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Abstract.

Most of the recent studies have improved the efficiency of FRP jackets for increasing the compressive strength,

shear strength, and ductility of reinforced concrete columns; however, the influence of FRP jackets on the flexural capacity is
slight. Although new methods such as NSM (near surface mounted) are utilized to solve this problem, yet practical difficulties,
behavior dependency on adhesives, and brittle failure necessitate finding better methods. This paper presents the results of an
experimental study on the application of fiber-reinforced polymer fastened mechanically to the concrete columns to improve the
flexural capacity of RC columns. For this purpose, mechanical fasteners were used to achieve the composite behavior of FRP
and concrete columns. The experimental program included five reinforced concrete columns retrofitted by different methods
using FRP subjected to constant axial compression and lateral cyclic loading. The experimental results showed that the use of the
new method proposed in this paper increased the flexural strength and lateral load capacity of the columns significantly, and
good composite action of FRP and RC column was achieved. Moreover, the experimental results were compared with the results
obtained from the analytical study based on strain compatibility, and good proximity was reached.
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1. Introduction

There is an essential need for strengthening of concrete
structures for many reasons including increased loads,
design or construction errors, change of functionality, and
so on. Different methods have been developed over the
years for solving different rehabilitation problems. In recent
years, fiber-reinforced polymer (FRP) as a substantial
material used widely for strengthening and retrofitting of
reinforced concrete structures. The mechanical properties
such as high strength to weight ratio, corrosion resistance,
high resistance against fatigue failure, high damping, low
thermal coefficient and the ease in application, are some
advantages of FRP (Wu et al. 2007). Based on the design
objectives, using FRP laminates and sheets may cause
improvements in structural performance such as load-
deformation capacity, stiffness, durability, and service
ability. Despite promising development in the implemen-
tation of FRP for the repair and retrofit of reinforced
concrete columns, only a few research investigations are
available to deal with the flexural retrofitting of RC
columns using FRP sheets or laminates.

RC elements generally fail by either crushing of
concrete in compression and/or yielding of internal steel
reinforcement. Although FRPs laminates have high strength,
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they are brittle. These materials are designed and loaded in
tension and they show linear elastic stress—strain behavior
which is followed by a brittle failure without a yielding
plateau. In the flexural strengthening of columns, FRP
sheets are bonded to the side surfaces of columns. If the
bond between concrete and adhesive remains intact, stresses
can be transferred from concrete to FRP, and vice versa and
full composite action will occur. On the other hand, when
premature de-bonding occurs, the composite action is lost,
and the strengthened column cannot reach the theoretical
ultimate capacity. If an FRP-strengthened column retains its
composite action, there are apossible failure of concrete
crushing prior to, or after, tensile yielding of reinforcement.
In most of these studies, RC columns have been retrofitted
using FRP jackets, and because of the lateral confinement to
the concrete, improvement of compression strength, shear
strength, and ductility were reported (Saadatmanesh et al.
1994). However, improvement of flexural capacity in most
of the cases was insufficient (Promis and Ferrier 2012).
Moreover, one of the most important challenges in using
FRP for therehabilitation of concrete members is the brittle
behavior of RC members strengthened with FRP due to
rupture or debonding of FRP (Lezgy-Nazargah et al. 2018).
In addition, the effect of thelinear behavior of FRP materials
makes the failure mechanism of FRP-strengthened RC
members more complicated. In recent researches, the use of
mechanical fasteners (MF) is emerging as a solution to
improve the structural behavior of FRP-strengthened
members (Lamanna 2002, Nardone et al. 2011, Jawdhari
and Fam 2018, Atea 2017). The MF-FRP systems consist of
pre-cured FRP sheets or laminates connected to the concrete
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surface by means of steel nails, anchor bolts, concrete
screws or combination thereof.

In general, the primary role of FRP anchorage is to
prevent or delay the process of debonding. However, in
some cases, they are used to change the sudden brittle
failure to ductile failure mode and provide load transfer
mechanism at the critical sections (Jumaat and Alam 2010,
Ekenel et al. 2006, Martin and Lamanna 2008, Bank and
Arora 2007, Rizzo et al. 2005, Napoli et al. 2010, Bischof
et al. 2014, Behera et al. 2016). In this paper, a new MF-
FRP system is proposed and has been experimentally
demonstrated aiming to improve the flexural capacity of RC
columns subjected to bending and axial load. The results
showed that this method could change the failure
mechanism and improve the overall seismic behavior of
FRP-strengthened RC columns.

2. Experimental program
The experimental program is made of flexural tests

carried out on five RC column specimens at the structural
engineering laboratory of International Institute of
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Earthquake Engineering and Seismology (IIEES).
2.1 Specimens

Five column specimens of an approximately 1/3 scale
were designed according to ACI 318-2014 and Iranian
standard 2800. Geometry and detailing of all column
specimens are shown in Fig. 1.

Four longitudinal bars of 14 mm diameter, with the
volumetric ratio of 1.53% are the main reinforcement. Steel
stirrups with a diameter of 10 mm were used as transverse
reinforcement atthe spacing of 50 mm for 160 mm top and
bottom of columns height and at 100 mm for the remaining
portion as depicted in Fig. 1. The foundation and cap beam
was designed to apply the boundary condition and loads.
Each tested specimens were designated according to their
characteristics listed in Table 1.

2.2 Material properties
A normal-strength concrete mix-design carried out

according to ACI 211.1 using type-1l Portland cement. The
mixing proportions of 1.0:1.6:2.3 (cement, fine, and coarse
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Fig. 1 Geometry and detailing of all RC column specimens

Table 1 Characteristics of the five tested specimens

Spec_lme_n Specimen description
denominations
RCO Un-strengthened column to serve as the reference specimen.
Strengthened column using longitudinal FRP layers, which were extended on the concrete foundation as much as
SC1
the anchorage length of the FRP layers.
SC2 Strengthened column similar to SC1 but using FRP jackets in both the top and bottom of the column to confine the
concrete in plastic hinge zones.
Strengthened column using the longitudinal FRP layers, and mechanical fasteners to fix the FRP layers to the
SC3 .
foundation and the RC column.
sca Strengthened column using the longitudinal FRP layers, and mechanical fasteners and FRP jackets were used in

plastic hinge zones.
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Table 2 Properties of materials

Material Properties

Application of materials

Concrete
Steel bars- @14
Steel stirrups- ®10
FRP Sheet
Epoxy Resin

f'c = 22.51 (MPa), Es = 22.81 (GPa),
fy = 411.6 (MPa), Es = 182 (GPa)
f, = 322.4 (MPa), Es = 142 (GPa)
Fau = 3800 (MPa), Ea = 240(GPa), s = 0.0155
Fau = 54 (MPa), Ea = 3 (GPa), £au = 0.025

0=10.002 -

Longitudinal reinforcement
Transverse reinforcement
Flexural strengthening of RC specimens
Flexural strengthening of RC specimens

aggregate) with 0.48 wic ratio and maximum aggregate size
of 12 mm were used forall specimens. Cast specimens were
de-molded after 24 hours and cured for 28 days using wet
blankets covered with plastic sheeting. From the six 150 x
300 mm concrete cylinders, three were tested in
compression at 28 days and the remaining three used for the
tensile splitting test. The modulus of elasticity of concrete
was calculated on the basis of data obtained from cylinder
compression tests. The concrete strain corresponding to its
strength was measured for each specimen. Longitudinal and
transverse reinforcement comprised deformed steel bars of
14 and 10 mm diameters respectively. Only one type of FRP
(CFRP) was used for vertical and/or horizontal wraps in all
schemes. It was imperative for the study that the materials
used be of identical properties for all columns.
Consequently, all specimens were cast simultaneously with
ready mixed concrete with steel reinforcement obtained
from the same batch. Table 2 summarizes the average
values of three samples of all the material used.

The surface of all RC columns was prepared prior to the
application of FRP wraps. The concrete surface was
prepared using hand grinders to roughen the surface and
create the desired texture. The dust removed by vacuuming

CFRP CFRD CFRP

w=140mm h=160 mm w=140mm
n=2 =2 =2

sC1 sSC2
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Fig. 2 FRP strengthening layouts, all specimens
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(a) Designed details of MF system

T i

the surface and an even layer of epoxy was applied to the
prepared concrete. Then resin-saturated sheets of FRP were
placed on the prepared concrete surface.

Method of surface preparation in all the retrofitted
columns, the same layer of longitudinal FRP was used on
two opposite column sides before applying the transverse
layer and/or mechanical fasteners. FRP layers were
extended on the top face of concrete foundation as much as
anchorage length. Fig. 2 shows the detail of the retrofitted
columns.

For both SC2 and SC4 columns, the transverse layers of
FRP were used to confine the concrete at the plastic hinge
zones. Finally, mechanical fasteners (MFs) were used to fix
the FRP layers to the RC column and especially the
column-to-foundation connection. After the FRP was
allowed to cure for about 24 hours, the anchorage system
was assembled. First, two holes spaced 30 centimetres were
drilled along the column, and two bolts were then placed
into these holes and fixed with two nuts on both sides. In
the column-to-foundation connection, an angle sectionwas
bolted to the foundation and the RC column. The angle with
two stiffeners was designed and constructed for every side
of the column. Three holes in the foundation and one hole
in the column were drilled and filled with Hilti-RE500
Epoxy after the holes were sufficiently cleaned. The
anchorage angles were placed into their final position while
the epoxy was still wet. Then bolts were placed. Fig. 3
shows the detail of MF system used in the foundation
connection.

2.4 Test loading and instrumentation

The test setup consisted of areaction frame fixed to the
strong floor and supporting the lateral and vertical hydraulic
actuators. So, the retrofitted columns were tested under
combined axial and lateral loads. The main components of
the strong floor are the two transverse beams placed on the
RC foundation and fixed to the floor by means of four high
strength rods that were properly pre-tensioned in order to
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(b) Mechanical fasteners used to retrofit columns

Fig. 3 Mechanical fastener designed in foundation connection
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avoid any stub-rotation. Fig. 4 shows the test setup and
details of the loading system.

Before application of the lateral load, the RC columns
were first loaded with a constant axial load using a
hydraulic jack at the top. The 200 KN axial load applied
primarily was approximately 25% of the ultimate axial load
capacity and this axial load was constant during the
application of lateral load. After initial axial loading,the
lateral load was applied using a hydraulic actuator in a
displacement control mode. The applied displacement
amplitude was a fraction of the estimated tip yield displace-
ment. The amplitude of the lateral cyclic displacement was
chosen in multiples of 0.5Ay, with three cycles applied to
each amplitude of displacement. Fig. 5 shows the loading
protocol applied to all the specimens.

Linear variable displacement transducers (LVDTs) were
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used to record the horizontal displacements of the columns
as well as any vertical movement of the footing. Eight strain
gages per specimen were used to measure the developed
strain in the longitudinal reinforcementat both sides of the
RC column and thetensile strains in the CFRP strips as well.

3. Results and discussion

In the following, the most criteria related to the failure
modes for un-strengthened RC columns and FRP-
strengthened RC columns are discussed in detail. The
considered criteria include the mode of failure, hysteresis
curves, ultimate capacity, ultimate developed tensile strains,
stiffness degradation, and energy dissipation.

3.1 Failure modes and crack patterns

All The relevant test results, including drift related to
the first crack and FRP de-bonding, drift at yielding of the
steel reinforcement (dy), maximum lateral load and drift at
ultimate state (Fu, du), ductility, percentage variation of
lateral strength and lateral drift with respect to the control
specimen are presented in Table 3. The values of dy are
defined as the level at which the strain in the
steelreinforcement reaches a measured value of 2000 pe.
The values of Fu and of the associated displacement du are
defined as the level at which the maximum load is reached
(Fig. 6).

The failure mode and the crack pattern of all specimens
are illustrated in the photographs of Fig. 7. The failure
mode of all the tested specimens was controlled by flexure
due to their high ratio of transverse reinforcement and a low
ratio of longitudinal reinforcement. The control specimen,

Lateral Load

Fu
Fy ,/'-“" « Back-hone curve
0.6Fy | )
/ \ -
Uk,
3y su Drift

Fig. 6 Back-bone curve and idealized curve according to
ASCE 41-13

Table 3 Experimental results and failure characteristics, all specimens

Column Drift at Drifat first Ultimate Drift at Driftat Ultimate Increase Increase
specimens first crack FRP de-bonding load ultimate load yielding drift in Fu indu  Ductility

P (%) (%) (kN) (%) (%) (%) (%) (%)
RCO 0.5 - 9.50 25 1.06 3.3 - - 3.09
SC1 0.5 0.3 10.1 25 111 35 6.3 6.1 3.15
SC2 1.0 0.5 14.64 25 1.23 3.8 54 15 3.07
SC3 2.0 - 20.15 3.0 1.25 55 112 66 4.36
SC4 2.2 - 19.85 35 1.26 6.0 109 82 4,76
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RCO, failed in flexure by vyielding of the steel
reinforcement, followed by crushing of the concrete in the
plastic hinge zone as shown in Fig. 7.

The strengthened columns, in general, showed higher
lateral drifts at cracking than the control column.
Observations during the first test in column RCO indicated
that the first crack was formed at the tension side at 0.5%
drift ratio occurred at about 150 mm distance from the base
of the column. As the lateral displacement reached the value
of 2.5%, the specimen reached the maximum capacity of
the lateral resistance strength. After that, the concrete cover
experienced extensive cracking. Besides, the buckling of
longitudinal bars happened with the crushing of the
concrete.

In the SC1 and SC2 specimens, buckling of the
longitudinal bars occurred after de-bonding of the FRP
strips. As shown in Fig. 7, strengthened RC columns in this
group could not develop composite action due to the de-
bonding of the FRP strips. In both specimens during testing,
a crackling noise revealed the progressive cracking of the
epoxy paste, until the epoxy cover was split and de-bonding
of the FRP strips occurred in the first cycles of lateral
loading; then both FRP strips and RC column resisted
lateral displacement individually. Therefore, SC1 exhibited
a similar response to the RCO specimen in terms of post-
yielding stiffness and strength with a slight increase in
strength (6.3%), while a 54% strength increase was attained
in SC2.

The fact that the failure was not governed by the
composite behavior of FRP and reinforced concrete, as
expected, emphasizes the sensitivity of EB-FRP systems to
the adhesive bonding procedure. The first flexural cracking
occurred when the specimen was subjected to a drift level
of 0.5% in specimen SC1 and 1% in specimen SC2. The
lateral resistance reached the maximum value at the
displacement of about 2.5% for both specimens. Both of the
MF-FRP strengthened RC columns showed similar failure

FRP de- o‘l'ng
SC1

RCO

SC2
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mechanism and failed by yielding the steel reinforcement
followed by crushing the concrete and splitting the FRP
strips. No apparent de-bonding was observed except some
very weak sound of epoxy cracking. The first flexural
cracking occurred when the specimens SC3 and SC4
experienced a drift level of 2% and 2.2% respectively. The
lateral resistance reached the maximum value at the
displacement of about 3% for SC3 and 3.5% for SC4. The
ultimate strength for SC3 and SC4 increasedby 112% and
109% percent respectively compared with the un-
strengthened RCO column. Therefore, the failure modes of
the MF-FRP-strengthened columns showed that using an
appropriate anchorage system could transfer the stress
between the concrete and the FRP reinforcement in order to
develop composite action. The strengthening configuration
adopted for SC4 column showed the best results, meaning
that MFs changed the failure mechanism significantly. This,
in Turn, delayed the appearance of cracks, changed the
sequence of failure and increased the ultimate capacity.

3.2 Hysteresis and envelop curves

Lateral load versus lateral displacement for all columns
are shown in Fig. 8 in the form of hysteresis curves. The
RCO and SC1 showed almost the same behavior until
thefailure due to the de-bonding of FRP strips occurs before
the appearance of the first crack for SC1 and leads to
negligible improvement in both load and displacement for
this column. In the case of SC2 (the EB-FRP strengthened
column), the load and displacement hysteresis curves
develop to some extent, but the shape of the hysteresis loop
and the rate of the strength decrease in post-yielding are the
same. It is clear that although in the first loops, changing in
the initial stiffness and lateral strength is obvious, after de-
bonding of the FRP strips, the strengthening influencesis
dimming.

For the MF-strengthened RC column, SC3, the FRP was

Fig. 7 Failure modes of all specimens
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Fig. 8 Hysteresis curves for all of the specimens

fastened by mechanical anchors improved the overall lateral
strength as compared to the un-strengthened specimens. The
even increase in lateral load and displacement shows a
composite action between the FRP strips and the RC
column. According to Fig. 8, the combination of FRPstrips
fastened mechanically and FRP jacketing in the plastic
zones displays the best response characteristics, thereby
making the strength to increase to approximately 19.85
kN.m in this specimen, which was nearly double that of the
control specimen. Fig. 9 compares the envelopes of lateral
load-displacement behavior of specimens. As can be seen,
the measured drifts observed at the first cracking for the
FRP-strengthened columns are higher than those of the un-

strengthening specimens. However, the drifts fpr the EB-
FRP specimens related to thefirst crack are close to that of
the un-strengthening specimen as the de-bonding
mechanism develops. For MF-FRP specimens, SC3 and
SC4, the delay in appearance of the first crack are obvious.

At vyielding of the steel reinforcement, the columns
strengthened with MF-FRP exhibited increasing the yield
drift with respect to the control specimen ranging from 16%
for SC2 to 18.8% for SC4. However, for C1 specimen,
theincrease was slight. (4%). At ultimate, the columns
strengthened with MF-FRP exhibited increase nearly double
that of the control specimen, and the lateral drift increased
ranging from 66% to 82%.
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Table 4 Maximum tension strain in ultimate lateral load

Column Max &t Max et in Max et in
specimen in FRP tension steel transverse steel
P (ue) (ue) (ue)
RCO - 4138 521
SC1 614 3969 515
SC2 1443 3833 190
SC3 4815 3805 863
SC4 4771 3765 702

3.3 Ultimate tensile strains

Table 4 shows the average tension strain at ultimate
lateral load in tension steel, transverse steel, and FRP strips.
Measurement of strain in FRP strips at or near the column-
foundation joint could be used to determine the force
developed in the FRP which would allow for an evaluation
of the force transfer mechanism in FRP strips and the new
anchorage system.

According to Table 4, in strengthened columns
compared with un-strengthened RCO column, yielding of
reinforcement bar takes place, generally, later, and using
longitudinal FRP reduces the strain values of tension bars.
Contrary to whatis generally expected, comparison of
specimens SC1, SC2, and the un-strengthened RCO column
show that the tension strains of FRP strips are much
different at the ultimate lateral load. The apparent
explanation is the de-bonding of FRP strips by increasing
the imposed displacement though the difference in the
tension strain values of specimens SC1 and SC2 highlights
the single behavior of RC column and FRP strips. This
implies that theepoxy resin layer used mainly characterized
the behavior of the EB-FRP strengthened members.

As expected, the FRP and the tension steel strain of
specimens SC3 and SC4 were approximately relative,
highlighting the efficiency of using the MF systems and
longitudinal FRP strips to improve the flexural capacity of
RC columns.

3.4 Stiffness degradation

Based on the experimental results, the mean value of
stiffness for the i cycle can be evaluated using Eq. (1)
given by Mayes and Clough (1975).

— |F1:—Lax,i| + |Fr;1ax,i|
|4, il + |, |

max, i max,i

K

1)

The stiffness of each displacement cycle, K, is then
normalized with respect to that of the first cycle, Ki, thus
providing a measure of the stiffness degradation. The
relationships between K/Ki and drift ratio are plotted in Fig.
10. As shown, the un-strengthened column, RCO, exhibited
a greater rate of stiffness degradation than the strengthened
specimens.

Moreover, Fig. 10 illustrates that under low
displacement values, the curves relative to specimens SC1,

SC2 and RCO overlap each other though it seems that the
stiffness degradation is practically independent of the
presence of FRP externally bonded. Conversely, the
improved behavioris evident for the columns SC3 and SC4;
in this case, MF-FRP strengthened RC columns, MFs
caused the FRP stripsto be fully engaged in the composite
actionfrom early steps of lateral loading. This observation
was attributed to the fact that MF-FRP strengthened RC
columns had a composite behavior.
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Fig. 9 Envelopes of the hysteresis curves of all specimens
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Fig. 10 Stiffness degradation for all specimens
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3.5 Initial stiffness, ductility, and energy dissipation

Ductility can be described as the ability of the structure
or its components, or of the materials used to offer
resistance in the inelastic domain of response. It includes
the ability to sustain large deformations, and a capacity to
absorb energy by a hysteretic behavior. Displacement
ductility of a specimen was determined based on the ratio of
ultimate displacement to yield displacement. The ultimate
displacement defined as the displacement corresponding to
a 20% strength degradation of the maximum strength of the
specimen, and the yield displacement defined as displace-
ment corresponding to the first yielding of the longitudinal
column reinforcement. Table 3 shows the ductilityvalues for
all specimens.

A general observation was that usinglongitudinal FRP in
conventional EB techniques could not improve the ductility
of the specimens. As designated in Table 3, even with using
the FRP jackets in plastic zones, the ductility of the FRP-
strengthened column is lower than that of the un-strengthen
one. This fact that using longitudinal FRP delays the yield
displacement could be an appropriate description.
Consequently, the longitudinal EB-FRP was not effective in
improving the ductility of the FRP-strengthened RC
columns.

On the other hand, in the presence of mechanical
fasteners, the ductility of the columns significantly
increased as shown in Table 3. 41% increase in SC3 and
54% increase in SC4imply that using MF-FRP could
improve the overall performance of RC columns since
mechanical fastening is the means for the transfer of stress
between the concrete and the FRP reinforcement in order to
develop composite action. This can be attributed to the
efficiency of the inclined MF-FRP strengthening technique
in retrofitting the RC columns.

Another comparison criterion for RC columns is the
initial stiffness. The initial stiffness is the slope of the
firstpart of the load—displacement curve. Fig. 11
comparesthe specimens based on normalized initial
stiffness. It can be seen that the FRP-strengthened column,
SC1, has approximately the same value of the un-
strengthened column. On the other hand, all of the
strengthened columns showed higher values compared to
specimens, RCO and SC1. In addition, the variations of the
initial stiffness for the MF-FRP-strengthened columns were
noticeable. Numerical results for the initial stiffness could
be easily obtained from the load—displacement relationships
for all the strengthened columns. As it is revealed in
Figurell, in the presence of MFs, the initial stiffness of the
RC columns significantly increased; the increase of 2.18
times for the specimen SC3 and 1.96 times for SC4
conforms this assertion.

According to Mohy (Afefy et al. 2013), thetoughness of
a system is defined as the area under the load—displacement
curve. It is used here as an indicator of energy dissipation.
Higher toughness means higher dissipation of energy until
the failure occurs.

Fig. 11 shows the comparisonofcolumns from the
normalized toughness viewpoint. From the toughness
values, it canbe concluded that all the FRP-strengthened

columns exhibited higher toughness except column SC1
that showed approximately the same toughness of column
RCO. Also, the higher toughness estimated for SC3 and
SC4 specimens could be attributed to the proper seismic
behavior of RC columns strengthened using FRP and newly
MF designed. Toughness increase of 4.18 timesfor SC3 and
451 times for SC4 was estimated. The results of
accumulated energy dissipation clearly demonstratedthat
the retrofitted specimens using the FRP fastened
mechanically to the RC columns dissipated more
energythan the control specimen andthe EB FRP-
strengthened columns.

4. Analytical investigation

The analytical solution used for estimation of the
flexural capacity of RC columns externally strengthened
with MF-FRP is based on general strain compatibility and
the internal forces equilibrium. The following assumptions
were made in calculating the flexural resistance of a column
section strengthened with an externally applied FRP and
MF system:

e There is no relative slip between the external FRP
and the concrete with using MF system.

e Mander1988, stress-strain laws considered in the
numerical analyses to simulate the behavior of
concrete in compression. strain compatibility used to
predict general compression strain of concrete.

e The shear deformation within the adhesive layer is
neglected since it is very thin.

e FRP layers have a linear elastic stress-strain
relationship to failure.

e The tensile strength of concrete was neglected.

The moment of resistance of the section about the
neutral axis is given by

MR =Mst+MSC+MCt+MCS+Mft (2)
n
Moo= ) Asefae(d = dund) ©)
k=1

Moment due to tensile reinforcement is: (Tasnimi 2000)

where, Ag and fy are the area and tensile stress of
reinforcement in the tension side at the k" level. dy; is the
depth of natural axis at the i" state of loading. Moment due
to compression reinforcement is

M. = Z Asjfsj(dni - d’k) (4)
=1

where, Agj and fgare the area and stress of reinforcement in
compression side at the j" level. Moment due to concrete
tensile strength is given by

'E €3 (5)
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where, b is the section’s width and &; and & are the
concrete’s compressive strain and the concrete cracking
strain, respectively. Moment due to concrete compression
strength is

Oxi (gxi)dgxi (6)

cc

— bdni(dni - dc )fsd
Eci 0

el xiYxi \©xi d xi
fosa(e)s;l -

d.=d,; |1—- -
‘ " [ Eci foga Oyi (Exi)dgxi

where, oy is the concrete compressive strain and & iS the
concrete strain at depth equal to (dni-xi). the parameter d.
obtained by

Mft = Afkﬁfk(df—dni) (8)

and moment due to FRP tensile force is

_ bdy

Ci
Eci

n
Eci
[ Coaadeat Y Aty @
0 =

where, Ax and frare the area and tensile stress of FRP in
the tension side respectively. Also, the total compressive
and tensile force of retrofitted section would be

E

m
et
—+ ) Ascfsk + Aprcfri (10)
ci e

Ti = I/Zbdnl <

j=1
4.1 Analytical results

A computer program was coded and sectional geometry,
mechanical properties of concrete, steel, and FRP were used

as the input data to predict the behavior of RC columns
strengthened with MF-FRP systems. For simulating the
behavior of steel rebar, concrete and FRP strips stress-strain
(o-¢) obtained relationships from experimental tests were
used. The analytical and experimental results in every first
cycle of the successive loading cycles are given in Table 5.
According to this table, the analytical resistance moment
gives reasonable predictions for the flexural capacity of RC
columns strengthened with MF-FRP. However, unacceptable
errors in the last cycles occur after the plastic hinge
development. The results show thedeficienciesin analytical
solutionsto estimatethe flexural capacity of RC columns
after rebar buckling and concrete crushing in the last cycles.

5. Conclusions

An experimental study has been presentedaiming at
better understanding the effect of MF-FRP strengthening
ystems on the flexural response of RC columns as an
alternative new method for NSM (Near Surface Mounted)
and other EB-FRP systems.

Five RC column specimens were tested to failure: a
specimen which is the benchmark un-strengthened RC
column (RCO), a similar specimen strengthened using
longitudinal FRP layers (SC1); he other specimen was
similar to SC1 but using FRP jackets at plastic hinge zones
(SC2), C3 was strengthened using longitudinal FRP layers
and MFs, nd SC4 as strengthened similar to SC3 using FRP
jackets at plastic hinge zones.From the experimental study,
the following conclusions are drawn.

(1) An increase in the ultimate lateral load of the MF
FRP-strengthened RC columns was measured as
99.5% comparable with the un-strengthened and
37.6% comparable with the EB-FRP strengthened

Table 5 Experimental and analytical results for specimens SC3 and SC4

Results for specimen SC3

Results for specimen SC4

Moment of Applied Moment of Applied
Cycle No.  resistance moment E(g/rsr resistance moment E((r)/roc;r

(kN-m) (KN-m) (KN-m) (kN-m)
1 12.58 11.53 9.1 11.71 11.48 2.03
2 19.43 20.24 4.0 18.73 19.96 6.16
3 21.28 21.94 3.0 20.50 21.96 6.64
4 22.43 22.26 0.7 20.90 22.46 6.96
5 22.87 22.26 2.7 22.05 22.46 1.82
6 23.09 23.17 0.3 22.05 22.73 3.01
7 24.12 23.14 4.2 22.05 22.82 3.37
8 23.81 22.79 4.5 21.85 22.47 2.74
9 23.50 22.08 6.4 22.80 21.76 4.79
10 21.85 21.34 2.4 22.41 21.06 6.38
11 17.92 18.17 14 20.20 19.91 1.45
12 16.91 14.93 133 19.35 18.42 5.06
13 13.04 9.98 30.6 17.85 16.40 8.84
14 - - - 17.68 13.86 27.49
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RC columns using FRP jackets at both ends.

(2) An increase in the lateral displacement up to 82%
was also observed in SC4, (MF FRP-strengthened
RC column) comparable with the benchmark un-
strengthened RC column and 57.9-71.4%
comparing to the EB-FRP strengthened RC
columns.

(3) Using the FRP jacketing inthe MF-FRP
strengthened specimen, increased the ductility of the
column without any difference in the ultimate
lateral load.

(4) The tensile strain in FRP inSC3 and SC4 specimens
strengthened with MF-FRPwas fairly relative to the
tensilestrainof steel bars which is indicative of an
even load transfer.

(5) The sectional analysis showed good agreement with
the experimentalresults in restoration of the
analytical  resistance moment and applied
excremental moment for the MF-FRP strengthened
RC columns.
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