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Abstract

The performance of reinforced concrete structures is dependent on the bond between the
concrete and the reinforcing steel. The loss of the bond strength decrease the strength of
the reinforced concrete member with an increase service time of the structure. This study
investigated the effects of loss of bond between concrete and rebar interfaces on the flexural
behavior of slender reinforced concrete beam.The bond strength between reinforcement
steel and concrete was determined using pull-out tests. Six 150mm x150mm x150mm
cube specimen with embedded reinforcement in the center of the concrete cross-section
were casted and examined. Three types of failures were observed which includes slippage
failure, pullout failure, and splitting failure.Both experimental and finite element has been
conducted to study the effect of different percentage of loss of bond flexural reinforced
concrete beam. The bond strength between reinforcement steel and concrete for different
loss of bond was determined in pull-out tests. The flexural behavior of six simply supported
beams, each with 1000 mm total span, where one was full bonded beam used as control
and five with the variable bond length between concrete and reinforcement interfaces, were
tested under monotonic loading. The bond loss was introduced with plastic tubes
surrounding the longitudinal tension reinforcement. The result of the study revealed that
the bond loss between the reinforcement and concrete has significant effect on the mode of
failure, crack pattern, ultimate load-carrying capacity and number of cracks on the flexural
zone. All beams tested with loss of bond developed bottom surface cracks. The ultimate
load-carrying capacity has been varied depending on the percentage of loss of bond. The
crack patterns of beams analyzed using FEA were similar to experimental tests. Software
simulated on beams shows small reduction in load but increment in deflection of reinforced
concrete beam.

Key words: Flexure, Reinforced concrete beam, Bond loss, Bond stress, Ultimate load,

Deflection, Flexural strength, Crack pattern
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1. Introduction

1.1. Background of the study

Reinforced concrete (RC) material has good performance due to the composite action of
concrete and reinforcement. Effective and dependable force transfer between
reinforcement and concrete is necessary for successful design in reinforced concrete
structures. Chemical adhesion between the bar and the concrete, frictional forces caused
by the roughness of the interface, and mechanical anchorage or bearing of the ribs against
the concrete surface are all ways that forces are transferred from the reinforcement to the
surrounding concrete for a deformed bar (Alharbi, Galal, Abadel, & Kohail, 2021) . Flexure
is usually considered first when designing a RC member, which leads to the size of the
section and the arrangement of reinforcement to provide the required moment resistance.
Limits are placed on the amount of flexural reinforcement that can be used to ensure that

if failure was ever to occur, it would develop gradually, giving warning to the occupants.

The strength of the bond between the concrete and the reinforcing steel determines the
performance of RC structures. The bond strength is the measure of the effectiveness of the
grip between concrete and steel and has no standard quantitative definition. The assumption
in the flexural design of RC structures is that the concrete and reinforcing steel are perfectly
bonded (Ma, Guo, Wang, & Zhang, 2017)

Reinforced concrete structures could deteriorate and fail to serve the intended function due
to several adverse effects (L. Song, Fan, & Hou, 2019). One of these effects is the loss of
bond between the reinforcement steel and the plain concrete. Research indicated that bond
strength of plain rebar decreases with increasing bar diameter (L. R. Feldman and F. M.
Bartlett, 2005). The flexural compressive stress is resisted by concrete, while the tensile
one is by reinforcing steel (Tondolo, 2015). There must be a force transfer or bond between
the two materials for this process to exist. The presence of bond stresses balances the forces
along the reinforcing bar. Bond stress is defined as the transfer of stress loads across the
interface between the concrete and bars. It represents the interaction of the steel
reinforcement and the surrounding concrete. The mechanical interlocking between the

concrete and any deformations of the steel bar is the primary mechanism of bond. The



change of concrete strength from 35 MPa to 20 MPa yielded about 39% reduction in bond
strength, causing the beam to fail. Bond stresses must present whenever the stress or force
in a reinforcing bar changes from point to point along the length of the bar (Alharbi et al.,
2021).

The bond in reinforced concrete beam can be lost due to corrosion or fatigue by cyclic load.
Corrosion consumes the iron on the surface, causing the section diameter to decrease by
avoiding contact between the reinforcement steel and the concrete (Gebreyouhannes,
Takahashi, & Maekawa, 2014). Fatigue occurs when a structure is exposed to a high cyclic
load and begins where the structure's (Beam) maximum moment occurs (Sun, Gu, Li, &
Shao, 2017). In addition to these factors, construction errors due to poor compaction and
the use of dry and rough formwork may result in the removal of the concrete cover (Assaad
& Issa, 2013).

Corrosion of steel reinforcements in concrete is a long-standing global issue that has caused
widespread damage to concrete structures. It is normally caused by aggressive agents such
as chloride ions from marine environments, deicing salt, and chloride-contaminated
aggregates. The formation of corrosion products (rust) involves a substantial increase in
volume, resulting in expansive stresses around corroded steel bars. (Li & Yuan, 2013).
These stresses can cause concrete covers to crack and spall, thereby reducing the
serviceability of RC structures (Li & Yuan, 2013; Park, Park, & Hong, 2020).
Furthermore, when corrosion spreads, steel reinforcements’ tension and bond capacities
deteriorate, making the concrete structures less safe and, in extreme cases leading to
structural collapse (Li & Yuan, 2013). Therefore, further investigation is needed for
structures with loss of bond during service time, particularly for the flexural behavior of
slender beams to know actual performance and failure mechanism after the loss of bond
strength. Therefore, this research was conducted to examine the effect of loss of bond
between main longitudinal reinforcement and surrounding concrete on the flexural

behavior of reinforced concrete slender beam.

In this study, both experimental test and finite element analysis was performed to
investigate the flexural behavior of slender reinforced concrete beams by varying the loss
of bond length of main longitudinal reinforcement on tension side of beam.



1.2. Statement of the Problem

Structural concrete is effective as a composite materials when the reinforcement is bonded
to the surrounding concrete. For the performance of RC structures, appropriate bond
strength between reinforcement and concrete is critical. There are different factors that
causes loss of bond strength of reinforced concrete structure. The effect of loss of bond
length may be caused by construction errors. These errors include honey combed concrete
which results from improper compaction and the use of dry and rough formwork that could
remove the concrete cover. Washout also affects bond property of reinforcing steel bars
embedded in underwater concrete. Corrosion and various types of cyclic load could cause
bond loss. The bond between reinforcing steel and the surrounding concrete can be
deteriorated by corrosion (Mancini & Tondolo, 2014; Tondolo, 2015). Concrete-steel bond
lengths, based on cyclic loading similar to that generated by earthquakes or wind, are not
sufficient for the design reinforced concrete structure. In RC elements the cyclic load cause
the loss of steel-concrete bond (Sakr, 2017). Therefore, different type of loss of bond of

longitudinal reinforcement may affect the flexural behavior of reinforced concrete slender

beam.

More investigation needs on the impact of loss of bond between reinforcement and
surrounding concrete during the service life of RC. Building codes considered different
bond for the design, however this consideration may not be corrected after service time due
to bond strength variation between design bond strength and residual bond strength after
the bond loss. According to the findings of several researchers, the bond strength decrease

with an increase service time of the reinforcement concrete beam.

Due to these reason further investigations are necessary to know the flexural behavior of
RC structure such as crack pattern, load deflection, mode of failure and ultimate load
carrying capacity which could be caused by the loss of the bond. Therefore, this research
was conducted to assess the effect of loss of bond of longitudinal reinforcement on flexural

behavior of RC slender beam.



1.3. Objectives
1.3.1. General objective:

The main objective of this study is to investigate the effect of loss of bond between main
longitudinal reinforcement and surrounding concrete on the flexural behavior of slender
reinforced concrete beam.

1.3.2. The specific objective of the research

The specific objectives of the study are:

e To determine the bond strength using conducting pull-out test.

e To investigate the flexural behavior of reinforced concrete beam by varying the
percentage of loss of bond strength between reinforcement and concrete interface.

e To compare the flexural behavior of RC beam under different forms of loss of
bond.

e Toanalyze and compare the flexural behavior of RC beam using finite element

analysis and experimental investigation.
1.4. Research Questions

e Is the flexural behavior of a slender reinforced concrete affected by loss of bond
along longitudinal reinforcement?

e What will be the flexural behavior of a reinforced concrete beam when vary the
percentage loss of bond strength between reinforcement and concrete interface?

e Which can be more affected on flexural behavior when using loss of bond with

sectioned and un-sectioned plastic pipe?
1.5. Significance of the Study

Bond between the steel reinforcement and concrete is essential to ensure the composite
interaction of the two materials. This study aims to identify the gap between the behavior
of structures modeled considering a prefect bond strength and the actual behavior of
structures after the damage of bond. The existing models do not include ways for verifying
residual bond strength after bond degradation. This study will provide a better
understanding of the influence of loss of bond along the longitudinal tension reinforcement



on the flexural behaviors of beam. The research will further serve as a springboard for
researchers to revise existing bond strength verification methods, which should be

considered in the event of a bond loss in the future.
1.6. Scope of the Study

This research focus on investigation of flexural behavior of slender reinforced concrete
beam using different percentage of loss of bond on longitudinal reinforcement. For
achieving the objective of this study, six simply supported slender reinforced concrete
beams with a shear span to depth ratio of 3.6 were fabricated, and then tested under
monotonically applied load. The effects of different grades of concrete and reinforcements
were not considered. However, all beams were designed to fail in flexure. The insertion of
reinforcements into an un-sectioned and sectioned plastic pipe are methods that were used
to create the loss of the bond. The effect of shear due to loss of bond was not considered in
this research. The bond strength was evaluated by performing the pull-out test using
concrete cube specimen. Six cube specimens with embedded reinforcement in the middle
part of the concrete cross-section were casted to examine the bonding strength between the

reinforcing steel and the surrounding concrete.



2. Literature Review

2.1. General Overview

According to several researchers, the structural of reinforced concrete elements requires
interaction between steel reinforcement and concrete. Tensile forces in the area of
separating cracks and bending cracks are carried by the steel and transferred into concrete
by bond action.(Blikharskyy, Selejdak, Blikharskyy, & Khmil, 2019). As a result, the
effectiveness of bond strength between reinforcing steel and concrete is the most important

requirement of reinforced concrete as a composite building material.

However, the bond quality is influenced by different parameters(X. Song, Wu, Gu, & Chen,
2015). Roughness or smoothness of surface area in contact with steel reinforcements
affects the resulting bond strength behavior , as the surface area of rebar gets smoother
with the application of inhibitors when comparing it to black non-coated steel (Francisco
Augusto et al.,2022)

The flexural behavior of structure is affected by bond deterioration between reinforcement
and surrounding concrete. Increasing the un-bonded length along the tensile steel
reinforcement reduces the number of cracks and at the same time increases the width of
cracks .This means reinforcement and concrete must be combined by constant bond

strength throughout the design period (Blikharskyy et al., 2019).

Mousa carried out an experimental investigation on the effect of loss of bond at main
longitudinal reinforcement on the flexural behavior of reinforced concrete beams with
different degrees of bond loss in the longitudinal tension reinforment.to remove a bond
action the longitudinal reinforcement were inserted in to the plastic tube before assembling
the reinforcements bar leaving the length behind supports as bonded and at the area where
the stirrups cross the main reinforcements. Then the end of the plastic tube is sealed to
prevent the ingress of concrete. Total six simply supported beams were designed to fail in
flexure: one beam without shear reinforcement and five beams with shear reinforcement.
Two beams from total specimens, one without shear reinforcement and other with shear

reinforcement, were used as reference beams. Beam without shear reinforcement, which



was used as the reinforce beam, was fabricate with the full bond to investigate the failure
mode when it was compared with another reference beam with shear reinforcement. In
three beams that out of four remaining beams, the ubonded length variations extended from
two unbonded spacing between stirrups to six unbonded spacing between stirrups. In the
last beam and six stirrups spacing were unbonded, but it was hoked at the end to develop
sufficient anchorage or to prevent excessive slip. Finally, the beams have been tested under
static loading. It was observed that there is a significant reduction of cracking load but a
moderate reduction of carrying capacity with increasing the loss of bond.it was also
observed that the number of cracks reduced but the width of crack increased with the
increasing length of unbonded along with the longitudinal reinforcement. Moreover, an
increase of mid span deflection but a decrease of strain is observed as unbonding length
increase. The author concluded that the remained bond length in the area where stirrups
cross the main longitudinal reinforcement compensates local bond loss between stirrups by
creating sufficient bond forces, thus that is the main reason for a moderate reduction in

carrying capacity even a significant loss of bonded area (mousa, 2014)

Jeppsson and thelandersson conducted an experimental investigation on the shear behavior
of reinforced concrete beams with loss of bond at main longitudinal reinforcment.to
remove bond effect, the main longitudinal reinforcing bars were inserted in to a plastic pipe
before assembling of reinforcements bars leaving the length behind supports as bonded and
at the area where the stirrups cross the main reinforcement. Then the end of the plastic pipe
is sealed to prevent the ingress of concrete total six simply supported beams were designed
to fail in shear: one beam without shear reinforcement and five beams with shear
reinforcement. Two beams from total specimens, one without shear reinforcement and
another with shear reinforcement, were used as reference beams Beam without shear
reinforcment, which was used as the reference beam, was fabricated with the full bond to
investigate the difference in the mode of failure between beam with stirrups and beam
without stirrups. In the remaining unbonded four beams, the main longitudinal
reinforcment was unbonded using a varied plastic tube length, then the reinforcements were
hooked at the end to develop sufficient anchorage or to prevent excessive slip. The
unbonded length variation extended from one unbonded spacing between stirrups to four
unbonded spacing between stirrups. Finally the beams have been tested under static
7



loading.it was observed that the reduction of the shear capacity is moderate even if the loss
of bond is significant. According to the authors, the reason for the moderate reduction of
shear capacity was that the bonded region at stirrups and behind the supports are enough
to develop an efficient bond force.in addition,the authors concluded that increasing the
number of shear reinforcements is essential in an area where the main longitudinal
reinforcment is not bonded because the bond force in the unbonded region redistributes

shear reinforcement ( Jeppsson and Thelandersson, 2003).

2.2. The Bond Behavior of Reinforced Concrete

Reinforced concrete structures function effectively as composite materials because the
reinforcement and concrete are effectively bonded. The bond between reinforcement and
concrete is used to ensure that there is no slip of the reinforcement relative to the
surrounding concrete (Blikharskyy et al., 2019). Furthermore, the bond allows local stress
transfer across the concrete-rebar interface. Without enough bond strength, reinforcements
in concrete are ineffective since the reinforcement does not contribute to beam capacity
and the beam behaves like a plain concrete beam, failing instantly when the tensile strength
of concrete is reached. If the concrete-enclosed reinforcement is suitably anchored, it
transfers stresses across the interface or contributes to structural performance. In the
strength of concrete constructions, both local bond and end anchorage of reinforcement are
critical (Lin & Zhang, 2013; Sturm & Visintin, 2019). In general, end anchorage in
reinforced concrete beams is achieved due to good bond conditions at the beam's end,
which is close to the supports and overhangs the part behind the support. (Dong, Song,
Cao, Sun, & Zhang, 2019).

The reinforced concrete is derived from the composite action effect of concrete that is weak
in tension, but strong in compression and relatively durable, and reinforcements, which is
strong and ductile in tension (Lu, Wang, Ding, Liu, & Fang, 2021). Transfer of load
between reinforcement and surrounding concrete is essential to maintain composite action.
This load transfer is known as the bond, and it is idealized as a continuous stress field that
develops between concrete-rebar interfaces. If the load on the reinforced concrete member
is less than the bond strength capacity, there is little or no movement between the

reinforcement and the surrounding concrete. The concrete compressive strength,
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reinforcement shape and diameter, cover thickness, and confinement because of transverse
bars are the main influences on the bond strength (Al-Shannag and Charif 2017; Castel et
al. 2006; Sancak et al. 2011). All factors affecting the mechanical properties of concrete
can also affect the bond strength between concrete and reinforcement (Diab et al. 2014,
Hosseini and Etedali 2019)

As unbondedness increase, the bond strength greatly decreases. In addition, based on the
maximum crack width on the concrete surface, bond strength and peak slip models are
developed, and a bond stress—slip model of the no uniformly corroded reinforcing bar is
proposed, combined with that of uncorroded reinforcing bar decrease the strength (Al-
Sibahy & Sabhan, 2020). An efficiently developed bond stress enables the reinforcement
and concrete to form a composite structure. If the reinforcement stresses change between
any two sections, bond stress will exist. Bond stresses develop in reinforced concrete
members in two distinct situations (Blikharskyy et al., 2019; Choi, Yi, Kim, Jung, & Yang,
2014).

Abdullah, Razak, Zainol, & Tahir, (2017) reported that adequate bond strength between
reinforcement and concrete is required for satisfactory performance of reinforced concrete
structures. For the optimal design of reinforced concrete structures, efficient and reliable
stress transfer between reinforcement and concrete is necessary (Subramanian, 2013;
Zameeruddin & Sangle, 2016). In the report, bond strength depends on not only the
materials but also the geometry of the reinforcement and structure itself. In deformed
reinforcement, bond stress is transferred from the reinforcement to the surrounding
concrete (Afefy & El-Tony, 2016; Zailani, Abdullah, Razak, Zainol, & Tahir, 2017).

According to the result conducted by (Alharbi, 2021) this investigation comprises ten
specimens of dimensions 200 x300x1400mm to investigate effect of some parameters on
the bond strength between concrete and steel rebar including concrete strength, concrete
cover thickness, bonded length, rebar diameter, confinement level represented by presence
of stirrups in bonded length region and bending stress level. Detailed dimensions and
configurations of specimens. three different concrete strengths of 20, 25 and 35 MPa are
included.in addition two rebar diameters of 12 and 16mm, two cover thicknesses of 30 and
50mm, three values for bonded length to rebar diameter of 5, 6.5 and 8, two confinement



levels in bonded length region of no stirrups and presence of one stirrup, finally, three
bending stress levels of 0%, 50% and 100% of ultimate bending capacity. Effect of various
parameters under study can be determined from mean bond stress-slip curves. The change
of compressive strength from 25 to 35 and 20MPa lead to change of bond strength by 44
and 12% respectively. Decreasing diameter of steel rebar from 16 to 12mm yielded
remarkable increase of bond strength by 20%. Increasing bonded length of 5@ to 6.5& and
80 lead to reduction of bond strength y 10 and 22%, respectively. This reduction is
attributed to the no-uniformity of stress distribution along steel rebar. The more
confinement at bonded length region showed better performance, which can be noted in
the remarkable increase of bond strength by 26 and 61% due to presence of one stirrup at
bonded length region and the increase of concrete cover thickness, respectively.it can be
easily noticed that the ascending branches of curves ted to be steeper with the increase of
ultimate bond stress. Finally, this study proves that the stress level is very influential on
bond performance. Non stressed specimen yielded higher bond strength than partially and
fully stressed ones by 40 and 63% respectively therefore this parameter is very crucial for
accurate investigation for bond behavior. Failure modes for tested specimens were
detected. All specimens exhibited splitting failure displayed in shape of one crack in

concrete cover in opposite to steel rebar in bonded length region (Alharbi, 2021).

According to the result conducted by (Fan, 2022) the bond failure between deformed rebar
and concrete can be divided into splitting failure, pullout failure and yield failure.
Longitudinal splitting cracks occur when transverse ribs cannot resist the circumferential
tensile stress produced by squeezing the surrounding concrete due to the small thickness
of the cover or other forms of transverse restraint. Cracks develop on the surface of the
member, causing the concrete bond to split before the deformed rebar is pulled out. when
the concrete cover is large enough or other forms of lateral restraint enough to resist the
transverse ribs by squeezing the concrete around the ring tensile stress, the deformed rebar
IS subjected to greater constraint and the concrete between the transverse ribs is destroyed
by the shear force, resulting in the deformed rebar is directly pulled out from the concrete.
When the bond length reaches a certain requirement, the failure modes is that the deformed
rebar is broken and no obvious slip occurs. The ultimate bond strength is determined by
the ultimate tensile strength of the steel bar. The beam end test is mainly used to simulate
10



the beam end anchorage test. The beam end test is often used to simulate the influence of
pressure, bending moment and shear force on the bonding performance of the bearing and
is suitable for studying the anchorage bonding problem of the steel bar in the shear span
area. Studied the bond behavior between concrete and corroded steel bars under repeated
loading based on a beam end test. Based on the test results, it is found that if the geometric
size, constraint position and bond length of the specimen are not properly designed, shear
failure or insufficient bond failure was occurred. The beam test is an ideal bonding test
method. the specimens commonly used in the beam test are divided into three type these
are full beam specimens with two half-beams connected by steel hinges, beam end
anchorage specimens with slotted shear spans and beam type specimens with anchored
deformed rebar in pure bending section .the beam test can simulate the real stress state of
flexural members and reflect the real bonding state. Compared with the other two types of
specimens the beam specimen is more complex more expensive and prone to shear failure,

S0 it is necessary to configure appropriate stirrups (Fan, 2022)
The qualitative reinforcement bar and concrete bond resistance depends on:

e Mechanical properties of concrete; which includes tensile and bearing strength

properties

e The volume of concrete that surrounds the reinforcement. This includes both
concrete cover and spacing between adjacent reinforcements

e Presence of transverse reinforcement as confinement, which is used to delay and
control the early loading crack propagation,

e Surface conditions of reinforcements; and

e The geometry of reinforcements such as the height of ribs, spacing between ribs,

the width of ribs, and the face angle of ribs.
2.3.  Transfer mode of the bond force

Three factors contribute to the strength of the bond between the reinforcement and the
surrounding concrete. These includes mechanical friction from the roughness of the
interface, chemical adhesion between the concrete and rebar interface, and bearing from

deformed rips against the concrete and surface irregularities on reinforcement (Blikharskyy
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et al., 2019). In the case of smooth reinforcements, friction and adhesion components
contribute significantly to the bond strength. Contact pressure improves friction at the
surface of the interface, and it increases with time due to the shrinkage of concrete.
Furthermore, in the smooth reinforcement, roughness on the reinforcement surface and
local irregularities in both size and shape influence bond strength (Figure 2-1). In the case
of deformed reinforcements, the presence of a pattern of deformations, which is rolled on
the surface of the reinforcement, is the effective method of achieving a better bond
(Figure 2-1) (Blikharskyy et al., 2019). If the tensile strength of the concrete cover and/or
the tensile strength between adjacent reinforcements is less than the tensile strength of the
radial component, the radical force component of the bearing force of deformed
reinforcement plays an important role in any bond failure, as it causes longitudinal splitting
of concrete (2-2d) (de Villiers, van Zijl, & van Rooyen, 2017).
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Figure 2-1. Mechanism: a) Smooth bar; b) Deformed bars (Tesfaye, 2018)

Bond force is developed by adhesion between concrete-rebar interface and friction in small
amounts if the reinforcement embedded in concrete is smooth. Bearing force acts on the
surrounding concrete from deformed ribs as shown in Figure 2-2a and b. The force on the
concrete has two components: radial and longitudinal components as shown in Figure 2-2c
and d. Radial component causes circumferential tensile force in the concrete that surrounds
the reinforcement. The concrete compressive strength, reinforcement shape and diameter,

cover thickness, and confinement because of transverse bars are the main influences on the
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bond strength (Al-Shannag and Charif 2017; Castel et al. 2006; Sancak et al. 2011). All
factors affecting the mechanical properties of the concrete can also affect the bond strength
between concrete and reinforcement (Diab et al. 2014;Hosseini and Etedali 2019). Then
these cracks propagate outwards to the surface. As shown in Figure 2-3, the splitting crack
that developed in the beam follows the longitudinal reinforcement along the bottom face
or side faces of the beam. Once the splitting cracks form, the bond force transfer
mechanism drops immediately if reinforcement is not provided to control the opening of
these cracks (Feng, Xiao, & Geng, 2020; Khabaz, 2015).

According to Djamaluddin, Frans, & Irmawati, (2017) splitting failure load depends on
(Djamaluddin, Frans, & Irmawati, 2017);

» The smaller distance either from the distance between the reinforcement and the
extreme surface of the concrete (thickness of concrete cover) or the distance
between adjacent reinforcements

» Tensile strength of concrete, and

» The average value of bond stress that less than the wedging forces. But splitting

failure will occur if the average bond stress is greater than the wedging forces.
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stresses shown on a section through the bar

Figure 2-2. Transfer mechanism bond force (Wight & MacGregor, 2009).
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Figure 2-3. Typical splitting surfaces (Wight & MacGregor, 2009).
2.4. Factors Affecting Bond of Reinforced bar to Concrete

Concrete is a heterogeneous material that is widely employed in all phases of building and
is the most significant factor in the development of any nation's infrastructure. But despite
advancements, failure of the structure is unavoidable. Weakening of the bond property is
the main cause of failure in reinforced concrete structures(Shunmuga Vembu & Ammasi,
2023).

2.4.1. Corrosion of Reinforcement

Corrosion of the reinforcement is one of the major factors that deteriorate the bond strength
in concrete structures (L. Song et al., 2019). Recent study proved that corroded
reinforcement bar occupies a large volume than original reinforcement, it produces
volumetric expansion pressure on concrete, which causes tensile stresses (L. Song et al.,
2019). Concrete cracks when these tensile stresses exceed the tensile strength of the
concrete(Tondolo, 2015). As a result, there is a loss of bond between the concrete and rebar
surfaces, and then load-carrying capacity reduces (Tondolo, 2015). Likewise, Corrosion
causes to cracking of the concrete cover, reduction of the cross-sectional area of
reinforcement, and reduction of the bond between concrete-rebar interfaces(Han et al.,
2019). The effects of reinforcement corrosion on the bond strength of reinforced concrete
structures were investigated in an experimental study. The results show that the bond
strength increases at the beginning with an increase in the percent of corrosion until

concrete cracks occur, and then it begins to decrease with an increase in the percent of
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corrosion (Ma et al., 2017) The effect of the variation in the degree of corrosion on bond

strength between reinforcement and concrete is shown in Figure 2-4.
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Figure 2-4. Effect of corrosion on bond strength (Azam, 2010).

Based the report done by Tahershamsi (2016) the structural effects of reinforcement
corrosion in reinforced concrete structures were investigated to examine the natural
corrosion effect on service giving structures instead of artificially induced corrosion. The
specimen was a beam, which was taken from the beams of an old bridge that also exist in
an exposed environment. Specimens were categorized based on the extent of induced
damage. There was three types of specimens: undamaged, moderately damaged, and highly
damaged. Suspension hunger was used to indirectly support the specimens, and then
subjected to four-point flexural test. Similar behavior in the development of cracks and
mode of failure were seen in all specimens, indicating that splitting-induced pullout is the
failure mode. The load-carrying capability of specimens with splitting cracks and spalling
of concrete cover was found to be lower than that of uncracked specimens. The average
calculated bond strength of specimens with splitting cracks and spalling of concrete was

also found to be lower than that of uncracked specimens (Tahershamsi, 2016).

Amleh conducted an experimental investigation on the effect of corrosion of
reinforcements on the bond behavior between concrete-rebar interfaces. The type of tested
specimens were standard tension specimens with a single reinforcement at its center.
Different levels of corrosion of the reinforcements were formed ranging from zero

corrosion level to complete corrosion level at the concrete-rebar interface. Then tension
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specimens were subjected to axial tensions force after corrosion of reinforcement. The test
result showed that the bond strength between concrete-rebar interface decreases as
corrosion level increases. In the case of severe corrosion, the bond strength decreases
rapidly. The researcher concluded that the bond strength at the deformed concrete-rebar
interface decreases because of the widely opened crack at the longitudinal splitting of
concrete(Amleh, 1996).

According to the result conducted by (chaitanya, 2014) the behavior of reinforced concrete
beams of 2.5%, 5.0%, and 7.5% corrosion was studied. The RC beam specimens were
casted as specified.in the present study 5 control specimens and 12 uncontrolled specimens
(2.5%, 5%, 7 .5% of corrosion) prepared with OPC mix were tested as a cantilever beam,
in the specially prepared loading setup, to determine the flexural capacity. Hydraulic jack
was used to fix the beam bottom to the reaction bed. Here we measure deflection, strain
and crack using dial gauge, strain gauge and crack measuring microscope respectively.
during the testing of control beam (CB1 to CB5),it was observed that the control beams
failed in flexure at an ultimate load,92.09kN and for 2.5 % corroded beams failed at an
ultimate load 87.83kN remaining 5%,7.5% corroded beams showing the failure at
86.17kN,72.14Kn respectively.as the load increase the cracks developed throughout the
width of beam. It was observed that controlled beam attained the highest flexural load
capacity, followed by 2.5%, 5% and 7.5%

As the load was applied flexural cracks were initiated from the bottom of beam in the
region of maximum moment. The load beyond the yield strength of beam was applied,
these cracks were widened and extended to the sides and new flexural cracks formed.as the
applied load was further increase, cracks width increase and beam failed in flexure. The
moment of resistance provided by the reinforcement was controlled by the anchorage
(bond) of the bars and its magnitude was less than that provided by fully bonded
reinforcement bars that yield at failure. The corroded beams was not much effective in
attain the load carrying capacity in beams 5% and 7.5%,but in case of 0%,which was most
effective on attain the load carrying capacity. When compared to the controlled beam
specimen, 2.5%, 5% and 7.5% cOrroded beam specimen takes 7% and 25% less load.it is

observed that for control beams(i.e., non-corroded beams),peak load taken was maximum
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compared with 2.5%,5%, and 7.5%. Deflection observed for control beam less than
corroded beams. For beams corroded (i.e,2.5% and 5%) the peak load by beams was less
than non-corroded beams, but the deflection observed for corroded beams (2.5%,5%)was
more.it | observed that for 7.5% corroded beams, the peak load taken by the beam was less

compared with (i.e,.2.5%,5%),control beams and deflection was also less.

The effect of uniform corrosion, causing extensive cracking, staining and spalling of
concrete cover. In this crack width measured using crack microscope with an accuracy
0.02mm.the initiation of corrosion is likely to occur at the stirrup reinforcement surface
which has the minimum concrete cover. In corroded beams red and brownish -red colored
rusts were observed in different amounts and at different locations. All corroded beams
developed surface cracks. The crack pattern seen in corroded specimen, the crack that
propagated perpendicular to the corroded steel bars was observed on the extreme tensile
ace of the beam to where corrosion agents drawn in to concrete. these cracks were observed
at intervals ranging from 72mm to 86mm intervals, from fixed end to a length of 450mm
to 630mm towards the top.it observed that some of the cracks as they propagate split into
two and few such cracks cross the side face an propagate further.in this cracks split into
two and the split cracks then crosses to the side faces and propagated and also perpendicular
to the corroded bars. The majority of beams in this research (uncontrolled) exhibited this
crack pattern. As the load increase crack width also increase. In case of controlled beam at
the extreme tensile face only some cracks are split in to two and the cracks were observed
from fixed end to a length 220mm to 400mm towards the top. In control beam (0%) the
first cracks observed at the load 37.87kN, the maximum crack width is between 0.40mm
and 0.5mm and in 2.5% corroded beam specimen, first crack developed was similar to
controlled specimen and the maximum crack varies 0.45mm to 0.50mm.5% beam
specimen develop the first crack at load 37.87kN,here crack width increase 11% than the
controlled specimen.in 7.5% corroded specimen shows the first crack width at the load
33.14KkN,in this out of four specimen one specimen crushed at the bottom, maximum crack
width varies 0.55mm to 0.58mm it was observed that this crack 17% more than the

controlled specimen. (chaitanya, 2014)
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According to the result conducted by (kamil, 2018) in this study, the plastic fibers that were
dispersed in the concrete were used at different levels of corrosion. the test specimens were
divided into four main groups: A,B,C and D. group A represent a 0% corrosion level, while
groups B,C and D ,represent corrosion levels of approximately 5,7 and
9%,respectively.each main group was then divided into three subgroups based on the
volume fraction of polypropylene fibers at 0,0.5 and1.5%.the depth and width of an RC
beam were 400 and 250mm ,respectively, while the clear span length of the beam was
2500mm.the concrete cover from concrete surface to the center of the transverse
reinforcement bars was taken as 25mm. deformed reinforcement bars were used for each
specimen. all RC beams were designed in accordance to the under reinforced beam theory
to resist a moment capacity of 118kN.m.the tensile reinforcement bar diameters were
16mm,and the top compression reinforcement bars were 12mm. the transverse

reinforcement bar intervals were 130mm at the densifications and 180 mm at the spans.

All corroded RC beams were broken to extract the reinforcement bars following the
flexural strength tests. all extracted transverse and longitudinal bars were reweighted in
order to calculate the actual corrosion levels some of extracted reinforcement bars and the
cleaning process based on ASTM(21) standards. Because there are currently very few
studies available on fully extracted reinforcement bars from full scaled RC beams. The
distribution of corrosion levels may then be used to develop other corrosion models in
studies, particularly corrosion modes. The accelerated corrosion method yields different
corrosion levels based on the locations of the bars. The corrosion levels of the tensile
reinforcement bars closer to the corners (T1 and T4), and the transverse reinforcement bars
at densification, were respectively higher than those of the inner tensile and transverse
reinforcement bars at the mid span of the beams. the two models at the highest corrosion
level(CL=10.6%) resulted in mass losses that exceeded the actual mass losses by more
than1000g. the developed models predicted effectively the actual corrosion levels based on
faradays law when the smaller size effect and various other parameters (such as the
concrete strength level, concrete cover depth and applied current) were considered. In this
study same concrete cover depth with the concrete strength level at the same corroding
conditions were considered and may not represent all set of RC beams corroding under
different conditions. However it is expected that the relationships obtained in this study
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was allow better prediction of actual mass losses for larger sized RC members (kamil,
2018).

According to (Pandit, 2019) flexural testing of the cantilever beam was carried out under
the specially prepared loading frame. loading set up was constructed in the existing reaction
bed at laboratory to test the beam as a vertical cantilever by applying point load at the free
end of the beam in transverse direction.to achieve the fixity at the fixed end of the beam,
heavy duty hydraulic jack was used against the steel column section at the other side of the
beam. Full fixity was achieved at bottom end of the beam by adjusting the movement of
the hydraulic jack arm .all beams are tested as cantilever beam in a 15tonne capacity steel
testing frame made up of rolled steel joists, the beam having a span of 1750mm was fixed
at one end for a bearing length of 400mm. the span and load points were kept constant for
all the beams. The concentrated load is applied on the free end of a beam. The load spreader
arm, wherever used is a rolled steel joist which is supported on the rollers kept on the
loading points. Over the load spreader arm the providing ring of 20 tones capacity which
is used to measure the applied load, is placed over which the hydraulic jack of 20 tones
was fixed to the rolled steel joist of the loading frame. The pump of a hydraulic jacks
operated by a hand lever. For different rates of corrosion of OPC beams, the load deflection
relationship for control beams initially varied linearly up to 80Kn then started varying non-
linearly. The control beams failed at an average load of 92kN.the average beam-end
deflection was 60.96mm.2.5% corroded beams failed at 4.8% lesser load than control
beams (CB) and beam-end deflection increased by 17.9% compared to CB. 5%corroded
beams failed at 6.81% lesser load than CB and beam-end deflections increased by
7.3%.7.5% corroded beams failed at 27.6% lesser load and beam end deflections decreased
by 6.5% compared to CB. 10% corroded beams failed at 30.6% lesser load and beam —end
deflection decreased by 22.7% compared to CB.as per the above observations, the stiffness
of the beams is reduced when rate of corrosion is increased. For corrosion level up to 5%,
with increase in rate of corrosion the beams exhibit large deflection compared to control
beam specimens. The reason for such behavior is the change in the modulus of elasticity
of steel as the corrosion rate is increased. Due to this effect, beams generally failed at lesser

load with more deflection compared to control beams (Pandit, 2019)
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In general, if the pressure exceeds the plastic deformation limit of the concrete, the
corrosion of reinforcement exerts pressure within the concrete. Then concrete cracks if the
tensile strength of concrete is less the exerted pressure. Finally, cracked concrete resulted

in a weakening bond strength (Soltani, Safiey, & Brennan, 2019).

2.4.2. Cyclic Loading

Ye el al., (2016) conducted an experimental investigation on the effect of fatigue loading
on the bond behavior between reinforcement and concrete. According to the report, the test
was with eccentric reinforcement, which means a 14mm diameter reinforcement was
placed at the corner of a 150 mm cube specimen. To confine the specimen, 6mm diameter
plain reinforcement was also placed in the center of all specimens. After that, fatigue
loadings of several cycles and amplitudes were applied to the test specimens. The results
of the test showed that all specimens failed by splitting failure mode. It was observed that
increasing the number of fatigue load cycles increases bond strength until it reaches a
critical value; however, increasing the number of fatigue load cycles reduces bond strength
because damage accumulation exceeds a critical value. It was also observed that as the
number of fatigue load cycle’s increases, the slip between reinforcement and concrete
increases, destroying the adhesion force between the concrete-rebar interface, and the bond
strength reaches a critical value at early loading if fewer cycles with a large range of
amplitude are applied. The authors concluded that cyclic loading degrades the bond
between reinforcement and concrete, interrupts the force transfer mechanism, increases the
number of cracks, increases crack width, and reduces load-carrying capacity (Ye, Zhang,
Hu, & Gu, 2016).

As Lee, Kang, Tan, & Yang, (2016) carried out an experiment a pullout test is used to
examine the bond behavior of deformed reinforcements under high cycle repeated load
conditions. According to the paper, the study include various parameters such as the
diameter of the reinforcement, maximum load, amplitude of load, and concrete quality.
Specimens were tested and then failed by pulled out. When the maximum load was
decreased while the minimum load was kept constant, the number of load cycles until
fatigue failure increased. Additionally, during load cycling, the slip at the free bar end

increase considerably which is mainly influenced by the upper load and bond length.
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According to the authors conclusion the fatigue strength of the bond corresponds to the
fatigue strength of centrally loaded concrete. This means that no fatigue bond failure will
occur during several million-load reversals if for the usual anchorage lengths required for
reinforcements the upper load is smaller than about 50 percent of the static pull-out load.
The authors also concluded that the fatigue load affects the bond behavior during service
load even if no fatigue failure occurs (Lee, Kang, Tan, & Yang, 2016).

According to the result conducted by Tesfaye (2018) the study parameters were different
concrete strengths and anchoring lengths. Under fatigue conditions applying 78 percent of
static load capacity resulted in bond failure at the concrete-rebar contact. Low cycle fatigue
loadings also decreased the bond strength of monotonic loading. When the bond has been
subjected to more than 1000 cycles, it has been observed that the bond deteriorates highly
(Tesfaye, 2018).

2.4.3. Improper detailing for bond

Another factor that affects the bond of reinforced concrete is improper bond detailing.
Surface condition of reinforcement, interface contact area, concrete strength, diameter of
reinforcement, concrete cover, and transverse reinforcement are some of the major factors

that deteriorate bond strength due to improper bond detailing(Alharbi et al., 2021).
2.4.3.1.Concrete cover and reinforcement spacing

The bond strength is determined by the thickness of the concrete cover and the spacing of
the reinforcements. Increased bond strength was achieved by increasing the concrete cover
and decrease reinforcing spacing (Wassouf, 2015). The splitting failure mode occurs when
the concrete cover is thin and the reinforcing spacing is inadequate. Pullout failure occurs
when the concrete cover is thicker and the reinforcing spacing is wider. Splitting and/or
pullout failure modes occur when the concrete cover and/or reinforcement spacing are
inadequate (Kim, Paek, Lee, Yuk, & Lee, 2018), affecting the bond strength between the
concrete-rebar interfaces. Presence of relatively larger cover greatly affects both the
ultimate capacity and overall torsional behavior of RC members. Thickness of cover
concrete has a significant effect on the pre and post-peak torsional behavior of RC members
(Ibrahim, Gebreyouhannes, Muhdin, & Gebre, 2020).
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2.4.4. Development and splice length

Bond strength between concrete-rebar interfaces is reduced when reinforcement
development and splice length are decreased. In anchored reinforcement, bond failure
initiates at the extreme surface of concrete or at transverse bending moment cracks where
the reinforcement is highly stressed. In the case of spliced reinforcement, splitting failure
begins at the splice's end and progresses to the splice's center. If development and splice
length are inadequate, in normal strength concrete, splitting failure occurrence
accompanied by crushing of the concrete keys when reinforcement slips concerning
concrete, but in the case of high strength concrete and coated reinforcement, the extent of

concrete keys crushing is significantly reduced (Hwang, Yang, Zang, Baek, & Ma, 2020).

2.4.5. Diameter of reinforcement

Before bond failure, the bond strength developed between concrete-rebar interfaces is not
only a function of development length, spacing between adjacent reinforcements, and
concrete cover, but it is also a function of the cross-sectional area of the reinforcement.
Increased development length or splice length is required if the reinforcement diameter
increases. In other words, for a given development length or splice length, a larger
reinforcement size achieves a required bond force than smaller size reinforcement for the
same amount of confinement. Thus, this shows that area of reinforcement influence the

bond strength (Torre-Casanova, Jason, Davenne, & Pinelli, 2013).

2.4.6. Reinforcement geometry and surface condition

There has not been a common agreement on the effect of reinforcement geometry on bond
behavior in history. According to certain research, deformation on reinforcement surfaces
has a strong effect on bond strength. According to other investigations deformation of the
reinforcing surface has little effect. Nevertheless, the impact of reinforcement geometry on
bond behavior is increasingly clear over time. According to recent research, deformed
surface reinforcements have a higher bond strength than reinforcements with smooth
surface reinforcements. The surface condition of the reinforcement has an important role
in bond strength because of the friction effect that exists between the reinforcement and
concrete, which transfers bond force. This shows that reinforcement geometry and surface
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conditions affect the bond strength between concrete-rebar interfaces (Calvarano, Cardile,
Moraci, & Recalcati, 2012).

2.4.7. Concrete properties

The bond strength is also affected by concrete properties. One of the concrete properties
that affects bond strength is tensile strength. Because bond strength depends on the tensile
strength of concrete. Nevertheless, the tensile strength of concrete depends on the
compressive strength of concrete; this shows that bond strength is a function of the
compressive strength of concrete (Afefy & EI-Tony, 2016). Other concrete properties that
affect bond strength include aggregate type and aggregate quality. High strength aggregate
and a better quality aggregate in concrete increase the compressive strength of concrete,
thus it results in higher bond strength, but lightweight aggregate in concrete decreases the

compressive strength of concrete, thus it results in lower bond strength.
Research Gaps

Different researches have been conducted to assess the effect of different factors that causes
bond degradation on reinforced concrete beam. Most of the researchers studied to
determine the effect of corrosion that causes bond loss on RC structure. Bond loss can
occur at different point of the structure due to different bond degradation factors. The bond
loss can seriously affect the load carrying capacity and serviceability of the reinforced
concrete structure when it occurs at the longitudinal reinforcement concrete where it is the
maximum flexural load carrying structure. There are no adequate researches that clearly
studied on flexural behavior of reinforced concrete beam which used to assess the effect of
bond degradation on the longitudinal section of reinforced concrete beam by using bond
loss simulation. As a result, further studies are needed to investigate the effect of bond
degradation on the flexural behavior of reinforced concrete beam that caused by different
factors such as corrosion, cyclic loading improper detailing and construction errors to
provide a better understanding of the influence of loss of bond along the longitudinal

tension reinforcement.
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3.  Methodology
3.1. General

This chapter gives the details of the materials used to prepare specimens, concrete mix
ratios and experimental testing methods adopted for this work. Basic tests were conducted
on reinforcement tensile strength and concrete ingredients (river sand and coarse

aggregate) to determine their suitability for producing the proposed RC beams.

To achieve the objective of the study the reinforced concrete beams with a loss of bond
between reinforcement and surrounding concrete were prepared. To create the loss of bond
between the longitudinal tension reinforcement and concrete, the reinforcements were
inserted into a plastic pipe to simulate actual bond loss between the reinforcement and
surrounding concrete. Pull-out test was conducted for determining the bond strength of loss

of bond between reinforcement and surrounding concrete.
3.2. Testing Equipment and Machine

Different tools and equipment were used for the completion of this study. Some of the tools
and equipment are balance, a rotating drum, a slump mold, cube mold, beam formwork, a
universal testing machine (UTM), a cube compressive testing machine, a curing tank, and

a pipe cutter.
3.3. Detail of Experimental Test Specimen

For the achievement of the objective of this research, a mix design has been conducted for
concrete grade C25/30. Three cube test specimens were prepared and tested to determine
the actual compressive strength of the proportioned concrete.

3.3.1. Flexural Test of Beam Specimen and Setup

Six beams having an overall length of 2000mm with a rectangular cross-section of 150mm
depth by 150mm width RC beams were casted and tested in order to investigate the effect
of loss of bond between reinforcing steel and surrounding concrete on the flexural
properties of a slender beam. The distance between the supports is 850mm. Flexural
reinforcement consists of two 12 mm-diameter deformed reinforcements at the bottom and

two 10 mm-diameter deformed reinforcements at the top. Plain round bars of 6 mm in
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diameter were used as vertical stirrups with a spacing of 150 mm and an average yield
strength of steel 400 MPa. The thickness of the concrete cover was 20 mm. The control

beam (full-span bonded beam) was designed for flexural tension failure (Figure 3-1).

Load Cell
1 — A

150mm | | Beam Specimen
I A
{5mm, 25mm . #25mm T
a) Beam specimen
7 2010
2012
150mm 7 06C/C150mm

150mm
Section A-A

b) Sectioned beam specimen
Figure 3-1. Test setup for three-point loading beam test

A full-span bonded beam was used as a control (reference) beam (Figure 3-2). Then,
different percentages of unbounded beams (30%, 50%, 70%, and 100%) (Table 3-1) were
casted and tasted to investigate the loss of bond effect. Fifty percent (50%) sectioned
(sample shown from Figure 3-4) and 50% un-sectioned (sample shown from Figure 3-3)
unbounded beams were prepared for investigating the unbounded mechanism effects on
the flexural properties of the RC beam. Three beam samples were casted and tested, and

their average value is reported for each beam type.
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Table 3-1. Experimental beam specimen characterization

: Unbonded position of Sample

Beam type Unbonded pipe type reinforcement D
Full span bonded | None FSB
30% unbonded Circular PVC 30UB
50% unbonded Sectioned circular PVC 50SUB
50% unbonded Circular PVC 50UB
70% unbonded Circular PVC 70UB
100 % unbonded | Circular PVC 100UB

o

LeECIC 150

i
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1000

Figure 3-2. Full span bonded reinforced concrete beam
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Figure 3-3. Unbonded reinforced concrete beam with plastic pipe
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Figure 3-4. Fifty percent unbonded reinforced concrete beam sectioned plastic pipe

3.3.2. Pull out test Specimen

The pull-out test was performed to determine the bond strength between the reinforcement
bar and the concrete. When preparing the pull-out test specimens, ASTM C 234 standard
was used as a guideline and tests were performed using the Universal Testing Machine
(UTM). Six 150mm*150mm*150mm cube specimens with embedded reinforcement in the
middle part of the concrete cross-section were casted and attempted to examine the bonding
strength between the reinforcing steel and the surrounding concrete. The reinforcement
was in the middle part of the section (Figure 3-5). The reinforcing bar was placed, and

sufficient length was provided according to the ASTM standard.

12mm diameter bar
. +—Concrete

a) Plan View b) Elevation View

Figure 3-5. Pull out test cube setup

Unbonding between the bar and concrete was created using the plastic pipe. A full bonded
cube (CFSB) was used as a control (reference) cube. Then, unbounded cubes (30CUB,
50CUB, 50CSUB, 70CUB, and 100CUB) were casted and tested (sample shown from
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Figure 3-6). Three Cube samples were casted and tested, and their average value is reported

for each six cube samples.

12mm diameter bar

Concrete

= Plastic pipe

Figure 3-6. Sample of pull out cube with plastic pipe
3.4. Characterization of Materials

The properties of concrete materials (cement, coarse aggregate, fine aggregate and water),
reinforcement bar and plastic pipe used for the research were examined and appropriate

mix design was made.
Cement

Ordinary Portland cement equivalent to ASTM type-I cement from Dangote Cement
Factory was used throughout the tests to produce specimens. ASTM type-1 cement is a
general-purpose ordinary Portland cement used for experimental test and there was no

special property required for the concrete.
Natural Aggregate

Aggregates are materials basically used as filler with binding material in the production of
concrete. The right type and quality of aggregates was obtain on site. They should be clean,

hard, strong, and durable, and graded in size to achieve the desired concrete material
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properties. Therefore, to judge the quality of the aggregate physical characteristics tests

were conducted (Figure 3-7).

a)Sieving washed fine aggregate b) washing coarse aggregate C) Gradation teste of fine
and coarse aggregates

Figure 3-7. Fine and coarse aggregate
Fine Aggregate

Natural river sand from Lalibela was used as a fine aggregate for concrete mix production.
In order to investigate its properties for the required application different tests were carried
out. According to ASTM C-136, the gradation result of the original sample sand was less
than 4.75mm sieve size. The fine aggregate was prepared by washing the original river
sand to get the proper silt content, which is less than 5%. The silt content of the original
sample after washing was found to be 2.6% which is within the allowable limit (Table 3-2).
Particle size distribution was with-in the allowable limit and the sieve analysis results are

presented in appendix B-II.
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Table 3-2. Test results for fine aggregate

No Physical test for fine aggregate

Results

1 Silt content (%)

2 Density (kg/m?)

3 Fines modulus (%)
4

Moisture content (% )

2.6
1820
2.4
4.6

Coarse Aggregate

The coarse aggregate used for the preparation of the specimens was crushed basaltic stone

with a nominal maximum size of 19mm. Coarse aggregate was well-graded for good

quality of concrete (Table 3-3). Particle size distribution was with-in the allowable limit

and the sieve analysis results are presented in appendix B-I.

Table 3-3. Test results for natural course aggregate

No Physical test for coarse aggregate Results
1 Density (kg/m?) 1571
Bulk specific gravity 2.86
2 Specific gravity Bulk specific gravity (SSD) 291
Apparent specific gravity 3.03
3 Absorption capacity (%) 2.0
4 Moisture content (%) 2.0

Water

Water that fit for drinking is generally suitable for concrete. Due to this reason, potable

water supplied by the municipality of Bahir Dar city administration was used for all

concrete mixes. Water that was free of acids, oils, alkalis or other organic impurities was

used for the concrete.
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Reinforcing bar

Reinforcing Bar was used for reinforcement, which was available on the market and its

yield tensile strength was 400MPa.
Plastic Pipe

Plastic pipe was used to simulate the loss of bond between reinforcement and concrete with

thickness of 2mm.
3.5. Mix Design of Concrete

3.5.1. Mix Proportion of concrete

Mix design is the process of selecting suitable ingredients of concrete and determining their
relative proportions with the object of producing concrete strength as economically as
possible. A mixed proportion of concrete was prepared based on the properties of concrete

materials.

The mix proportion for C25/30 (for target mean compressive strength of 38.5MPa)
strength concrete was designed to give a slump value of 25-50mm according to ACI 211.1.
Ordinary Portland cement was used to prepare specified concrete grades with a
water/cement ratio of 0.435 (Table 3-4). The detail mix design data are attached in

Appendix C.

Table 3-4. Concrete mix design proportion

Cement quantity Water Fine aggregate NCA
Mix Designation (Kg/m?) (liter/md) (Kg/m?3) (Kg/md)
Concrete(C25/30) 436.8 190 681.1 1037.1

The mix design is done for target mean compressive strength of 30+8.5=38.5MPa

3.6. Casting and curing of concrete

All relevant processes to prepare reinforcement formwork, concrete mix, and concrete

casting have been dealt in this section.
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3.6.1. Preparation of Formwork

A formwork was prepared from wood materials of straight plywood sheet for soffit and
wooden board sheet for side formworks. Both plywood sheet and wooden board sheet were
connected at the specified position-using nail as shown on Figure 3-8. The internal
dimension of the formwork was fixed with dimensions exactly equal to the specimen
dimension and then the formwork had been lubricated with oil for easy removal of the
specimen. Before inserting of reinforcement cags in formwork and casting of concrete, the

formwork was placed at the leveled and smooth surface.
3.6.2. Preparation of Reinforcement

The reinforcement cage was prepared for each beam as shown in Figure 3-8. Before tying
the reinforcement, the Bottom reinforcements were inserted into a plastic pipe, which was
the methodology in this study. The spacing of shear reinforcement was used based on the
analytical design value. After assembly, the reinforcements’ cage was placed in prepared

wooden formwork.
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e) 100% unbonded
Figure 3-8. Samples of formworks and reinforcements used for concrete casting
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3.6.3. Casting of Concrete

The specimens for the testing of mechanical properties in the hardened state were casted
using the prepared molds. For the compressive strength test 150x150x150mm, cubical
molds were prepared and filled with fresh concrete into three layers, with each layer
compacted by vibrator (Figure 3-9 b). Before the fresh concrete is filled into the molds, it

was painted with boiled oil in order to easily detach the dry concrete sample from the mold.

As mentioned previously, the reinforcement was already placed securely in its proper
position in the formwork using 20mm precast concrete cover spacers. The casting of each

beam specimen was carried out similarly as the cube elements (Figure 3-9 a).

Pull out concrete specimens were also casted from the same concrete batch three for each
beam, using cube mold size of 150 mm. There was three sample for each specimen (Figure
3-9¢).

After casting, all the specimens kept in molds and formworks for 24hours at room
temperature. Once hardened, beams were detached from the formwork and cubes were
demolded carefully and socked in a curing tank for 28days for pullout test, compressive

strength test and flexure strength test.




a) Beam casting b) Cube casting ¢) Pullout cube casting
Figure 3-9. Concrete casting
3.6.4. Mixing Procedure

The fine aggregate, coarse aggregate, and cement were dry mixed for about a minute. This
was then followed by the addition of two-third of the total mixing water. After two minutes
of mixing, the remaining mixing water was added. Mixing was ceased after four minutes
for all mixes. The mix was checked for the slump, whether the concrete mix is in the range
of recommended slump value or not, then finally, the concrete mix was within the range of
the recommended slump value which was 36mm and concrete mix was ready for casting
(Figure 3-10).

Figure 3-10. Slump for concrete mix
3.7. Experimental Test Setup

All tests were carried out in Debre Markos Institute of technology Material Testing

Laboratory.
3.7.1. Compressive Strength Test

The compressive strength tests were carried out by compressive testing machine (called

Controls) with a nominal capacity of 2000kN. The load is applied at a constant rate of
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0.5MPa/s, at 90° in the direction of casting, and the compressive strength was recorded to
the nearest one digit after a decimal. Compressive strength was measured by conducting
uniaxial compressive tests on the concrete cube specimens. Three cubes were tested and

their average value was reported (Figure 3-11).

After conducting the test, the mean compressive strength of the concrete mix, which was

primarily designed for target mean strength of 38.5 MPa at 28-day was found to be
34.96MPa (Appendix C).

Figure 3-11. Compressive strength test
3.7.2. Tensile strength test of reinforcement

The nominal diameters of the reinforcing bars specified in this work were purchased from
local suppliers. Then, to determine the mechanical property, the reinforcements specimens
were tested in tension in a universal testing machine, and their complete load —elongation
was obtained from the test. The tension test was conducted on all the reinforcements used

and three specimens were tested for every reinforcement diameter (Figure 3-12).
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Figure 3-12. Tensile strength test of reinforcement

Yield and ultimate tensile strength were computed from test results, and then averaged

for each reinforcement diameter (Table 3-5).

Table 3-5. Reinforcement tensile strength result

Diameter Average Yield Ultimate tensile
(mm) stress (MPa) Stress (MPa) Elongation (%)
10 403.5 488.236 10.58
12 398.2 458.6 7.01

3.7.3. Flexural Beam Test

Flexural tests was carried out using Universal Testing Machine (UTM) which was
equipped with an Electro-hydraulic Servo with the capability of performing deformation-
controlled loading. Three-point loading was used to determine the flexural strength. In this
test, the reinforced concrete beam to be tested was supported at its ends and loaded at its
interior location by gradually increasing the load to failure (Figure 3-13). The failure load
(loading value at which the concrete cracks heavily) was then recorded and used to
determine the flexural capacity using Equation 3.1 at which the member failed, i.e. its
flexural strength. Flexural strength was carried out according to ASTM-C1609.
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Figure 3-13. Test setup for Three-point loading beam test

Flexural strength or Modulus of Rapture, according to ASTM-C1609 Standard is
determined from equation 3-1:

[ = Equation 3-1

Where: f = Flexural strength in MPa
p = the load in N
| = the span length
b =the average width of the specimen in mm

d = the average depth of the specimen at the fracture, as oriented for testing
3.7.4. Pullout Test

Pull out tests were carried out to determine the bond failure load. The bond properties
between reinforced bar and concrete were studied by conducting direct pullout test of
reinforced bars embedded in the specimens (Figure 3-14 a).
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a) Pullout specimen b) Pull-out test set-up

Figure 3-14. Pullout specimen and set-up

The failure of bond was also measured by cube specimens in indirectly using universal
flexural test machine (Figure 3-14 b). Deformed reinforcing steel bars having 12 mm

nominal diameter and 400 MPa nominal yield strength were used for pullout tests.

During the test, rebar is pulled out by applying a tension force in a static loading rate. A
load cell, the hydraulic jacking system was adopted to apply a pullout force to the rebar.
When bond slip occurs, the displacement of the reinforcement bar can be obtained from
the measurement of the UTM. During testing, the pullout load and reinforcement bar slip

displacement were measured and recorded automatically.
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4. Results and Discussion

The result and discussion of experimental tests performed on samples of beam with
different unbonded percentage of flexural reinforcement and pull-out tests are presented in

this section.

This research focuses on investigating the effect of loss of bond between main longitudinal
reinforcement and surrounding concrete on the flexural behavior of slender reinforced
concrete beam. Six types of beams (each having three specimens), which had been
fabricated varying unbonded length, were tested. The beams were full-span bonded beam,
30% of the span unbonded beam, 50% of the span sectioned and un-sectioned unbonded
beam, 70% unbonded beam and full-span unbonded beam. In addition, for each beam, the
corresponding samples for pull out test were prepared and tested. Maximum failure load
and the corresponding deflection, Crack patterns, and mode of failure were observed in
each beam starting from the initial load to the failure load.

4.1. Experimental Results of Pull-Out Test of Concrete

The bond strength between reinforcement steel and concrete (cube specimens with single
reinforcement at the center) for different loss of bond was determined using pull-out test.
In doing this a pulling force were applied at the end of the reinforcement bar and from this
the bond stress were estimated. Pullout failure occurs due to the bond strength between the
steel bar and the concrete. Based on the results of this study three types of failures were
observed which includes slippage, pullout and splitting failure modes. Slippage of
reinforcement bar out of the concrete block occurred on 100% (100UB) unbonded cube
specimens (Figure 4-1d). Its experimental failure tensile load was 16.7kN (Table 4-1).
During the first several seconds of the test, the steel bar did not show any slippage. After
the bar started slippage, the steel bar was pulled out smoothly with a small amount of
resistance. This failure mode indicates that the steel pulls out of the concrete without
development of the full steel or concrete capacity. This result shows that the bond between
steel and concrete was weaker that results the slippage type of failure. As the result showed
the full bonding of the steel reinforcement with the concrete increases the failure load and

decreases the bond stress of the specimen. Therefore, an increment of the bond loss
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between the concrete and the steel reinforcement rapidly affects the strength of bond

between steel and concrete.

The pullout failure mode was observed on the two cube specimens (70% and 50%
unbonded cubes) (Figure 4-1 e and f). There was minor surface crack seen on 50%
unbonded specimen cube. This failure was occurred with 31.7kN of experimental failure
tensile load on 70UB and 35.8kN of experimental failure tensile load on 50UB. According
to the results of the study a moderately high bond strength was observed on these cube
specimens as compared with 100% unbonded cube specimen. An increase in bond length
changed the failure mode of the pull-out test of a steel reinforcing bar on concrete in all
sizes of the cube. Specimens in short bond length mode failure was seen pull-out the bar
from the surrounding concrete. The reinforcing bar was still on the elastic condition, while

the tensile stress from the pull-out test was less than the bar yield strength.

Splitting was the third failure mode observed in the test. The failure mode changed from
pull-out to splitting failure as the concrete embedment length increased in cube specimens.
Splitting failure is caused by splitting forces, which are generated in the concrete member
by tensile load fasteners. The splitting force generates cracks growing from the steel to the
edge and consequently the edge of the member spalls. This failure was observed on fully
bonded cube with 40.2kN experimental failure tensile load and 7.11MPa experimental
bond stress, 30% unbonded cube with 37.4kN experimental failure tensile load and
9.45MPa experimental bond stress and 50% sectioned unbonded cube with 36.4kN
experimental failure tensile load and 11.21Mpa experimental bond stress (Figure 4-1 a,b
and c) (Table 4-1). While doing the pullout test on these cube specimens, the concrete
broke up into two parts while the steel bar slipped out. This indicates the bond of the three
cube specimens was relatively high. The peak load increased with increasing of the
embedment length. This result implied that the higher contact surface between reinforcing
bars with concrete, the higher load that was required to pull-out the steel bar from the

surrounding concrete.

The pull out test result generally showed that as the percentage of loss of bond increases
the pull out failure of the cube specimen increases and slippage of the steel reinforcement
occurs when 100% unbonding occurs between the steel and the concrete.
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b) 30% unbonded c) 50% sectioned unbonded

d)100% unboned e)70% unbonded f)50% unbonded

Figure 4-1. Failure patterns of the pullout test of concrete

The final bond strength depends on the embedment length and the geometrical properties
of the steel bar. From the ultimate load, F, and the geometric properties of specimens, the

average bond stress was calculated using equation 4.1.

foa = 1o Eq 4.1

Where Fne= Average bond stress le= embedded length

F= pull out force @= diameter of the bar
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Table 4-1. The experimental bond stress of pull out specimen

Cube Contact Experimental _
_ Embedment _ ) Experimental
Specimen Area=le*@*n failure tensile
length (lIe) (cm) bond stress (MPa)
Type (mm) Load (kN)
CFSB 15 5652 40.2 7.11
30CuB 10.5 3956.4 374 9.45
50CSUB 8.5 3202.8 36.4 11.21
50CUB 7.5 2826 35.8 12.63
70CUB 4.5 1695.6 31.7 18.75
100CuUB 0 0 16.7 -

Load-slip (displacement of reinforcement) data are recorded on the database and the Load-
slip curves is presented on Figure 4-2 for each pull out specimen cube types. As the graph
showed slippage of the bar out of the concrete increases as bonding between the steel

reinforcement and concrete decreases.

Bond stress due to adhesion between concrete and steel occur first then bond slip starts
after development of initial bond stress and loss of adhesion. The bar develops small

amount of slip till maximum bond stresses are developed in steel.

The average bond stress, as in equation (Eq 4.1), of all specimens is given in Table 4-1,
and a comparison of bond stress is shown in fig. 4.3. The highest bond stress was obtained
in this study around 18.75MPa that was seen on the 70CUB specimen and have short
embedment length. This specimen failed because the bar pulled out from the concrete
specimen while the highest bond stress was achieved on the cube concrete. The full span
bonded (CFSB) has low bond stress (7.11MPa) as compared with the other pull out
specimen (Table 4-1). The CFSB bond strength or the failure load was higher than the other
specimen so that better bond resistance was obtained on a CFSB of concrete specimen due
to higher confinement. Its concrete specimen split due to long embedment length that

indicates nonlinear stress distribution along the embedment length.
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It was seen that the bond stress decreases significantly with increasing of the embedment
length (Figure 4-3). The bond stress with an embedment length of 15cm (CFSB) and
10.5cm (30CUB) were lower as compared to the embedment length of the other specimen

cube because of their longer embdment length.

As the result showed that the full bonding of the steel reinforcement with the concrete
increases the failure load and decreases the bond stress of the specimen. Therefore, an
increment of the bond loss between the concrete and the steel reinforcement rapidly affects

the strength of bond between steel and concrete.
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Figure 4-2. Load versus slip curve for pull out specimens
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Figure 4-3. Influence of embedment length to bond stress
4.2. Experimental Results of Flexural Beam Tests

The experimental results of all rectangular concrete beams having the same sizes of width
150, thickness 150 and length 1000mm of six different types of specimen having three
samples for each were casted and tested. Based on the bending test of the flexural strength,
deflection and crack pattern are presented and discussed in this section. The tests of all
beams were conducted 28 days after fabrication and curing. During conducting the test all

beam were loaded monotonically at mid-span under concentrated load.
4.2.1. Failure mode/ Crack pattern
4.2.1.1.Full span bonded beam

A control beam (i.e. full span beam) was fabricated and used as a reference for a
comparison purpose of the flexural behavior of the beams. Small flexural cracks first
appeared on the bottom of beam section along the concentrated loads, where the flexural
stress is highest and shear stress is zero. As the load gradually increases the small diagonal
tension cracks grow to the point of the load. Because the test specimen was designed to fail
in flexure, the ultimate flexural strength of the beam specimen was governed by the
yielding of tensile reinforcement in the bottom region and crashing of concrete in the

compression zone. When the gradual loading stage becomes near to the maximum failure
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load, flexural cracks starts to occur at the mid span of the beam. A stable growth of flexural
cracks was seen on beams. The full bonding between concrete and reinforcement contribute
more number of cracks of failure to occur and increase load carrying capacity of the
reinforced concrete. Finally, when the loading stage reached to the maximum failure load
of 58.49 kN (Table 4-2), those small flexural crack opened excessively and more number
of flexural cracks was observed. Finally the beam failed reaching its ultimate capacity. At
the top of the compression zone the concrete was crashed after yielding of the tensile

reinforcement (Figure 4-4).

Figure 4-4. Crack patterns of full span bonded beam
4.2.1.2.Thirty percent unbonded beam

A 30% unbonded beam was fabricated and used to investigate the flexural crack pattern
behavior of the beam. At the early stage of loading small flexural cracks were observed
around the mid span of 30% bond loss. Addition to the flexural cracks the diagonal crack
was formed near the support zone of the beams. One diagonal crack developed emerging
from the flexural crack due to loss of bond. Inclined crack was formed around end of length
loss of bond. The gradual increment of the load increases the crack gradually and expanded
to the point of the center of the load. As the load increase the small flexural cracks becomes
wider. Finally flexural failure was observed and minor surface cracks were seen at the

bottom of the beam. These cracks occurred at a maximum load of 52.17kN (Table 4-2).
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The number of cracks were nearly similar to the reference beam but the crack patterns were
different (Figure 4-5).

Figure 4-5. Crack patterns of thirty percent unbonded beam
4.2.1.3.Fifty percent sectioned unbonded beam

A 50% sectioned unbonded beam was fabricated and used to investigate the flexural crack
pattern behavior of the beam. As the load was applied on the center of the beam flexural
cracks were initiated at the bottom mid span of unbonded length of the beam. Gradual
increasing load results diagonal cracks starting from the end of unbonded length of the
beam then the flexural cracks propagated to the compression zone. The primary crack that
was started at the bottom of the concrete didn’t continue with the proposed line of
compression, rather it follows the diagonal tension crack direction. When the load comes
beyond the yield strength of beam, the cracks were widened and extended to the sides and
new flexural cracks formed. Horizontal cracks were also observed at the bottom of the
beam during gradual increment of the load. When the loading reaches to the maximum load
(50.81kN) (Table 4-2) cracks width increases and beam failed in flexure (Figure 4-6).
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Figure 4-6. Crack patterns of fifty percent section unbonded beam

4.2.1.4.Fifty percent unbonded beam

A 50% unbonded beam was fabricated and used to investigate the flexural crack pattern
behavior of the beam. As loading starts from the mid-span of 50% unbonded length, small
flexural cracks started to developed from the bottom of beam to the compression zone. The
crack pattern seen on unbonded specimen propagated perpendicular to the unbonded
longitudinal steel bars which was observed on the extreme tensile face of the reinforced
concrete beam. As loading gradually increases the bottom concrete cover rapidly spall out.
When the gradual loading reaches to the maximum load failure that was 49.3kN (Table
4-2) small cracks becomes wider and the crack from the mid span of the beam open more

widely. Finally the beam fails in flexure failure (Figure 4-7).

Figure 4-7. Crack patterns of fifty percent unbonded beam
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4.2.1.5. Seventy percent unbonded beam

A 70% unbonded beam was fabricated and used to investigate the flexural crack pattern
behavior of the beam. At the early monotonically loading the primary flexural cracks
initiated at the bottom of beam. Gradually this crack directed to the loading point. An
increase in applied load opens the primary crack excessively and leads horizontal cracks at
the bottom of the beam which finally results release of the concrete cover. Flexural cracks
generated widely at the mid span of the beam which propagates towards the compression
zone openly as the loading reaches to the maximum load of 42.2kN (Table 4-2) resulting

the beam to fail in flexure failure. The concrete on the top of loading point and bottom of

the surface crashed out (Figure 4-8).

Figure 4-8. Crack patterns of seventy percent ubonded beam
4.2.1.6.Hundred percent unbonded beam

A 100% unbonded beam was fabricated and used to investigate the flexural crack pattern
behavior of the beam. Small flexural cracks start to happen at the mid span of the beam
during the beginning of the loading. In addition to these flexural cracks, there was a
crashing of concrete at the surface. It was because of weakening of bond strength as it was
fabricated with 100% bond loss. As loading increases, one of the flexural cracks which
occur at the mid span becomes wider rapidly and propagates upward to the compression
zone. Finally the beam failed in flexure at a maximum load of 32.9KN (Table 4-2) with
larger flexural crack as compared with the other tasted specimen beams (Figure 4-9).
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Figure 4-9. Crack patterns of hundred percent unbonded beam

Generally the results of this study revealed that in all tested beams first cracks were initiated
at similar load level in the mid-span and the cracks propagated in the vertical direction. As
the load increased, more flexural cracks formed within the mid-span and toward the support
regions and the existing vertical cracks became significantly wider and deeper. The
distribution and number of cracks as well as their width and length varied according to the
variation of percentage of bond loss. The degree of deflection observed on reinforced
concrete control beams was less than the reinforced concrete beams fabricated and tested
with different percentage of loss of bond. All beams fabricated and tasted with loss of bond

developed bottom surface cracks.
4.2.1.7.Flexural strength

Flexural strength test was conducted on a three-point loading test method. Three point
bending test is used to obtain the flexural strength results in terms of load applied and the
corresponding displacement on the beam. The bending test is conducted on beam with

varying percentage of loss of bond in 0, 30, 50, 70 and 100%.

The mean flexural strength and the corresponding deflection for all beam type specimens
are presented in Table 4-2 along with a relative loss to that of the control beam (FSB) after

28 curing days.
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Table 4-2. Mean flexural strength result

Beam Mean Mean Flexural Deflection at Relative Strength
Type Ultimate Strength Maximum Load Lose with
load (kN) (MPa) (mm) FSB/Control (%)
FSB 58.49 17.33 3.55 -
30UB 52.17 15.45 3.84 10.85
50SUB 50.81 15.01 4.6 13.13
50UB 49.3 14.61 4.04 15.71
70UB 42.2 12,5 4.2 27.85
100UB 32.9 9 3.72 43.75

As reported in Table 4-2 the mean flexural strength of the control beam (FSB) was found
to be 17.33 MPa. This value was reduced when there was 30% loss of bond between
concrete and reinforcement (30UB) to 15.45MPa. When the percentage loss of bond were
30% (30UB), 50% sectioned (50SUB), 50% un-sectioned (50UB), 70% (70UB), and 100%
(100UB) the flexural strength of the beams were reduced by 10.85%, 13.13%, 15.71%,
27.85%, and 43.75%, respectively from control beam (FSB).

The test showed that percentage of the boundedness increase, flexural strength of the beam
decreases. It is due to the fact that the bond between the concrete and reinforcement in the
beam has been interrupted and the flexural strength improvement of the specified beam
(Figure 4-10).

Based on the result the flexural strength of 50% unbonded beam with plastic pipe (50UB)
was increased from 14.61 MPa to 15.01Mpa when the plastic pipe was changed by
sectioned form (50SUB). These shows that there was greater bond formation between the
steel reinforcement and concrete at each sectioned space between the plastic pipes that has

an effect on the flexural strength of the reinforced concrete beam.
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Figure 4-10. Flexural strength for beam specimen
4.2.1.8.Load-Deflection relationship of the beam

The Load-deflection data are recorded on the database and the load-deflection curves are

presented on Figure 4-11 for each beam types.

As shown in Figure 4-11 as the percentage of bond loss increased the deflection at the
maximum load of the RC beam also increased. Deflection at ultimate load for 0%, 30%,
50% un-sectioned, 50% sectioned and 70% of loss of bond was obtained as 3.5mm,
3.84mm, 4.04mm , 4.6mm and 4.2 mm, respectively. But the deflection for 100% of loss
of bond was 3.72 mm. Based on the plotted graphs, load-carrying capacity of reinforced

concrete decreases as parentage loss of bond increases.

The ductility of the beam decreases as the percentage loss of bond increases. Control beam
(FSB) retained much more loads after peak loads than other beams. Hence the ductility of

control beam is higher than unbounded beams.

51



Load (KN)
s & &8 & & 3

[EEN
o

0 2 4 6 8 10 12 14 16
Displacement (mm)

Figure 4-11. Mean load-deflection curve for beam

As shown from Figure 4-11 the slope of the load deflection curve is decreased as the
percentage loss of bond increases. The beams load deflection curve is divided into three
stages: elastic stage, crack development stage and yield strengthening stage. In the elastic
stage, the flexural stiffness of the specimen is provided by the un-cracked concrete and the
reinforcement, resulting in a linear load versus displacement curve. The cracking load
appears as a linear deviation point on the load—displacement curve and visible cracks
appear in the weak zone at middle span of section. Meanwhile, the decrease of the slope of
the load—displacement curve is found, implying that the bending stiffness of the beam
decreases, which indicates that the beam enters the crack development stage. This is
confirmed by the observation that the cracks width and number increase. The maximum
crack widths of the specimen increased linearly with the increase of the applied load
initially, and the localization of cracking resulted in rapid increases of the maximum crack

width after yielding of the reinforcement.
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4.2.2. Comparison of theoretical and experimental Ultimate moment and load

carrying capacity of the beam

For the purpose of comparison, the experimental and theoretical moment resistances were
calculated. All tests were performed with three-point loading with load arrangement
shown in Figure 3-1 a. The experimental ultimate moment is calculated using the
failure load obtained from the test and the self-weight of the beam by utilizing the law of

statics with equation 4.1.

PulL , WL?

Mue=T+T .............................................. Eq41

Where: Pu is failure load, L is the span length, W is self-weight of the beam and Mue

is experimental ultimate moment.

The calculation of theoretical ultimate moment resistance (Mye) of reinforced concrete
beams were made based on the design code of EN 1992 part-1 report. The mechanical
properties of steel and concrete were obtained from the tensile (for steel) and compressive
(for concrete) tests. The comparison between experimental and theoretical results are

shown in Table 4-3.
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Table 4-3. The experimental and theoretical Ultimate moment and load carrying capacity

of the beam
Beam Experimental Experimental Theoretical Theoretical
Type | load (Pue) (kN) | Ultimate Moment | Ultimate Moment | Ultimate Unit Load
(kN-m) (kN-m) (kN)

FSB 58.49 12.49 9.423 54.94

30UB 52.17 11.14 - -

50SUB 50.81 10.99 - -

50UB 49.3 10.53 - -

70UB 42.2 9.02 - -

100UB 32.9 7.04 - -

As the result of the study showed that ultimate loads of FSB obtained from the experimental

test is higher than the theoretical calculated ones. This indicates that a conservative

theoretically calculated results were obtained. The experimental ultimate moment of 30UB,
50SUB, 50UB 70UB and 100UB is lower than the control beam. It indicates that as the

percentage of loss of bond increase, the capacity of beam section rapidly decreases.
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5. Finite Element Methodology

5.1. Introduction

Finite element analysis (FEA) is a numerical technique that become an integral part of
engineering design process. It originated as a development of the structural analysis matrix
approach. This method is widely used by civil engineers for analyzing beams, space
frames, plates, shells, folded plates, foundations, challenges that involve rock mechanics,
and the seepage analysis of fluid through porous media. Finite element analysis is able to

handle both static and dynamic problems.

This study was considered RC beams with the same size (length1000mm, height 150mm
and width 150mm) and concrete cubical compressive strength f 'c =30MPa (detail from
chapter 3, Figure 3-1). Six types of beams which was modeled varying unbonded length,
were analysized. The beams were full-span bonded beam, 30% of the span unbonded beam,
50% of the span sectioned and un-sectioned unbonded beam, 70% unbonded beam and
full-span unbonded beam. In addition, for each beam, the corresponding samples for pull
out test were modeled and analyzed. Finite element results of maximum failure load and
the corresponding deflection, crack patterns, and mode of failure were observed in each
beam starting from the initial load to the failure load and compared the result with

expermental one.
5.2.  Finite element method

A safe and efficient structural design significantly requires accurate and trustworthy
structural analysis procedures. If properly evaluated, advanced analytical modelling can
produce accurate simulations of complex civil engineering problems. Analytical models
can be very inexpensive compared to experimental tests, but in order to rely on the results,

analytical models must be extensively validated and verified with the experimental tests.

The finite element simulation was prepared for investigation of effect of loss of bond
between main longitudinal reinforcement and surrounding concrete on the flexural
behavior of slender reinforced concrete beam using ABAQUS 2017 nonlinear FEA
software. The simulation involves the following steps: creating parts, defining material

properties, assembling models, applying loads and boundary condition, meshing, setting
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analysis procedures and output requests, creating jobs, submitting them for analysis, and

finally viewing the results of the analysis.

Finite element regions connect each other through common points on the same boundaries
that satisfy both continuity and compatibility of the field variables. These common points
are termed nodes. In this simulation concrete part was modeled using a 3-D solid element
(C3D8R), which is a continuum three-dimensional reduced integration brick element with
three translation degrees of freedom at each node. Three-dimensional 2-node truss
elements (T3D2) were utilized to mesh the longitudinal reinforcement and stirrup
reinforcement. Solid element with eight nodes is used for the beam and plates simulations.
Static modeled for concrete is assumed on each plane. For the different types of material
different types of element sizes are defined by considering continuity and compatibility.
Bar reinforcement included within the properties of two node solid elements. Perfect bond
was assumed to exist between the concrete and the reinforcing bar. The components of the
slender beam (i.e., concrete section, longitudinal reinforcement, and stirrup were modeled

using a combination of solid element, and truss element.
5.3.  Materials and input parameters

Numerical solutions, such as the finite element (FE) method, might be considered more
suitable for determining the behavior of RC member subjected to impact loads in order to
solve the entire impact problems and to provide information regarding the behavior of RC
member. A three-dimensional FE model permits users to analyze the different components
of any difficult problem, such as the load and boundary conditions acting on the structures.
Concrete elements without bar were modeled as plain solid concrete element. Concrete
with reinforcement was modeled as composite elements. Elastic material was also modeled
as a solid element with unyielding behavior. These elastic material elements are used to
model the loading plates and supporting bearings of the beam. The contact between the
concrete beam and the plates was treated as rigid, due to the presence of high friction force,

caused by large normal forces that prevent the movement at the interface.
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5.3.1. Concrete

The compressive and tensile strength of the concrete (Table 5-1) for specimens were

directly taken from the experimental program already done.

Table 5-1. Mechanical property for solid element of concrete

Specimen Compressive Tensile strength Poisson Unit weight
strength(MPa) (MPa) ratio (KN/m3)
Concrete 30 3 0.2 24

Modeling the non-linear properties of the materials in the finite element analysis is very
challenging and requires substantial data about the behavior of the material. The
constitutive models of concrete available in ABAQUS are: smeared crack model, brittle
cracking model, and concrete damage plasticity model (CDP). In this study, the concrete
damage plasticity model was used to simulate the concrete material behavior in the
reinforced concrete beam. The CDP model used in the ABAQUS software, which is a
modification of the Drucker-Prager strength hypothesis, is a plasticity based model that
arranges for the analysis of concrete structures under monotonic, cyclic, and/or dynamic
loading. Different parameters are used to characterize the performance of the concrete
under the compound stress for the finite element model. These are dilation angle(') ,
plastic potential eccentricity (€) which is calculated as a ratio of tensile strength to
compressive strength, stress invariant ratio (k), ratio of tensile strength to compressive
strength (fbo/fco) which is the strength between the uniaxial and biaxial state of stress, and

viscosity parameter (u) .

For high confining pressure, the inclination of the plastic potential is measured by the
dilation angle. It described the behavior of concrete under multiple stresses. Small values
produce brittle behavior. However, higher values lead to ductile behavior. In simulations,
usually, w = 36° or w=40° is assumed (Kmiecik & Kaminski, 2011). The default value in
ABAQUS is 36°.

Others default parameters of the concrete damage plasticity model under compound

stress are flow potential eccentricity, €=0.1, ratio of biaxial compressive stress to uniaxial
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compressive yield stress, fbo/fco =1.16 and the ratio of second stress invariant on the
tensile-meridian to that on the compressive meridian for the yield function, K=0.667
(Kmiecik & Kaminski, 2011). Specimens with a value of viscosity parameter ranging
from 0.00025 to 0.001 show a good agreement with experimental results (Michat &
Andrzej, 2015). And the viscosity parameter, a value of p= 0.001 is selected for this
thesis work (Table 5-2).

Table 5-2. Mechanical property for CDPM parameters

CDPM Dilation Eccentricity(€) Stress ratio  Shape Viscosity
Parameters  angle(\V) (obo /oco)  factor( KC) parameter(p)
36 0.1 1.16 0.667 0.001

Based on strength and deformation characteristics of C-30 concrete properties according
to Eurocode-2/ES EN-1992 the other variables which are relevant to capture the nonlinear
behavior of concrete are concrete compressive strength and concrete tensile strength with
their corresponding concrete compressive behavior (Table 5-3) and concrete tension
behavior (Table 5-4).

Table 5-3. Concrete compressive behavior

Compressive behavior

Stress (Mpa) Inelastic Damage Inelastic
strain(mm/m) parameter(dt) Strain(mm/m)
12 0 0 0
19.520242 9.06847E-05 0 1.40535E-05
26.298328 0.00022911 0 9.06847E-05
31.121457 0.000428558 0 0.00022911
34.01391 0.000688272 0 0.000428558
34.999572 0.001007505 0 0.000688272
34.101935 0.001385524 0 0.001007505
31.344106 0.001821608 0.025658988 0.001385524
26.748815 0.002315048 0.104454111 0.001821608
20.338424 0.002865145 0.235748141 0.002315048
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The compressive behavior of the concrete for compressive strength C25/30 (Figure 5-1)
was generated based on Eurocod-2 formula.

Stress in Mpa
= = N N w w B
o (6} o (6x] o (6)] o (8] o

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Straine in mm/mm

Figure 5-1. Material curve for compressive behavior of C25/30

The tension behavior of concrete for C25/30 compressive strength was generated using

Eurocod-2 formula and the result is given from Table 5-4.
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Table 5-4.Concrete tension behavior.

Stress (MPa) Inelastic strain concrete tension Cracking
(mm/m) damage(dt) strain(mm/m)
2.72 0 0 0
1.631999998 0.02544815 0.4 0.02544815
k0.543999996 0.050896299 0.8 0.050896299
0.476 0.076344449 0.825 0.076344449
0.408 0.101792598 0.85 0.101792598
0.339999999 0.127240748 0.875 0.127240748
0.271999999 0.152688898 0.9 0.152688898
0.203999999 0.178137047 0.925 0.178137047
0.135999999 0.203585197 0.95 0.203585197
0.067999999 0.229033346 0.975 0.229033346

In this study the tensile stress-strain curve of concrete was charactereized by a bilinear
crack opening curve which was imployed basedd on model Eurocod-2 and expressed as a
function of fracture energy. The crack opening displacement was connected to a material
properety called fracture energy that describes the rsistance of concrete sujected to tensile
stress (Figure 5-2, Figure 5-3).
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Figure 5-3. Concrete tension damage
5.3.2. Reinforcement Bar

An elastic-plastic model with linear strain hardening as given in Eurocod-2 was employed
to simulate the behavior of the reinforcement bars. The plasticity model in ABAQUS was
used to define the non-linear behavior of reinforcement. The “ELASTIC” option was also

applied to describe the elastic material behavior of materials. The young’s modulus of
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elasticity of reinforcement bars is taken as 200 GPa as given in Eurocod-2. Poisson’s ratio

of 0.3 was applied for reinforcement in the finite element model (Figure 5-4).
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Figure 5-4. Stress-strain diagrams for reinforcing steel (Eurocode-2)

Table 5-5.Mechanical properties of bar reinforcement

Ultimate Elongation | Es Poisson | Unit
Tensile strength | ratio (v). | weight
o GPa (kN/m3)
(MPa)
400 36.2 200 0.3 7850
5.4. Modeling

Three-dimensional nonlinear finite element analyses consists of six beam specimens
according to parametric study (Figure 5-5). The material properties of specimens modeled
in ABAQUS were similar with their respective experimental material properties have

already done and used to show the effect of deflection, Crack patterns, and mode of failure.
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Figure 5-5. Modeling of RC beam
5.4.1. Interaction

In order to get a good connection between different materials, it was taken for garanted that
there is a full bond between the reinforcement, and concrete. Embedded region constraint
was adopted to create a bond between longitudinal reinforcement, and plain concrete. The
embedded element constraint technique is applied to specify an element or groups of
elements that lie in the host elements whose response will be used to constraint the
translational degree of freedom. The concrete was defined as the host element, whereas,
the longitudinal bar were defined as the embedded components. A tie constraint pair was

set for the contact between support and concrete beam.

5.4.2. Boundary (Support) Condition and Loading

The beams were modeled as simply supported with pin support on one side and roller
support conditions on the other side (Figure 5-6). The beams were restrain on one side of
the support in three directions along X, y and z-direction or Ux=0, Uy=0and Uz=0 (pin
support) but on the other side restrained along y direction, Ux=0, Uy=0 only (roller

support). The plate on the above of the beam used to apply load was restrain in y-direction.
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Figure 5-6. Boundary (support) condition and loading

Load and support plates were modeled as steel in purely elastic state. Steel loading plates
are tied up with the concrete beam to avoid the stress concentrations around the points of
loading. The concentreted load applied and non-linear finite element simulation program
was planned to have a loading scenario controlled by force (load control). A force-
controlled analysis was performed by applying a downward load at equal distance with the

width of the loading and increasing proportionally with the member size.
5.5. Basic step in the finite element method

Element type, size and aspect ratio are basic points which considered in element selection.
The selections of the element are related to the type of problem to be solved. In each group
different levels of accuracy can be obtained. This depends on the number of nodal points
and corresponding degrees of freedom which are associated with the element type. Nodal
points are usually placed on the boundaries of the elements, although internal nodes can
also be included in certain elements in order to increase efficiency that is, the higher the
order of element, the more accurate. Usually the finer the mesh the better the accuracy, but
at the same time the larger the computational effort required. Thus the numbers of elements
to be used are decided by the type of structure to be analyzed, but generally more elements
are required in regions where stresses vary rapidly than in regions where they vary

gradually. Aspect ratio (ratio of largest dimension of the element to the smallest dimension)
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was considered and optimized. The optimum aspect ratio at any location within the mesh
depends upon the difference in rate of change of displacement in different directions
(Figure 5-7).

The element type is selected and assigned to the mesh by choosing the element family,
geometric order and shape along with specific element controls. In this study, 8-node brick
element (C3D8)) is used for modeling for both concrete and steel plate. But bars modeled
2-node with 3-D truss. A perfect bond was assumed through the use of an embedded region
in the FE constraint between the reinforcement cage and surrounding concrete. Different
mesh configurations were considered and examined before selecting the appropriate mesh

size for each part to allow for accurate simulation.

A shape function is the variation of field variable, and its derivatives, through an element
in terms of its values at the nodes. Here polynomials are selected as shape functions because
they are relatively easy to manipulate mathematically, particularly with regard to
integration and differentiation. However, the degree of polynomial chosen will depend on

the number of nodes and the degree of freedom associated with the elements.
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Figure 5-7. Reinforcement and concrete element mesh
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5.6.  Numerical analysis Result and Discussion

5.6.1. Validation of Finite Element Modeling

Modeling of the RC beam was undertaken using ABAQUS software as illustrated in
chapter five. After preparing the model that depicts the RC beam property, meshing of the
elements was undertaken and static analysis was conducted. The material properties used

for the model were described in chapter five

This chapter presents the results obtained from numerical analysis and the parametric
study. The main categories taken into consideration were effect of plastic pipe bonded
reinforcement on loss of bond. By examining the effects caused by adjusting the different
parameters of the model, a better understanding of how each component of the model
contributes to the system was gained. The beams to be examined on an individual case by
case basis were the load capacity, deflection, and crack pattern and failure mode. In order
to verify the result of finite element model, the bonded and unbonded beams, Pull out of
reinforcement were reanalyzed and compared to experimental analysis provided in chapter
four. The failure mechanism of reinforced concrete beam was modelled quite well using
FEA and the failure load predicted was close to the failure load measured during

experimental testing.

Load-deflection behavior is the principle constituent of the flexural behavior of the beams.
As the load increases the deflection of the beam starts. Load was directly proportional to
deflection with an elastic nature of the steel. Load-deflection curve serves as the basis for
calculating many structural parameters like, deflection and ductility. Beams were
designated as FSB, 30UB, 50UB, 50CUB, 70UB, 100UB as it was described from chapter
3.

5.6.2. Failure modes of numerical analysis
5.6.2.1.  Full span bonded beam

A beam was modeled as full span bonded and used as a reference for a comparison purpose
(Figure 5-8) of the flexural behavior of the beams modelled with different percentage
variations of loss of bond.
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Figure 5-8. Crack patterns of full span bonded beam

New flexural cracks formed in middle and curved toward the loading point as shown in
Figure 5-8. Diagonal cracks propagated in the shear span causing high stresses in the
compression zone above the tip of the cracks. This increasing of stress initiated
compression failure. As load increase step by step, the beam showed more flexural
behavior by developing bending action. As the load gradually increases the diagonal
tension cracks grow to the point of the load. When the gradual loading stage becomes near
to the maximum failure load, high flexural cracks occur at mid span of beam and failed at
57KN load (Figure 5-9).
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Figure 5-9. Failure load Vs mid span deflection for FSB
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The relationships between axial load and deflection obtained in the numerical simulation
is shown in Figure 5-9. At initial loading the beam didn’t show a deflection. When the load
was increased to the maximum failure load (57KN), the deflection showed 3.8mm at the

mid span and then the load decrease whatever increase the displacement.
5.6.2.2.  Thirty percent unbonded beam (30UB)

At the initial stage of loading, flexural cracks and diagonal cracks were not appeared in the
beam. When the loading was increased to maximum failure load (51KN), flexural crack
was seen with corresponding crack width. The crack pattern of this beam was shown in
Figure 5-10. The main diagonal tension crack was seen far from the load and run inclined
towards the piont of the loading zone. The beam was failed in flexure with 10.5% less

failure load compared with the FSB beam because of 30% unbonding.
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Figure 5-10.Crack patterns of 30UB

The width of flexural cracks were small, and the crack was stopped spreading in the vertical
direction after slowly extending to 0.5mm- 0.7mm of the total height of beam (Figure
5-10). But once the diagonal crack happens, it expanded quickly, and the crack width is
smaller than that of the flexural crack.

5.6.2.3.  Fifty percent sectioned unbonded beam

Initial cracks of this beam were vertical that were started mainly from the center of the
beam. With the increment of the load crack continues to grow and other new cracks
occurred at the bottom of the beam and grows upward when ultimate point of the load
reached. Flexural cracks were developed at the mid span of unbounded length of the

bottom of the beam. Increment of the load on this beam resulted shear cracks starting from
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the end of unbonded length of the beam. There were no diagonal and horizontal cracks that
were observed during numiercial analysis. The beam was failed in flexure (Figure 5-11) at
the ultimate load of 43.03 kN (Table 5-7).
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Figure 5-11. Tensile damage distribution of 50SUB

The cracks had different crack widths, orientation and location. It was observed that
flexural and shear cracks in the test followed the paths of the plastic pipe. The plastic pipe
act as pre-defined failure paths for the occurrence of the cracks that tend to widen up in the

analysis (Figure 5-11).
5.6.2.4.  Fifty percent unbonded beam

Cracks were initiated at the bottom of the mid-span at different level of loads and
propagated in the vertical direction. As the load increased, more flexural cracks formed

with in the mid span and the existing vertical cracks propagated upward.

From the relation between crack and load for beam shown in Figure 5-12, it is obvious that,
the crack increased as the unbonded length of tension reinforcement increased compared
with 50SUB. In the bonded zone, the behavior indicates that the cracking is expected to
occur when the induced tensile stress in concrete reached its ultimate tensile strength. At
the cracking stage, due to the loss of the tensile stresses in the concrete, i.e at the crack
position, the concrete tensile stresses are transmitted to the reinforcement through the bond
developed between the concrete and the reinforcement. Thereafter at the crack location,

the reinforcement is carrying additional tensile forces released by the cracked concrete.
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Therefore, a sudden increase load in the reinforcement elongation takes place and
consequently leads to high width cracking formation.
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Figure 5-12. Tensile damage and span deflection of 50UB

When the gradual loading reaches to the maximum load failure that was 39.37kN (Table

5-6) the beam fails in flexure failure (Figure 5-12).
5.6.2.5. Seventy percent unbounded beam

In this beam, the failure was observed through emerging small cracks that starts to appear
at the bottom of the beam section and increases until final failure occurs. The failure in this
specimen was sudden showing flexural cracks first. The first flexural cracks for 70UB was
occurred at 12.5KN.

Figure 5-13. Tensile damage and span deflection of 70UB
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When the load was increased to the maximum failure load (35.5KN), the deflection showed
4.6mm at the mid span and then the load decrease whatever increase the displacement
(Figure 5-13).

5.6.2.6. Hundred percent unbonded beam

A 100% unbounded beam was modeled and used to investigate the flexural crack pattern
behavior of the beam. The flexural cracks concentrated around the bottom in addition to
the distribution of principal stress at the top of the beam (Figure 5-14). The vertical cracks
cause the failure of the beam in the flexural mode, which agrees with the test result. The

vertical cracks appear at the bottom of the beam under the point of the load.
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Figure 5-14. Tensile damage and span deflection of 100UB

The number of flexural cracks were small, and the crack stopped spreading in the vertical
direction after slowly extending to 0.6mm - 0.8mm of the total height of beam as shown

from Figure 5-14.

Generally the crack pattern of all unbonded beams were almost similar that emerged from
the bottom of the mid span along the unbonded length of the beams. All beam specimens
failed in flexure failure mode. The load carrying capacities of the unbonded beams were
less than those of the control beam showing lower flexural capacity due to the formation
of bond loss along the longitudinal reinforcement. The distribution of the crack patterns

varied according to variation of percentage of bond loss.
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5.7. Load - deflection relation

The comparison of load-displacement of numerical analysis between each beams is
presented using the curves from Figure 5-15. The load-deflection of beams with loss of
bond is lower than that of the reference beam with full bond. Load and deflection are
directly proportional as deflection increases with the increase of load acting on the beam.
To obtain the ultimate load carrying capacity of the beam, the load was gradually increased
to the fracture point. A load versus deflection curve was plotted to study the ultimate load
carrying capacity of the beams. The curve shows almost proportional variation of
displacement with an increase of load till the ultimate load which can be represented by
the pick of the curve, after which the curve descends showing the plastic property of

reinforced concrete beam.
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Figure 5-15. Load - span deflection of all beams

It was observed that the ultimate failure load of FSB, 30UB, 50UB, 50SUB, 70UB and
100UB are 57, 51, 39.37, 42.4, 35.5 and 33.36KN, respectively (Table 5-6). The graph
indicates that an increase in the unbondedness of the reinforcement with plastic pipe
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decreases the failure (ultimate) load and the stiffness of the members. It showed that the
ultimate load of the beams decrease by 41.47% when the beam goes to be 100UB.

As shown from Figure 5-15, it is obvious that the linear relation of load-deflection appear
at the beginning but afterwards the stiffness is slightly reduced because of an increment of
bond loss. The beams with bond loss showed reduced the failure load from 10.52-41.47%
(FSB-100UB) and also exhibited almost linear relation of load—deflection with a much
reduction of stiffness in comparison with the reference beam with full bond. The flexural
strength of the beam decreases with an increase in percentage of the loss of bond (Table
5-6). It is due to the fact that the bond between the concrete and reinforcement in the beam

has its own effect on the flexural strength improvement of the specified beam.

Table 5-6. Relation between ultimate load and maximum deflection.

Beam Ultimate load Deflgction at Reduct_ion of ultimate
Type (kN) Maximum Load load with
(mm) FSB/Control (%)
FSB 57 3.76 -
30UB 51 4.45 10.52
50SUB 42 .4 2.8 25.61
50UB 39.37 4.8 30.92
70UB 355 4.6 37.71
100UB 33.36 4.1 41.47

Based on the results of this study the ultimate load of 50% unbonded beam with plastic
pipe (50UB) was increased from 39.37 to 42.4 when the plastic pipe was changed by
sectioned form (50SUB). These shows that there was greater bond formation between the
steel reinforcement and concrete at each sectioned space between the plastic pipes that has

an effect on the flexural strength of the reinforced concrete beam.
5.8. Pull-out test

Concrete cubes with dimensions of 150x150x150 mm with one vertical embedded rebar

(dimeter 12) at the middle were modeled. A displacement controlled pull-out test was

carried out to investigate behavior of progressive failure of reinforced beam. During the
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FE analysis, centered rebar is pulled out by applying a tension force in a static loading rate

and with a confined test setup (reaction applied directly to the specimen itself) (Figure
5-16).
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Figure 5-16. Mode of concrete damage in pull out analysis

FEA results of bar slip against load are shown in Figure 5-17. 100CUB concrete cube

shows a significantly lowest slip for a given load from all pull out cube. The stress required

to produce a given slip is believed to increase with an increase in the bond between

reinforcement bar and concrete.

There was minor surface crack seen in all unbonded specimen cube. Splitting also

observed in the test and caused by splitting forces, which are generated in the concrete

member by tensile load fasteners. Cracks grow from the top of the cube and failure was

observed while the steel bar slipped out.
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Figure 5-17. Load-slip curve for pullout test
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Figure 5-17 showed that the values of the applied force and corresponding relative
displacement between rebar and concrete (i.e. bond-slip) are extracted from ABAQUS

result.

Slippage of the bar out of the concrete increase, as bonding between the steel reinforcement
and concrete decrease. On the other hand, as embedment length increases the bond stress
decreases (Figure 5-16). Bond slips starts after development of initial bond stress and loss
of adhesion. Full bonding of the steel reinforcement with the concrete increases the failure
load and decreases the bond stress of the specimen. Therefore, FEA showed that, an
increment of the bond loss between the concrete and the steel reinforcement rapidly affects

the strength of bond between steel and concrete.

The results of this study showed that the full span bonded (CFSB) has low bond stress (8.2
Mpa) as compared with the other pull out specimen (Table 5-7). This indicates that as

embedment length increases the bond stress decreases.

Table 5-7. Relation between embedded length and ultimate load

ggﬁg of Embeded Ultimate FEA bond Stress
length(mm) load(KN) in (Mmpa)
Control 150 32.6 8.18
30CuUB 105 32.4 11.62
50CuUB 75 30.2 15.17
70CUB 45 28 2344
100CUB 0 27 -

5.9. Comparison of Experimental and Numerical Results

The experimental and numerical results on load, mid span deflection, crack patterns and
failure mode were compared to each beams. A detailed summary of predicted finite
element results along with the experimental values is presented in Table 5-8 and Figure
5-18. The result showed that the finite element load-deflection curves are somewhat less
stiff than the experimental plots that show more flexural cracks. Crack pattern of FEA is

almost similar to experimental results (Figure 5-18).
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Table 5-8. Comparison of load and deflection of experimental and FE result for reinforced

concrete beam

Beam Experime Numerical Differe experimen Numerical % Failure
Type ntal Failure nce (%) tal. Deflection  differ mode
Failure  load (kN) Deflection (mm) ence

load(kN) (mm)
FSB 5849 57 25 3.55 376  55g rlexural
30UB 52.17 51 2.24 3.84 4.45 13.70 Flexural
with

diagonal

cracks

50SUB 50.81 43.03 15.31 4.6 2.8 39.1 Flexural
50UB 49.3 39.37 20.14 4,04 4.8 15.8  Flexural
70UB 42.2 35.5 15.7 4.2 4.6 8.69  Flexural
100UB 32.9 33.36 1.3 3.72 4.1 9.27  Flexural

The results of ultimate load carrying capacity analyzed from finite element for 50UB was
20.28% lower than experimental test result (Table 5-8). This is the maximum difference
load between experimental and FEA results.

The mid-span deflection of the finite element model 50SUB was analyzed as 39.1% lower
than the experimental result. It is the maximum difference span deflection of the finite
element model and experimental test result. A moderate difference between the predicted
and measured values for both ultimate load and mid span deflections has been seen. There
are several possible causes for the differences between the experimental data and the finite
element analysis. One is the assumed perfect bond between concrete and steel
reinforcement. Another reason is due to the estimation of the behavior of the interface
between steel bar and concrete and may raise due to some factors within the modeling and
element determination. The flexural nature of steel reinforcement with plastic pipe acting
as a tie holding in the base of the beam may not increase the load capacity on numerically

analyzed beams.
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The comparison of load-displacement of experimental test results with the values on
numerical analysis is presented based on the curves from Figure 5-18.
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Figure 5-18. Load-displacement graph of both expermental and numerical results

In all beams elastic nature and numerical failure loads are a little bit smaller than
experimental results. But in plastic regions 30UB, 50UB, 100UB showed higher flexural

load than the corresponding experimental beams.
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The failure of beams having plastic pipe undergo with a lower failure load and thus they
are not preferable than bonded reinforcement.

Crack patterns of bondend and unbonded beams predicted from finite element results and
observed during the experiment are compared in Figure 5-19. A similar results between
experimental observed and FEA predicted crack patterns were seen. Similar to the
experimental results, finite element analysis predicts flexural cracks and diagonal cracks
in the span of the beams. Both the numerical and experimental results of flexural cracking
load, load capacity prior to cracking of the concrete and stress of the beams are almost
similar. Large crack in mid span of beams involving the formation of compression that

directly transmit the load to the supports was seen in both FEA and experiment result.

C)50SUB
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C)50UB

d)) 70UB

£)100UB

Figure 5-19. Comparison of experimental and FEA of beams at failure stages

From the pullout result, bond strength reduced as the unbondedness of reinforcement bar
with plastic pipe increased. Bond stress is inversily propertional to embeded length (Figure
5-20).
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Figure 5-20. Bond stress vs embeded length

The curve from Figure 5-20 showed that FEA of the cubes having small embedded length
showed higher bond stress than corresponding experimental cubes. Both FEA and the
experimental result showed decrease in bond stress as embedment length inceases but the
bond stress of the FEA result continued as greater than the bond stress of the experimental
result for an increment of embedment length. In general cubes that have small embeded

length on both experimental and FEA results showed higher bond stress.

Crack patterns of bondend and unbonded pullout cubes predicted from finite element
results and observed during the experiment are compared in Figure 5-21. A similar results
between experimentally observed and FEA predicted crack patterns were seen. It was
found that the ultimate force and corresponding slip were directly dependent on the

embedment length of the steel bar.
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c) 30% unbonded
Figure 5-21. Comparison of experimental and FEA failure stages in pullout test

The comparison of load-slip of experimental test results with the values on numerical

analysis is presented based on the curves from Figure 5-22.
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Figure 5-22. Slip graph of both the expermental and numerical Pullout test
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6. Conclusion and Recommendation
6.1.Conclusion

This study was conducted to investigate on effect of loss of bond between concrete-rebar
interfaces on the flexural behavior of slender reinforced concrete beams using both
experimental and finite element analysis with different percentage of loss of bond.
Numerical approach with three point loading has been used for predicting the behavior of
different loss of bond in RC beams. A parametric study was conducted to investigate the
effect of different percentage of bond loss of reinforcement on the failure load, strength,

deflection, crack behavior, and failure mode of RC beam.

From experimental and finite element investigation, the following conclusions have been

drawn.

e All tested beams were failed in flexural failure mode. An increment of the
unbonded length along the steel reinforcement causes an increases in the width of
cracks, spalling of the bottom concrete cover and decreases the number of cracks.

e According to the result of this study for a particular loss of bond in reinforced
concrete the flexural strength of the beam decreases with an increase in
percentage of loss of bond. The mean flexural strength of the control beam (FSB)
was found to be 17.33 MPa. When the percentage of loss of bond were 30%
(30UB), 50% sectioned (50SUB), 50% un-sectioned (50UB), 70% (70UB), and
100% (100UB) the flexural strength of the beams were reduced by 10.85%,
13.13%, 15.71%, 27.85%, and 43.75%, respectively from control beam (FSB).

e According to the results of this study it was observed that the load carrying
capacity was greater for control beams, and the deflection was lower compared
with the different percentage of unbonded beams.

e As the percentage of loss of bond increases the ductility of the beam decreases.
Finally changing to flexural brittle failure which was high on full unbonded beam.
The peak load and strains sustained by the control beams was more than the

beams that were fabricated and tested with different percentage of loss of bond.
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The bond strength between reinforcement steel and concrete for different loss of
bond was determined using pull-out tests. Based on the results of this study three
types of failures were observed which includes slippage, pullout and splitting
failure modes. The pull out test result generally showed that as the percentage of
loss of bond increases the pull out failure of the cube specimen increases and
slippage of the steel reinforcement occurs when 100% unbonding occurs between
the steel and the concrete.

The pull out result showed that as the embedment length decrease the bond stress
between concrete and reinforcement increase because of a high concentration of
stress along the embedment length.

The crack patterns of the beams of FEA results made by plastic damage concrete
model were similar to experimental tests. Software simulated on beams shows a
small decrease in load but increase in deflection.

A moderate difference between the predicted and measured values for both
ultimate load and mid span deflections has been seen.

FEA of the cubes showed higher bond stess than corrosponding expermental

cubes.

6.2. Recommendation

This study was conducted to investigate the effect of loss of bond on flexural behavior of

slender reinforced concrete beam. As the study revealed that the bond loss between the

reinforcement and concrete has significant effect on load-carrying capacity causing early

failure of the beams. Further study is recommended on flexural behavior of slender

reinforced concrete beam to investigate:

Effect of bond loss on different reinforced concrete structures
The effect of the loss of bond with time variation on the test specimen
The effect of loss of bond with different concrete grade and reinforcement.

The effect of loss of bond using tests on different slenderness ratios

Further studies are needed on the effects of gradually deteriorating bond strengths of

reinforced concrete structure that must be taken in to account for the design and
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construction of concrete structures. The current bond strength methods needs revision
based on bond loss due for increasing future service time because it is assumed constant

bond strength throughout the design period.
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. Design of beam or analysis

Assumption Data

v
v
v
v
v
v
v

Concrete grade = C25/30

Steel grade=S-500

Depth of the beam=150mm

Width of the beam=150mm

OL = 2012 - Ast = 226.08mm?
@stirrup = 6mm

Concrete cover=20mm

Design Values

v

v

v

Determine the steel to concrete ratio,pb for balanced failure condition from the

fod =085 %2> = 14.16
fyd =22 = 4348

d:150—(20—6—§) = 118mm

triangular relationship of strain and equilibrium of resultant stress.

D N s

¢, =00035

Parabola-rectangle
X-section Stram Stress block

Equivalent rectangle
Stress block

ecu
b = (—) Xd=7942
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(08%,).b.fog = ppbd.fa = py=
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16

118 -434g 0025352

pb = 0.8%79.42 *

As _ 226.08

% Determine the actual steel to concrete ratio pac = vd — 1so:11s

=0.01277 - and
check the failure type.

v If pac < pb —Tension failure.......................... OK
v If pac > pb - Compression failure
v' If pac = pb — Balance failure

pac < pb ....the failure type is tension failure

¢ Determine the location of neutral axis (x) for the specified type of failure

ZFx =0 = C=T = (0.8%).b.foq = Ay fya
_ Asfyd
0.8bf -4

X =22608+ —=28 __ _ 5785mm
0.8%¥150%14.16

®,

% Now moment resistance of the section M)=C X Z =T X Z

M = As * fyd(d — 0.4x) = 226.08 = 434.8(118 — 0.4 = 57.85) =

9.423kNm
%+ From the geometry and the moment capacity of the beam, we can calculate the flexural

failure load.

=T

M =P f = Mx = L
x Zx or x > X 7

P =5494kN FOR Mx = 9.423kNm
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Maximum shear force = Vmax = g = 27.47kN

% Design the beam for shear force

¢+ The critical shear at d distance from the face of the support
Ver = Vmax = 27.47kN

«* The shear resistance of a concrete with-out shear reinforcement.

3 v -

Vise =| Cra k(10001 )" + ki, 0,0 ©)
with a minimum of

II"'IrH.:l c = | Viin + F'c1':‘='-c,:1 | DH.'d (©)
where:

r, 13inMPa

|| 0]
K=1+ %izﬂ with d in mm
8
p =l <002 (&)
b,d

A, is the area of the tensile reinforcement, which extends > (/,, +d| bevond the
section considered

b, 1z the smallest width of the cross-section in the tensile area {mm)

Oy =N, A <027 [MPa]

N, 15 the axial force in the cross-section due to loading or prestressing in newtons (
Ng, >0 for compression). The influence of imposed deformations on N, may be
ignored.

A Is the area of concrete cross section [mm?]

Ve . 15 in newtons

Vrd,c = 13.476kNm

Vrd,c = 13.48kNm < Vcr .....Shear reinforcement is required

% For members with vertical shear reinforcement, the shear resistance, v, is the smaller

value of;

bw Z 1'}1}‘-1':«:1:

v = W Lod
Rdmax = -0t + tan0

Vrd, max = 46.7kNm > Ver = 27.47kNm — — — — —
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0,

¢ Determine the required shear reinforcement

_ AguZfywgcoth

5
Vea = Vrac

_ 28.26%0.9¥118%0.8+300%2.5
(27.47-13.476)

S

= 180mm : Use Spicing of stirrup 150mm
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B. Concrete test materials

I. Coarse aggregate

SAMPLE
TAKEN= 2000gm
Sieve
size Weight of Weight of Weight of Percentage = Cumulative Percentage
sieve sample
(mm) sieve(Q) (9) retained(g) retained % retained passing
28 1722.0 1722.0 0.0 0.00 0.00 100.00
25 334.0 334.0 0.0 0.00 0.00 100.00
19 331.4 1371.8 1040.4 52.04 52.04 47.96
125 298.2 1149.0 850.8 42.55 94.59 5.41
9.5 306.0 413.0 107.0 5.35 99.94 0.06
4.75 307.6 308.6 1.0 0.05 99.99 0.01
2.36 332.0 332.0 0.0 0.00 99.99 0.01
Pan 315.4 315.6 0.2 0.01 100.00 0.00
Total mass 1999.4
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Il. Fine aggregate

SAMPLE
TAKEN= 1000gm
Sieve size Weight of Weight of Weight of Percentage Cumulative Percentage
(mm) sieve(Q) sieve+sample(Q) retained(g) retained % retained passing
4.75 307.6 307.6 0.0 0.00 0.00 100.00
2.36 331.6 395.2 63.6 6.37 6.37 93.63
1.18 277.0 374.8 97.8 9.80 16.17 83.83
0.6 274.4 545.8 271.4 27.18 43.35 56.65
0.3 258.8 615.4 356.6 35.72 79.07 20.93
0.15 266.4 424.4 158.0 15.83 94.89 5.11
0.075 252.2 292.0 39.8 3.99 98.88 1.12
Pan 315.0 326.2 11.2 1.12 100.00 0.00
Total mass 998.4
FM = 2.4
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1. Moisture content of fine aggregate

Mass initial (gm) Oven dry mass (gm)  Moisture Content (%) Remark

1500 1434 4.60

IV. Moisture content of coarse aggregate

Mass initial (gm) Oven dry mass (gm) Moisture Content (%)

3892 3818.5 2
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V. Specific gravity and absorption

Apparent Water
Specific ~ Absorption
gravity , %

Bulk Specific gravity Bulk Specific

A B = (SSD) gravity

Remark

1000 1020 670 2.91 2.86 3.03 2.0

Where:- A = Weight of oven dry sample in air in gm
B = Weight of Saturated - Surface dry sample in air in gm
C = Weight of Saturated - Surface dry sample in water in gm
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C. Mechanical concrete property

Compressive strength

Test  Dimension (m) Weidht Pressure Failure Corrected Compressive

S/No. age (kg) Area Load Load Strength
(days) | w H (m?) (KN) (KN) (MPa)
! 28 0.15 0.15 0.15 8.87 0.0225 700.80  706.52 31.40
2 28 015 0.15 0.15 8.85 0.0225 744.60  750.01 33.33
3 28 0.15 0.15 0.15 8.83 0.0225  898.00 903.06 40.14
Average 781.1 786.53 34.96
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