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Bilal rasol?

To reduce the cost of corrosion repairs, the need for corrosion-resistant materials has
grown. Glass fiber GFRP is an excellent substitute for reinforcing steel in concrete
constructions due to its low cost and good corrosion resistance. However, as the
production of cement produces a significant amount of CO2, other options are in high
demand. Fly ash is one of the replacements used to partially or fully replace cement in
concrete mixtures in order to reduce carbon dioxide emissions. In this study, in addition
to the conventional concrete, high-volume fly ash concrete with a 50 % cement
replacement was used. Although several research studies have used a pull-out method to
conduct an investigation of the bond stress-slip behavior of glass fiber polymer (GFRP)
and steel bars implanted in high-volume fly ash concrete, no work has been published on
the fatigue bond performance of GFRP or steel bars embedded in high volume fly ash
concrete using a hinged beam. This paper discusses the experimental testing of eight
hinged beams fabricated in accordance with RILEM standards. With reinforcement bars
of 10 mm diameter and bond length 10 times of diameter. The test results show that high
volume fly ash concrete exhibited good fatigue bond strength better than conventional
concrete for steel bars and GFRP bars.
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1. Introduction
Carbon dioxide emissions and corrosion are the
two primary problems with conventional mild

Engineers (NACE), is $8.3 billion [2]. Fiber-
reinforced polymer (FRP) bars have been
commonly utilized inconcrete structures

steel-reinforced concrete. Corrosion is a serious
problem that, if ignored for too long, can result
in structural damage[1]. There are around
600,000 bridges in the United States, with
235,000 made of steel-reinforced conventional
concrete[1]. About 15% of them are regarded
structurally weak due to reinforcing corrosion.
The annually direct cost of corrosion, according
to the National Association of Corrosion

because of their several properties; FRP bars
offer excellent material properties, including
resistance to corrosion and high tensile
strength [3][4]. Using GFRP bars in civil
infrastructure is obviously cost-effective in
terms of life cycle costs. Reinforcing GFRP bars
are 3 times lighter than steel reinforcement
bars. Thus, transportation and labor costs are
decreased [5].
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The second problem is traditional concrete,
which is composed of only cement as binder
material. In recent years, the cement industry
has grown greatly around the world. It is the
third-largest emitter of carbon dioxide in the
world [6]. Cement is used as a construction
material since ancient times, but following
World War 1II, cement usage increased
dramatically, with the continued global quantity
produced equal to more than half a ton per
person per year [6]. Several approaches have
been suggested to substitute Portland concrete
mixture with a green and sustainable binder.
The acceptance of fly ash, a product of coal-
burning thermal power plants, is wide[7].
ASTM C618-08 defines fly ash as "the finely
separated waste that arises from the burning of
ground or powdered coal and is carried by flue
gases." The three classes of fly ash products are
classes N, F, and C. Chemical compositions
differentiate one material from another[8]. Fly
ash has been utilized in concrete constructions
to replace 15 to 30 percent of the cement[9].
Recent research indicates that replacing cement
with a high percentage (up to 75 %) of fly ash
can generate concrete that is both durable and
strong. High-volume fly ash concrete (HVFAC) is
a sustainable and eco-friendly alternative to
Portland cement-based concrete. ACI 232.2R
defines HVFAC as concrete mixtures with at
least 50% fly ash[8]. Fly ash costs $15 to $40 per
ton, whereas Portland cement cost $50 to $70
for every ton[10]. HVFAC has been studied
extensively in terms of its fresh and hardened
characteristics, but little is known about how it
behaves structurally[11].

In reinforced concrete, the bond is essential for
transmitting stress from the concrete to the
reinforcing bar. To ensure a composite action in
reinforced concrete members, high bond
capacity is essential, and traditional steel bars
are usually considered to satisfy bond strength.
In contrast to typical steel bars, determining the
bond capacity of FRP reinforcement bar is
complex. The bond between FRP reinforcement
bar and concrete is complex and influenced by a
number of parameters. According to previous
studies, the most important factors are
compressive strength of concrete, bar size,
embedment length, geometry, and FRP surface

treatment method[12]. Using pullout tests,
several experimental investigations have
investigated the bond strength of FRP
reinforcement  bar[4][13] [14][15]. The
majority of these were monotonic and uniaxial
tests in accordance with the ASTM standard. but
few research has been conducted to
determining the bond behavior of FRP
reinforcing bars under repeated loading, which
is necessary to know reinforced concrete
structures in a service state under repeated and
monotonic loading.

The RILEM Institute [16] suggests the pullout
and beam-bond tests as the most commonly
recognized and used bond test methods, the real
bond behavior of the reinforcement to concrete
can only be reflected by the beam-bond test and
splice test ,direct pull-out tests on
reinforcement bars do not represent the actual
bonding conditions.

The primary aim of this study was to investigate
the fatigue bond strength of GFRP bars
implanted in high-volume fly ash as a
sustainable concrete. The study looked at using
50% fly ash instead of Portland cement. Both
GFRP and mild steel used 10 mm rebar
diameter, with embedment length was 10 times
of the bar diameter.

2.Experimental Program

2.1 Test Specimens

Hinged beam testing is one of many approaches
for determining the bond behavior of concrete
and reinforcement bars. The principle of
this test method is to apply flex load to a
hinged beam until bond failure occurs for one of
the beam or until reinforcement bar itself
ruptures [17]. The relative slip between the
concrete and the reinforcement bar is recorded
during the test. This test method assists in
determining the slip or bond capacity of the
tested bars by applying the load at the midpoint
of the bar in the tension zone. This method was
used for this study because the beam test is
more representative of actual structural
elements and so offers a more accurate
estimation of bond strength (especially
to flexural members) [18].

A program of testing included eight beam
specimens with dimensions of 100 x 200 mm
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and a length of 820 mm. The bond length was 10
@ (varying with bar diameter), while the
remaining bars were unbounded. The test beam
consists of two RC blocks joined at the bottom

310 100

by GFRP or steel bar (10mm diameter), that will
be used to evaluate the bond strength and steel
hinge at the top of the beam.
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Figure. 1. Geometry of beams[19]

[t is necessary to prevent shear cracks of the
beam while loading, therefore stirrups with a
diameter of 8 mm, and a spacing of 70 mm were
utilized to assure the shear resistance of the
beam specimen, Fig. 2. The distance between
the center of the GFRP/steel bars under
investigation and the bottom edge of the beam
was determined to be constant and equivalent

to 50 mm Two 10 mm-diameter reinforcing
bars were utilized for the top and the bottom. At
the center of the beam's height, there were two
steel bars with a 10 mm diameter. The distance
between both the centroid of the tested
GFRP/steel bars and the bottom surface of the
beam was constant and equal to 50 mm.
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Figure.2. Beam Reinforcement

A notation method by using three symbols was
utilized to categorize the specimens that were
tested. The notation method is illustrated as
follows:

¢ The first symbol describes the type of
concrete:

- The symbol (NC) refer to the sample is

from the normal concrete group.

- The symbol (F50) refer to that specimen
from a high-volume ash group. It is
subscripted by the number (50), which
represents of cement replacement by fly
ash.

+¢ The second symbols describe the type of
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Specimen Concrete Type Rebar Type Type of loading
NC-St10M monotonic
Steel
Normal Concrete
NC-St10R repeated
NC-GF10M monotonic
Glass Fiber
NC-GF10R repeated
FA50St10M monotonic
Steel
High volume fly
FAS50GF10M monotonic
Glass Fiber
FA50GF10R repeated
investigated bar: « The third symbol describe the type of
- The symbol (St) refer to the sample from loading:
Steel group and (G) refer to the sample - The symbol (M) refer to monotonic
from Glass Fiber group. It is subscripted by loading.

the number (10), which denote bar -
diameter in denotes.

The symbol (R) refer to repeated loading

Table 1. Specimen details.

College of Engineering, Al-Mustansiriya
University the test

results are presented in Table (2). The results of
the testing for these bars were in
compliance with

ASTM A615/A615M [20]

2.2. Material Characteristics

2.2.1Steel Bars

In this work, three reinforcement steel bars
with different diameters of 8, 10, and 16
mm were utilized.

Testing of these bars was conducted at the

Table .2. Tension results of Steel bars.

Nominal Yield Stress Ultimate Total elongation
Diameter (mm ) (MPa) Strength (MP) (%)

8 517 654 10

10 580 645 9

16 522 661 9
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2.2.2GFRB Bars investigate bond behavior with concrete. The
In this work, two diameters of the GFRP rebar mechanical properties of GFRB bars are drawn
were employed as longitudinal test bars to in the table (3).

Table .3. Properties of GFRP bar

Diamet Ultimate Guaranteed Modules of
er Bar tensile Tensile strength elasticity (Gpa)
(mm) Load (KN) (MPa)
10 59 827 46
16 143 724 46
2.2.3Cement 2.2.4Fly ash
Portland Limestone Cement (Karesta This research uses Class F fly ash provided by "
Company), symbol CEM II/ A-L, was used in this EUROBUILD " construction chemicals company.
investigation. The physical and chemical The X-Ray Fuorescence (XRF) testing was
properties of cement are shown in Tables (4). performed according to BS EN 196-2-2013, and
This cement's test results meet the the findings are shown in Table .4.

requirements of 1Q.S. 5:2019[21] .

Table .4. Chemical and physical properties of cementitious materials.

Propertics Uit Cement Limitaticmn Flw Limits of
, MAsh AS5TM O
m(f.{:::'jtlnu 618-03[22
[21]
5102 2% 15.1< 47.67
Al203 6.71 27.73 Total = 70%%
FelZOQ3 2.9 18.42
Cao 6074 511
Mg 1.28 5 2.65
5033 2.09 = 2.8 2.71 =5
MMaZ2o»
20
MNazo» | Ll
Loss in 1gnition 2.25 = < 3.71 =G
Fineness{RBlaina) COCm2/gm G467 H 2EO00
35
25
3 12.88 42 .38
Ca4ATF
Yicat set time, minutes 125 =45
initial
Yicat set time, hours 3.5 = 10
final
Specific gravity 2.2
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2.2.1 Fine Aggregate

This study used natural sand as fine aggregate
for concrete mixtures; it includes rounded
particles with  a smooth texture and a
maximum particle size of 4.75mm. The
limits of IOS No. 45/1984 are observed
during sieve analysis.[23].

2.2.5 Coarse Aggregate

The concrete samples were cast using crushed
gravel with a maximum particle size of 12
mm. Physical and chemical properties are
examined in compliance with I0S No.
45/1984 restrictions.[23].

2.2.6 Limestone Powder

The fine limestone powder is extremely good in
preventing high temperatures generation,
enhancing fluidity and cohesiveness,

2.2.8

Itis a

Superplasticizers (Sika Viscocrete-
5930)

highly plasticizing admixture of the third
generation. Its basis is an aqueous solution
of poly-carboxylate that has been
modified. The superplasticizers (Sika
Viscocrete-5930) used in this
investigation exceed the ASTM standard
requirements for classes G and F (ASTM
C494/C494M, 2015).

2.3 Concrete mixes

In this study, two mixes (high volume fly ash
concrete and conventional concrete) were
poured to obtain a compressive strength of
30MPa for 150*150*150 mm cubes after 28
days. Conventional concrete slump testing
done is in accordance with (ASTM) C143.

enhancing segregation resistance, and [25]. High volume fly ash concrete is
increasing the quantity of fine powder in classified as §e1f-compact1ng concrete if its
the mixes. [24]. fr(?sh .propertles correspond to the EFNARC
criteria. [26].
Table .5. details mixes
Mix Cement | Flyash | Limestone Fine Coarse Water | Superplasticizer
(kg/m3) | (kg/m3) | (kg/m3) | aggregate | aggregate | (kg/m3) (1/m3)
(kg/m3) | (kg/m3)
Normal 400 | e | 600 1200 180 | ...
concrete[27]
High volume 200 200 100 840 800 170 5.4
fly ash
concrete[28]
Table .6. test results of fresh high-volume fly ash self-compacting concrete.
Test Property Unit Test results Range[26]
Slump flow mm 750 650-800
T50 Filling ability sec 3 2-5
V-funnel Segregation resistance sec 9 6-12
L-box Pass ability % 0.9 0.8-1
Table .7. Mechanical properties of hardened concrete
Mix Compressive Strength Rupture Splitting  Tensile | Elasticity
Modulus (fr) | Strength (fct) | Modulus (Ec)
fcu (mpa) f'c (mpa) [33] | (mpa) [29] (mpa) [30] (GPa) [31]
[32]
Conventional | 32.5 28.3 4 2.98 24.2
concrete
High volume | 36 30.24 4.5 3.5 23
fly ash
concrete
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2.4 Test Setup And Test Measurements

The devices have been used to evaluate the
bond behavior of tested beams; these devices
are used to monitor the values of load or relative
slip between both the tested bar (steel/GFRB)
and surrounding concrete at each loading stage.
All specimens of beams were examined with
hydraulic ELE flexural testing equipment at The

(b)

Building of Material Laboratory College of
Engineering, Mustansiriya University.

The beam samples are placed under a two-point
load on the testing machine, balanced according
to the appropriate distance between the
support point loads, as well as the dial gauges
are adjusted to their respective locations, as
illustrated Fig .3.

Test sétup

Figure.3. Testing Setup of the Beam Specimen under test machine.

3. Analysis of Test Results
3.1 Bond Stress Results
The ultimate pull-out force (Pu) in the tested
bar was determined based on maximum load

(Fmax).
__ Fmax.a

Pu=——... (D

Where Pu is the pull-out force applied to the
tested bar (KN), F is the maximum applied load
(KN), an is the shear span (mm), and ;(b) is the
lever arm from the center of the steel hinge to
the center of the tested bar (mm).
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Figure .4. pull-out force calculation RILEM concept in the deformed bar.

The ultimate bond stress of the bar (tu), defined
as the average shear stress along the bonded

length, was then calculated using equation (2).
Pu
m@.Lb "
Where Pu represents the ultimate pull-out
force, @ represents the nominal bar diameter,

and Lb represents the bonded length.

™ =

3.2 Failure mechanism

In this investigation, the mechanism of failure
was observed for every hinge beam specimen.
The majority of specimens failed by a pull-out
mode, as illustrated in Fig. 5 to 8, with the
exception of beams reinforced with steel bars
(FA50St10M) and specimens reinforced with
GFRP bar (FA50GF10M), which failed by bar

(a). monotonic

(b). repeated

loading

rupture, as illustrated in Fig. 7 (b) and 8 (b).
After testing, some hinge beams were split in
half to determine the mechanism of failure, the
external layer of the GFRP reinforcing bar and
adjacent concrete within the implanted part
were investigated for information relating to
bond concepts. For glass-fiber specimens, some
abrasions were observed on the outer layer and
strip of the sand-coated layer, also through
observations, it was observed the fiber was
damaged, as shown in Fig.9. It must be
mentioned that the specimens (FA50St10M)
and (FA50GF10M) failed due to rupture bar
under monotonic loading. while comparable
specimens (FA50ST10M) and (FAS50GF10M)
failed due to a pull-out failure by repeated
, as shown in Fig. 7 and 8.

Figure .5. (a) pull-out failure of the steel-reinforced specimen (monotonic loading).

(b) pull-out failure of the steel-reinforced specimen (repeated loading).
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(a). monotonic

(b). repeated

Figure.6. (a) pull-out failure of GFRP-reinforced specimen (monotonic loading)
(b) pull-out failure of GFRP-reinforced specimen (repeated loading)

(a). monotonic

(b). repeated

Figure .7. (a) pull-out failure of the steel-reinforced specimen (monotonic loading)
(b) pull-out failure of the steel-reinforced specimen (repeated loading)
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Figure.8. (a) Bar rupture failure of GFRP-reinforced specimen (monotonic loading)
(b) pull-out failure of GFRP-reinforced specimen (repeated loading)
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Figure.9. abrasion outer layer and damage fibers within the embeddd length of GFRP bar.

3.3 Effect of repeated loading on ultimate
bond strength
Beam samples tested under monotonic load are
considered reference beams for similar beams
tested under cyclic loadings as a percentage of
their corresponding control monotonic load
beams. In general, high volume fly ash concrete
showed fatigue resistance more than
conventional concrete, also GFRP bars exhibited
fatigue resistance slightly more than steel bars.
Fig.10. and Fig.11. explained the reduction in
ultimate bond strength for a beam under
repeated loading compared to similar beams

after repeated loading. For conventional
concrete, steel bar subjected to repeated
loading exhibited ultimate bond strength 7 %
less than similar beams under monotonic
loading, with the same pattern GFRP tested bar
exhibited 3.7 % reduction percentage due to
fatigue loading. Steel bar embedded in high
volume fly ash concrete subjected to repeated
loading had an ultimate bond strength 2.2
% lower than corresponding beams under
monotonic loading, whereas GFRP tested bar
showed a 1.6 % drop percentage according to
fatigue loading.
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Figure .10. Comparison ultimate bond stress of steel bars under repeated and monotonic loading.
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Figure .11. Comparison ultimate bond stress of GFRP bar
under repeated monotonic loading.

3.4 Bond stress - slip relationship

Figure 5 to 7 illustrates the bond stress-slip
relation of steel-reinforced hinged beams under
monotonic and repeated loading. For monotonic
specimen, bond stress versus slip relationships
is shown according to the type of loading in
order to investigate the effect of fatigue loading
on the bond behavior of GFRP and steel
reinforcing bar embedded in conventional
concrete and high-volume fly ash concrete. The
typical bond stress-slip behavior is

characterized by high initial bond stress
without a noticeable slip in both GFRP and steel
bars due to good chemical interaction between
both the bar surface and adjacent concrete.
After the chemical attraction has been lost, bond
stress continues to develop with a tiny slip
increase until it reaches its maximum. At this
point, friction and bearing dominate to
resist the pull-out force for steel reinforcing
bars, but only friction resistance dominates the
response for GFRP reinforced hinged beams.
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This trend was observed for all hinged beams
reinforced with GFRP except for two specimens
FA50GF10M and FA50St10M, where the curve
suddenly stops due to rupture bar failure before
bond failure. For repeated specimens, also the
chemical bond is effective in the first cycles of

Bond stress (mpa)

U 02 04 06 08

Slip (mm)

fatigue loading, then an increase in slip is
observed. Specimens of high volume fly ash
concrete exhibited closeness to monotonic
curve for similar beam, this related that bond
strength of high volume fly ash concrete not
much affected by cyclic loads.

w—(-S10R

——(-510M

Figure .12. Bond-slip relation of steel bars embedded in conventional concrete
according to monotonic and repeated loading.

mpa

Bond stress

Slip mm

Figure.13. Bond-slip relation of GFRP bars embedded in conventional concrete
according to monotonic and repeated loading.
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Figure.14. Bond-slip relation of steel bars embedded in high volume fly ash concrete
according to monotonic and repeated loading.
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Figure.15. Bond-slip relation of GFRP bars embedded in high volume fly ash concrete
according to monotonic and repeated loading.

4. Conclusions

In this study, the fatigue bond strength behavior

of GFRP and steel rebar was investigated. The

specimens were subjected to 10 cycles until

50% of the failure load for a similar beam under

monotonic loading was reached, and finally

monotonic loading until specimen failure. The

conclusions are listed below:

» For steel and GFRP bars, high volume fly ash
concrete specimens exhibited fatigue

resistance more than specimens of
conventional concrete.

» For all specimens, bond strength at failure

after cyclic loading decreases at different
rates (7 % to 1.6%) when compared with
those under monotonic loading. This was
produced by repetitive stress on the bond
surface, which reduced the adhesion capacity
between both the concrete and the GFRP
reinforcing  bar.  Therefore, bonding in
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[7]

designs should be investigated for fatigue
behavior of the flexural members.

High volume fly ash concrete and GFRP
bar were shown to have adequate bond
performance under repeated loading
conditions, such as vehicle traffic; hence, it
may be applied in the construction of
infrastructure subjected to fatigue.

Finally, as the results indicated in this that
GFRP bars are considered good alternative to
steel reinforcement in terms of resisting
repetitive loads, an example of that is the
vehicle movement found on reinforced
concrete bridges.
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