25.2
= 000201 = 5.065MPa
0.015[2+ 0015 3]

3. By trial and error, repeat the previous steps using initially fc = 5.065 MPa, until
finding the correct stress value fc.
It was found that f. = 12.876 MPa, ¢c= 57.434 mm and sc = 0.005217
M, = F(d — 0.4¢c) = 64.09x(144— 0.4x57.434) %107 = 7.756kN.m

6M, 6x7.756

For four point loaded beam, P, = ] (')5 = 4432kN

Check of bond capacity of BFRP bars in the concrete beam after exposure to high

temperature:

Ultimate bond capacity of BFRP with concrete after exposure to 320C (T,ax)
= 0.555MPa

For FRP bar,ultimate bond force = T Tpa,dp S

Fortwo GFRP bars F = 2Xm 7,,,4,dp S = 2Xmx0.555%x10x400= 13.95kN

< T, =6409kN



For BFRP-RC beams exposed to high temperature, maximum bond force capacity
between BFRP bars and concrete is lower than the maximum tensile force capacity in
the bars so bond failure between BFRP and concrete is expected before reaching to bar
maximum tensile capacity and flexural capacity of the beam to be recalculate similar

to previous cases.

b fo fo
| | - e e
E/ c
0.66 fo bc
c c
5 N.A. ?
R R e e e M === |d-0.4c
t ] e A e f Ak
ef

(Refer Fig. 5.11)
1. Assume fc =12.876 MPa
F (maximum Bond capacity Force) =13,950 N=13.95 kN

Maxi FRP strain e, = —— = 13950 =0.001711
aximum sramsf—AfEf_157.08><51,890_ '

2 2
Compression force C = §fccb =3 x12.876x130xc
Using internal forces equilibrium, C =F
2
§><12.876><130><c =13950—->c=12501mm

cg 12501 0.001711

gC:d—c_ 1244-12501 =0.000163< ¢,
Using EN1992concrete stress — strain curve , at 500CT
_ 3¢crfe 500 _ 3e,r X252
fc - 3 - 3
oo15[2+ 0015) ] oo15[2+(0015) ]



3x0.000163%25.2
= = 0.41MPa

000016
0.015[2+ 0015 3 ]

2. By trial and error, repeat the previous steps using initially fc =0.41 MPa, until
finding the correct stress value fe.
I was found that fc = 2.8242 MPa, c= 56.99 mm and . = 0.001121

M, = F(d — 0.4¢c) = 13,950x(144— 0.4X5699)x107° = 1.6908kN.m

6M, 6x1.6908

. = 105 =9.66 kN

For four point loaded beam, P, =

Check of bond capacity of BFRP bar with end cap in the concrete beam after exposure

to high temperature:

e 42 Dmm ——

—
=

%Sl (F00mm ) = 52 C(100mm)

T2

T! -

— =

(Fig. B.1)

Ultimate bond capacity of GFRP with concrete after exposure to 3207 (1)

= 0.555MPa
Ult. bond capacity between GFRP, epoxy and steel cap after exposure to 320C (t,)
= 6.69 MPa
For FRP Bar with end cap ,Ultimate Bond Force =mdy (511 + S, T3)
For two GFRP barswith steel end capF = 2xm d, (S; 11 + S5 73)

= 2Xmx10x(300x0.555+ 100x6.69) =525kKN < T

= 64.09kN
Maximum bond force capacity between BFRP bars with end cap and concrete is lower

than the maximum tensile force in the reinforcement of the beam at FRP rupture failure



which means that de-bonding is expected before reaching the FRP rupture failure and
flexural capacity of the beam should be calculated again similar to previous cases.
1. First step is to assume that the concrete stress is less than its peak and strain is

less than &,. Parabolic distribution of concrete compressive stress of maximum

value f. is assumed (note: parabolic area = 2/3 f; ¢)
_#, I fC | | fC |
| - e e
0.4
=R
c C

5 N.A. ?
fif| | spmmmm e e e e e e e {--- |d-0.4c
Af Ak
— 1 @ ® . $ ol

i

(Refer Fig. 5.11)
2. Assume f. = f.' =12.876 MPa

F (maximum Bond capacity Force) =52,500 N=52.5 kN

Maxi FRP strain g = F o 52500 =0.006441
aximum Sramgf_AfEf_157.08><51,890_ .
) 2 2
Compression Force C = §fccb =3 X12.876x130xc
Using internal forces equilibrium, C =F
2
§><12.876><130><c =52500-»>c=47.048mm
_cg 47.048x% 0.006441_ 0.003126<
e T d—cT T 144—47048 Fo
Using EN1992concrete stress — strain curve , at 500C
3ecrfes00 3e,7X25.2
fe= =

0.015[2 + (%{5)3] B 0.015[2 + (%)3]



3x0.003126<25.2
= = 7.841MPa

000312
0.015[2+ 0015 3 ]

. By trial and error, repeat the previous steps using initially f. = 7.841 MPa, until
finding the correct stress value fc.
I was found that f. = 10.585 MPa, ¢c= 57.228 mm, and g; = 0.004248

M, = F(d — 0.4¢) = 52,500x(144— 0.4x57.228)x107¢ = 6.358kN.m

6M, 6x6.358

For four point loaded beam, P, = .~ 105 - 36.33kN




B6. Theoretical prediction of flexural capacity of CFRP-RC beams after
exposure to high temperature

Er=80,410 MPa

Reduced fuir =630 MPa

f'=25.2 MPa

B1=0.85

pr/pb=1.0487 >1.0 ==> crushing concrete mode failure

fur—y _ 630
E; 80410

Maximum CFRP strain &,y = =0.007835

Concrete Strain at peak stress €o = 0.015 > 0.007835 ==> FRP rupture is expected
before concrete crushing.
Flexural capacity of the beam should be calculated as follows:

1. Assume that the concrete stress is less than its peak and strain is less than &.

Parabolic distribution of concrete compressive stress of maximum value f; is

assumed (note: parabolic area = 2/3 f; ¢)
b ) fc | | fC |
I | S i B e
0.4
2 19% a6t bo
c C
g N.A ?
R R e B e +--= | d-0.4¢
Af At
| e ° - i -1
f

(Refer Fig. 5.11)

2. Assume f; = f.' =25.2MPa

fur—s _ 630
E; 80410

Sult—f: =0.007835



Maximum Tensile force inreinforcemnet T = A¢fy .-y = 15708%x630

=989607N =9896kN
2 2
Compression Force C = §fccb =3 X25.2x130xc
Using internal forces equilibrium, C = T,
2
§><25.2><130><c =98960 - ¢ =453115mm

Ceue-y  433115%0.00783

= _c ~ 1a4—433115 _ 0003597<%
Using EN1992concrete stress — strain curve, at 500C
_ 3¢crfe 500 _ 3e,r X252
fc_ 3 -
oo15[2+ 0015) ] oo15[2+(0015) ]
3%0.00359%25.2
= 000395 =9.0 MPa
0.015l2+ 0015 7)]

3. By trial and error, repeat the previous steps using initially fc = 9.0 MPa, until
finding the correct stress value fe.
It was found that f. = 16.678 MPa, c= 67.976 mm and . = 0.007005
M, =F(d —0.4¢c) = 9896 x(144— 0.4x67.976)x10°® = 1156 kN.m

) 6M, 6x%x1156
For four point loaded beam, P, = . = {os - 66.05kN

Check of bond capacity of CFRP bars in the concrete beam after exposure to high

temperature:

Ultimate bond capacity of CFRP with concrete after exposure to 320T (Tpax)
= 1.533MPa

For FRP bar,ultimate bond force = T Tpadp S



Fortwo CFRP bars F = 2X7T T)4,dp S = 2XmX1.533x10%x400= 3853KkN

< T, =9896kN
For CFRP-RC beams exposed to high temperature, maximum bond force capacity
between CFRP bars and concrete is lower than the maximum tensile force capacity in
the bars at concrete crushing failure so bond failure between CFRP and concrete is
expected before reaching to concrete crushing and flexural capacity of the beam to be
recalculate similar to previous cases.

1. Assume that the concrete stress is less than its peak and strain is less than .
Parabolic distribution of concrete compressive stress of maximum value f: is
assumed (note: parabolic area = 2/3 f; ¢)

2. Assume fc = fc¢' =16.79 MPa

F (maximum Bond capacity Force) =38,530 N=38.53 kN

Maxi FRP strain & = —— = 38530 =0.003051
aximum Sramgf_AfEf_157.08><80,410_ .

) 2 2
Compression Force C = §fccb =3 X16.79x130xc

b fo fo

= 9% 4661, b
[ C ?

L e e e ol +--= | d-0.4c

Af fr Ak
Ef
(Refer Fig. 5.11)

Using internal forces equilibrium, C =F

2
§X16.79X130XC =38530—> c=2647mm

ce  2647x0.003051
d—c  144-2647

£, = = 0.000687< ¢,



Using EN199 2concrete stress — strain curve, at 500C

_ 3¢crfe 500 _ 3e,r X252
fc_ 3 - 3
oo15[2+ 0015) ] oo15[2+(0015) ]
3%0.00068K25.2
= 000068 = 1.731MPa
0.015[2+ ST H

3. By trial and error, repeat the previous steps using initially f. = 1.731 MPa, until
we find the correct stress value f..
4. Tt was found that f. = 6.647 MPa, c= 66.875 mm, &c = 0.002645

M, = F(d — 0.4c) = 55.4%X(144— 0.4X66.875X%107% = 4.517kN.m

6M, 6x4.517

For four point loaded beam, P, = . = {os - 2581kN

Check of bond capacity of CFRP bar with end cap in the concrete beam after exposure

to high temperature:

—

ty

S1 (300mm =

| ©

=152 (100mm2

T .

— =

(Refer Fig. B.1)
Ultimate Bond capacity of CFRP with concrete after exposure to 320C
7, = 1.533MPa
Ult. Bond capacity between CFRP, epoxy and steel cap after exposure to 320C
T, = 6.948MPa

For FRP bar with end cap, ultimate bond force = m dy (S, t1 + S, T3)



For two CFRP barswith steel end cap F = 2xm d, (5; 11 + S2 72)
= 2Xmx10x(300x1.5334+ 100x6.948) = 7255kN < T,
=96.267kN
Maximum bond force capacity between CFRP bars with end cap and concrete is lower
than the maximum tensile force in the reinforcement of the beam at concrete crushing
failure which means that de-bonding is expected before reaching crushing strain of
concrete and flexural capacity of the beam should be calculated again similar to
previous cases.

1. Assume that the concrete stress is less than its peak & strain is less than eo.
Parabolic distribution of concrete compressive stress of maximum value f: is
assumed

2. Assume f. = f.' = 16.79 MPa

F (maximum Bond capacity Force) =72,552 N=72.55 kN

Maxi FRP strain e = —— = ——22°2_ _ (005744
aximum Sramef_AfEf_157.08><80,410_ .
) 2 2
Compression Force C = §fccb =3 X16.79x130xc
b fo fo

= 9% 4661, b
[ C ?

L e e e ol +--= | d-0.4c

Af i Af
Ef

(Refer Fig. 5.11)

Using internal forces equilibrium, C =F

2
§><16.79><130><c =72552- c =49.836mm



ceg  49836x0.005744

= = =0.00304<
fe T d—¢T T 144—49836 %o
Using EN1992concrete stress — strain curve, at 500C
£ = 3ecrfe 500 _ 3&crX25.2
c= 3 = 3
0.015[2 + (55 ] 0.015[2 +(ge%) ]
3x0.00304x25.2
= 0003043 =7.629 MPa
0.015[2 + (5o ]

3. By trial and error, repeat the previous steps using initially f. = 7.629 MPa, until
finding the correct stress value fc.
4. It was found that f; = 12.448 MPa, c= 67.25 mm and . = 0.005033
M, = F(d —0.4c) = 72,552x(144— 0.4%X67.25)%107® = 8.496kN.m

6M, 6x8.496
L  1.05

For four point loaded beam, P, = = 4855kN



Appendix C: Theoretical Prediction of Flexural Capacity of Steel-RC beams

C1. Theoretical Prediction of Flexural Capacity of Steel -RC Beams at Normal
Temperature

fy =571 MPa and Es= 228 GPa

fc' =34 MPa

Extreme fiber compressive strain at failure = ultimate concrete strain e, = 0.003

Tensile force inreinforcemnet T, = Agf, = 157X571=89,647N

=89.65 kN

T, 89,647 . a _ 2386 _ .
= = = . - == Y —— = X
@ = 0.85f/b  0.85x34x130 = T 0.80714 mm

23.86

a
M, =T, (d—i) = 89.65x (144— )x10‘6= 11.84kN.m

6M, 6x11.84
L  1.05

For four point loaded beam, P, = = 67.66kN

From assumption that plain section before loading remain plain after loading, so strain

in concrete and reinforcement is proportional to the distance from neutral axis:

d—c)e 144—2956)x 0.003 571
=( )“‘z( ) =0.0116>¢

= ' _0.0025
&s c 2956 ¥ = 228000

Which means that the steel bars yielded before reaching the concrete ultimate strain.

Check of bond capacity of Steel in the Concrete beam at normal temperature:

Average bond capacity of steel bar with concrete (Tyayx) = 7.48 MPa

For FRP bar,ultimate bond force = T g, dp S

For two steel bars F = 2Xm 7,4,dp S = 2XmX7.48x10x400= 1879 kN
> Ty, = 89.65kN

Which means that bond between steel bars and concrete are highly perfect up to failure.



C2. Theoretical Prediction of Flexural Capacity of Steel -RC Beams at High

Temperature

fy =547 MPa

Es =210 GPa

f' =25.2 MPa

Assume extreme fiber compressive strain = ultimate concrete strain €., = 0.003

Tensile force inreinforcemnet T, = Asf, = 157x547= 85880N

— 8588kN
T, 85,880 2084 a 3084 __
= = = X - = = — = X
@ = 085fb  0.85x252x130 mm = =085 mm

a 30.84
M, =T, (d—i) = 88.0x (144— )><10‘6= 11.042kN.m

6M, 6x11.042
L  1.05

For four point loaded beam, P, = = 63.1kN

_(d-0)ey,  (144—3628)x0.003

547
—0.00891>¢6, = — = 0.0026
&s c 3628 &y

210000
Which means that the steel bars yielded before reaching the concrete ultimate strain.

Check of bond capacity of Steel in the Concrete beam at high temperature:

Average bond capacity of steel bar with concrete T, = 3.923MPa

For FRP bar,ultimate bond force = T Tpa,dp S

For two steel bars F = 2Xm T4,dp S = 2XmXx3.923x10x400= 9855kN
> T,, = 85.88kN

Which means that bond between steel bars and concrete are still perfect up to failure.
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