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STRUCTURAL BEHAVIOR OF SELF-COMPACTED
REINFORCED CONCRETE BEAMS STRENGTHED WITH
HYBRID FRP SYSTEMS
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ABSTRACT
Self-compacted concrete (SCC) is a recent application of reinforced concrete. Some
properties of this type of concrete are recently studied. In this work the ductility of self-
compacted reinforced concrete beams was investigated experimentally. Where nine reinforced
concrete beam models 10%20%170 cm were cast and tested till failure . The parameters taken
into consideration were the methods of strengthening using FRP and steel systems. Where
eight different strengthened methods were used including glass fiber reinforced polyester,
carbon fiber wrap reinforced polyester and galvanized steel plates. Recorded measurements
including cracking loads, ultimate loads, deflection, rotation and modes of failure. The
experimental results show that the self-compacted concrete have a good mechanical properties
rather than normal strength concrete. The results indicated that the FRP strengthened systems
enhancing ductility behavior of self- compacted concrete beams, increasing cracking loads,
ultimate loads, cracking distributions and control modes of failure. Comparison between the
experimental results and the theoretical ones using ACI 440-2R-02. was performed and discussed.
Key Words: Self- Compacted; Ductility; FRP; Hybrid; Debonding; Peeling; Deflection;
Rotation.

Accepted December 19, 2004,



C.30 Khaled M. Heiza

I. INTRODUCTION

During the past decade, the issue of
deteriorating infrastructure has become a
topic of critical importance in many
countries. The introduction of fiber-
reinforced polymers FRP in Civil
Engineering -structures has progressed at a
very rapid rate in recent years. These high-
performance materials have a unique
properties that make them extremely
attractive for a wide range of structural
applications. The problem of predicting the
stiffness, load capacity, and failure modes
of RC members strengthened in bending
with bonded steel or carbon-reinforced
plastic thin plates have been discussed [1].
The study clears that, beams strengthened
by steel plates show a ductile response,
mainly due to yielding of the strengthening
plate. Debonding starts between the point
of load application and the plate.
Strengthening of reinforced concrete
beams with carbon FRP have been
investigated {2]. Clamping or wrapping of
the ends of the FRP laminate combined
with adhesive bonding is effective in
anchoring the laminate {Dat and Monica]
[2). Different local failure modes occur in
reinforced concrete beams strengthened by
FRP plates have been discussed [3]. The
local failure modes prevent strengthened
beams from reaching their ultimate flexural
capacity and ductility. Mazen et al. [3]
concluded that shear and normal stress
concentrations near the cut off point of the
FRP plate and also flexural cracks must be
considered in the design of reinforced
concrete beams strengthened with epoxy
bonded CFRP plates [3].

Concrete cover delamination in RC
beams strengthened with FRP sheets have
been investigated by [Antonio Nani et al}
[4]. Two mechanisms with the concrete
cover delamination failure were observed.
It was concluded that, the stirrups spacing
did not have a remarkable influence in the
concrete cover delamination failure [4].
The problem of FRP - concrete
delamination was studied [5]. Where a
delamination model is developed, which is

numerically solved by finite deference
method. It was concluded that the behavior
of the typical pull-pull setup, adopted for
experimental  delamination  tests, is
characterized by a snap-back branch for
FRP-concrete bond lengths greater than the
minimum anchorage length [5]. Bond
behavior between fiber-reinforced polymer
laminates and concrete have been
examined by Nakaba et al [6]. It was
concluded that, the maximum load
increases as the stiffness of FRP increases.
Maximum load bond stress is not
influenced by the type of FRP, but
increases as concrete compressive sirength
increases. [6].

Modeling of debonding behavior in
RC beams strengthened with FRP
composites have been investigated by Oral
et al [7]. The experimental results indicated
that increasing the total interface fracture
energy in FRP strengthened beams in terms
of anchorage reflects on the performance
of the beam. The preliminary proposed
modeling approach have a good
comparability with the experimental results
[7]. Strengthening of concrete beams with
mechanically fastened FRP strips have
been discussed [8]. Lamanna et al
concluded that it was possible to
strengthened reinforced concrete T beamns
by attaching FRP strips with mechanical
fasteners [8].

The pecformance of five 1.5m long
reinforced concrete beams sirengthened
with CFRP plates bonded to their soffits is
investigated [9]. Where the effects of plate
length on the strength of reinforced
concrete beams bonded with CFRP plates
were discussed. The modes of failure were,
cencrete ripping-off between the plate and
the longitudinal reinforcing bars at the
piste end region and flexural failure [9].
NGUYEN et al [10] proposed a new
analytical model, which represents the full
interaction between the plate, adhesive and
concrete. The results obtained using the
developed models were in a very close
agreement with experimental data [10].
Safan [11] investigated the efficiency of
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GFRP composites in strengthening simply
supported reinforced concrete beams
designed with insufficient shear capacity.
The results indicated that significant
increase in the shear strength and
improvement in the overali structural
behavior of beams with insufficient shear
capacity could be achieved by proper
application of GFRP wrapping {11].
Taljsten [12] and Bilotti [13] proposed
some design guidelines for  the
strengthening of concrete structures using
FRP systems. It was concluded that it is
important to compile guidelines since
without their existents the consultants will
fall back to old proven strengthened
methods and FRP’s will mostly been used
in special cases. Checks on the quality of
the execution are necessary for phases that
involve the preparation of the surfaces,
FRP application and FRP impregnation
{12] and [13]). Maria lopez [14] design a
modeling approach, based on the finite
element method to study the behavior of
reinforced concrete beams strengthened
with CFRP laminates. The results are
compared with the previous experimental
tests and a good agreement was observed.
The numerical models were able to
replicate the failure mechanisms, the globai
load-deflection response, and the strain
distribution along the length of the FRP
laminate at the tested beam [14]. DAI
JIAN GUO [15] developed some suitable
test methods, through which the bond
behaviors of FRP sheet-concrete interfaces
under different loading conditions and
different failure modes can be evaluated.
The results show that mode 11, Mode 1
and mix-mode fracture tests for FRP sheet-
concrete interfaces can be developed using
the proposed models. Selim Baraka et al
[16] evaluate the performance of concrete
structures  strengthened  with  fiber
reinforced plastic composites FRP. It was
concluded that the experiments that
performed were compared with finite
element analysis showed good agreement
[16].

2. EXPERIMENTAL WORK

2.1. Materials

The components of SCC concrete used
in this research are Portland cement , sand,
dolomite, water and admixtures (silica
fume, fly ash and vescosity enhancing
agent VEA).
The production of self compacted concrete
should meets the requirements for
workability , flowability ,passing ability
and strength development.
2.1.1. Cement
Ordinary Portland cement complies the
ESS 373/t991 and ASTM - C 150
standards form Suez company is used in
casting all SCC specimens. The cement
content is remained constant and equal to
400 Kg/m? in all mixes.
2.1.2. Aggregates

Both fine and coarse aggregate used
for self-compacted concrete SCC, meet the
requirements of ESS 1109/2001 and
ASTM-C 33. Fine aggregate with a
rounded particle shape and smoaoth texture
have been found to require less mixing
water in concrete. For this reasons it is
preferable in SCC mixes. The optimum
grading of fine apgregate for S.C.C. is
determined by its effect on water
requirement than on physical packing. The
sand used was from Abbasa, the physical
properties, and sieve analysis are shown in
Table (2). Grading of sand are shown in
Table (1) and Fig. (1), The coarse
aggregate used is dolomite, obtained from
Attaka The physical and mechanical
properties complies the ESS 1109/2001
and ASTM-C33 standards. The grading of
dolomite is shown in Table (3} and Fig.
(2).
2.1.3. Admixtures
Two Types of admixtures (mineral and
chemical) were used in this study. Silica
fume is a by product resulting from the
reduction of high - purity quartz with coal
in electric furnace in the production of
silicon and Ferro-silicon alloys. In this
paper the silica fume content was 10% in
addition of cement content. Table (4)
shows both physical and chemical
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properties of silica fume used. The fly ash
particles are spherical in shape with
smooth surface it acts as balls to lubricate
mixtures. In this study fly ash with 10% in
addition of cement content was used. Table
(5) shows both physical and chemical
properties of fly ash.

Viscosity  enhancing  agent  VEA
(Viscocrete 5-400) with 2.5% of cement
content was used to maintain the slump
constant for SCC mixes, Table (6) show
properties of VEA.

2.1.4. Water
The water used in the mix-was drinking
water , which is clean, free from

impurities, where water cement ratio W/C
is kept at 0.33 in all mixes.
2.2 Design Mix and Mixing Regimen
The absolute volume design method is
used to design the SCC mixes, the
quantities required to produce Im? of self-
compacted concrete could be determined as
follows :
We/ ¥+ Wi/ Yaget Wad 7o = 1000 Liter (1)
Where:
Wc : is the cement weight (kg)
WW :is the water weight (kg)
yc s the specific gravity of cement
yagg : is the specific gravity of fine and
coarse Agg.
yw : is the specific gravity of water
Table (9) shows the self-compacted
concrete mix constituents in kg.
2.2.1. Mixing of concrete

The process of concrete mixing by
using mechanical mixer includes the
following steps :
Weight of the components carefully,
adding coarse Agg., adding fine Agg to
the coarse Agg. Let the mixer working for
two minutes. Adding water slurry
containing the amount of (silica fume, fly
ash and viscosity enhancing agent
(viscocrete 5-400)) gradually. Let the
mixer working for 4 mints. Coating the
molds with a layer of mineral oil. Casting
the SCC mixture into the steel cubic,
cylindrical and prismatic molds without
any mechanical vibration. The specimens
were covered immediately after casting and

kept for 24 hrs. They were demoulded and
cured in water for 28 days in the lab. room
temperature until the test age .
2.2.2. Preparation of the self-compacted
reinforced concrete beams specimens.
The forms wused 1o cast the
reinforced concrete beams with cross
section of 10 x 20 cm and a total length of
170 were wooden forms with fair and
smooth surfaces.
After mixing and removal of concrete from
the mixer bowel concrete was placed in the
wooden form containing the steel
reinforcement as shown in Fig. (4) without
any intemat or external vibration.
Reinforced concrete beams were
removed from the wooden forms after 2
days then reinforced concrete beams were
kept at the curing system for 28 days in the
lab. room temperature till the date of
testing.
2.3, Static Tests
2.3.1. Compression test
The compression test was carried out on
cubes of ( 10 x 10 x 10 em ) using
hydraulic testing machine of 2000 KN
capacity.
The compression strength was
determined by using the relation.
Fe=Pc/ Ac (2)
Where: o
Pe= crushing load (ton)
Ac= cross section area (cm’)
2.3.2. Indirect tension test
This test was camried out on standard
cylinders of dimension 15 cm in diameter
and 30 cm in height using hydraulic testing
machine of 2000 KN capacity.
The indirect tensile strength  was
determined by using the following relation:
Ft=2Pc¢/TIDL 3)
Where:
Pc = crushing load (ton)
D = diameter of cylinder (cm)
L. = Height of cylinder (cm)
2.3.3. Flexure test
The test was carried out on standard beam
specimens of dimensions (10 x 10 x 50 cm
) using hydraulic testing machine of 100
KN capacity.
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F, =MY/I “4)
M =PL/M (5)
Where :
M = bending moment (L m)
Y = distance from neutral axis (cm)
I = second moment of Inertia (cm®)
L. = span of the beam (cm)

3.DESIGN OF FRP STRENGTHENING
SYSTEMS ACCORDING TO ACI 440.2R-02.
Step 1- Calculate the FRP-system design

material properties as shown in Tables (7
though 10).

f.=C, [, (6)
£,=C. &, N

Step 2- Preliminary calculations properties
of the concrete as shown in Tables (11
through 13).

B from ACI 318-99, Section 10.2.7.3 Ec
=57.000-f¢

Properties of the existing reinforcing steel.
A 1

Sy

(8)

Properties of the externally bonded FRP
reinforcement.

A)‘,=nr),w)r ©)
A,
= —L 1
Pr = (19

Step 3- Determine the existing state of
strain on the state of strain on the soffit.
The existing state of strain is calculated
assuming the beam is cracked and the only
loads acting on the beam at the time of the
FRP installation are dead loads.

M (h—kd) gy
Ep = T

A
d|h
r"f .__. A
b

Step 4- Determine the bond-dependent
coefficient of the FRP system using Table

(10),

nk.t
K, = ! 1——2L 1<090 - (12)
60,, 175336

Step 5- Estimate C, the depth to the
neutral axis. A reasonable initial estimate is
0.20d. The value of the C is adjusted after
checking equilibrium.

C=0.20d (13)

Step 6- Determine the effective level of
strain in the FRP reinforcement.

h—c

C

Ep = 0.003( ]— Ep Sk, €4 (14)

Note that for the neutral axis depth
selected, concrete crushing would be the
failure mode because the first expression in
this equation controls. If the second
{limiting) expression govemed, then FRP
failure would be in the failure mode.

Step 7- Calculate the strain in the existing
reinforcing steel. The strain in the
reinforcing steel can be calculated using
similar triangles according to the following

equation.

. :(gﬁmm.)[‘;“’] (15)
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Step 8- Calculate the stress level in the
reinforcing steel and FRP.

fs=Esassfy (06
Sp=E e, (17)
Step 9- Calculate the internal force
resultants and check equilibrium force
equilibrium is verified by checking the
initial estimate of 'C, because concrete

crushing controls failure, y can be taken as
{0.85).

c= Asf; + Afffe
v bb

(18}

Step 10- Calculate design flexural strength
of the section, an additional reduction
factor. Y f = 0.85, is applied to the
contribution of the FRP system.

M, =¢IA,f,[ —%J#PAff;{h—%](lS?)
Step 11- Check service stresses in the
reinforcing steel and the FRP. Calculate the
elastic depth to the cracked neutral axis by
adding the first moment of the areas of the
transformed section. This can be simplified

beam  without

for a rectangular

compression reinforcement as follows.

E k (20)

k aj (gt P ge) # U Bt 0, ) = ()
Step 12- Calculate the stress level in the
reinforcing steel using Eq. (21) and verify
that it is less than recommended limit per

Eq. (22).

kd
(M, £t 6, (1= "D ~KDDE,

S0 (21)

kd
A,E,{d-?}d—k(f]-AIE‘((}!-E‘—:{)[II-—J(J)

/.. <0807, (22)

Step 13- Calculate the stress level in the
FRP and verify that it is fess than creep —
rupture stress limit. Assume that the full
service load is sustained.

E ¥ h—kd
Jrs =1 _: m]—%

£
4. PREPARATION OF THE
STRENGTHENING SYSTEMS FOR
SELF-COMPACTED REINFORCED
CONCRETE BEAMS.
Table (10) and Fig. (3) show the
strengthening process sequences used for
self-compacted reinforced concrete beams.
It is clear that each strengthening system
need a special precautions owing to use of
different materials like polyester, {iberglass
wrapping, carbon fiber wrapping, pp
wrapping and finally galvanized steet
strips.
Table (7) and (8) show the typical physical,
chemical and mechanical properties of
constituents of different strengthening
systems.
Table (10) show the experimental program
of the designed strengthening systems
performed on self-compacted reinforced
concrete beams.
Fig. (5) illustrate the testing set-up used to
perform four point loading flexural test
using hydraulic testing machine of 100 KN
capacity as shown in Fig. (5). Mechanical
dial gauges of 0.0 mm accuracy were
used to record the deflections values during
the test.
Both initial and final loads were recorded
during the test. Finally a new approach was
used to record the rotation at right and left
hand supports using a special set up as
illustrated in Fig. (5). Testing process
continued till complete failure and

E

@)
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deflection, rotation, initial load, final load,
crack pattern and mode of failure in each
strengthening system was recorded.

5. RESULTS AND DISCUSSIONS.
3.1. Static Tests,

Table {11) show the results of the cubic
compressive  strength  fo, for  SCC
specimens after 28 days. The values of f,
ranged from 333 kg/em® up to 359 kgfem’.
most of cubes were failed under
compressive loads causing shear failure.
Table (12) illustrate the values of indirect
tensile strength f; of SCC specimens.

The values of f; was ranged from 40
kg/em® up to 47 kglem®. All specimens
have a tension failure during testing
process, the internal surfaces of the cursing
cylinders were very rough.

Table (13) clarifying the results of the
flexural strength f, for SCC test specimens.
It clear that f, ranged from 78.75 kg/em? up
to 86.25 kg/em’.

52. Results of  Self-Compacted
Reinforced Concrete Beams.

5.2.1. Load-deflection relationship

Table (14), (15) and Fig (6) shows the
summary of the relationships between the
loads and deflections for all tested beams,
showing the effect of each strengthening
method on the deflection behavior of self-
compacted reinforced concrete beams.

For control beam (BC) the cracking load
was observed at 2 ton form the load level.
For other beams the initial cracking loads
was ranged from 2.25 ton to 4 ton. Both
Imm and 2mm galvanized steel with Scm
width give the maximum values of
cracking loads as shown in Fig. (6) and (8).

For control beam (BC) the initial
cracking load equal 2.0 ton and ultimate
foad equal 5.66 ton. Where for the beam
(B1) the initial crack load equal 2.2 ton and
ultimate load equal 6.45 ton The initial
cracking load increased by (10%), the
ultimate load increased by (14%) and the
deflection (A) decreased by (2%) compared
to the contrel beam (BC).

For beam (B2) the initial cracking
load equal 2.3 ton and ultimale load equal
7.07 ton it was observed that the initial
cracking load increased by (15%), the
ultimate load increased by (25%) and the
deflection (A) increased by (20%)
compared to the control beam (BC).

For beam (B3) the initial cracking
load equal 2.2 ton and ultimate load equal
6.6 ton while the initial cracking load
increased by (10%), the ultimate load
increased by (16.6%) and the deflection (A)
increased by (29%) compared to the
control beam (BC).

For beam (B4} the initial cracking
load equal 2.39 ton and ultimate load equal
6.81 ton where the initial cracking load
increased by (19.5%), the ultimate load
increased by (20.3%) and the deflection (A)
decreased by (7%) compared to the control
beam (BC).

For beam (BS) the initial cracking
load equal 2.1 ton and ultimate load equat
6.14 ton it was cleared that the initial
cracking load increased by (5%), the
ultimate Joad increased by (8.5%) and the
deflection (A) increased by (32%)
compared to the control beam (BC).

For beam (B6) the initial cracking
foad equal 2.5 ton and ultimate load equal
7.75 ton it was observed the initial
cracking load increased by (25%), the
ultimate load increased by (36.9%) and the
deflection{A) decreased by (3%) compared
to the control beam (BC).

For beam (B7) the initial cracking
load equal 3.3 ton and ultimate load equal
8.24 ton while the initial cracking load
increased by (65%), the ultimate load
increased by (45.6%) and the deflection (A)
decreased by (5%) compared to the control
beam (BC).

For beam (B8) The initial cracking
load equal 4 ton and ultimate load equal
7.73 ton it was noticed the initial cracking
load increased by (100%), the ultimate load
increased by (36.6%) and the deflection(A)
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decreased by (39%) compared to the
control beam (BC).

5.2.2. Load-rotation relationship

Table (14), (15) and Fig. (7)
summarize the results of the load rotation
relationship for all tested beams showing
the effect of each strengthening system on
the ductile behavior of self-compacted
reinforced concrete beams.

For control beam (BC) the initial
cracking load equal 2.0 ton and ultimate
load equal 5.66 ton.

For beam (B1) the initial cracking
foad equal 2.2 ton and ultimate load equal
6.45 ton while the initial cracking load
increased by (10%), the ultimate load
increased by (14%) and angle of rotation(0)
decteased by (32%) compared to the
control beam (BC).

For beam (B2) the initial cracking
load equal 2.3 ton and ultimate load equal
7.07 ton it was noticed that the initial
cracking load increased by (15%), the
ultimate load increased by (25%) and angle
of rotation (B) decreased by (22%)
compared to the control beam (BC).

For beam (B3) the initial cracking
load equal 2.2 ton and ultimate load equal
6.6 ton where the initial cracking load
increased by (10%), the ultimate load
increased by (16.6%) and angle of
rotation(0) decreased by(25%) compared
to the control beam (BC).

For beam (B4) the initial cracking
load equal 2.39 ton and ultimate load equal
6.8] ton while the initial cracking load
increased by (19.5%), the ultimate load
increased by (20.3%) and angle of
rotation(6) decreased by (25%) compared
to the control beam (BC).

For beam (B5) the initial cracking
load equal 2.1 ton and ultimate load equal
6.14 ton it was observed that the initial
cracking load increased by (5%), the
uitimate load increased by (8.5%) and
angle of rotation(8) increased by (22%)
compared to the control beam (BC).

For beam (B6) the initial cracking
load equal 2.5 ton and ultimate load equal
7.75 ton it was concluded that the initial
cracking load increased by (25%), the
ultimate load increased by (36.9%) and
angle of rotation (8) decreased by(7%)
compared to the control beam (BC).

For beam (B7) the imtial cracking
load equal 3.3 ton and ultimate load equal
8.24 ton where the initial cracking load
increased by (65%), the ultimate load
increased by (45.6%) and angle of
rotation(6) decreased by(10%) compared
to the control beam (BC).

For beam (B8) The initial cracking
load equal 4 ton and ultimate load equal
7.73 ton it was noticed that the initial
cracking load increased by (100%), the
pitimate load increased by (36.6%) and
angle of rotation(8) decreased by(55%)
compared to the control beam (BC).

5.2.3. Initial loads

Table (14), {15) and Fig. (8) shows
the values of initial cracking load recorded
for each beam owing to the presence of
strengthening method. In was noticed that
there is an increase in the initial cracking
loads for atl beams compared to the control
beam (BC). The values of initial loads
increases were ranged from 5% up to 100%
as shown in Table (14), (15) and Fig. (8).
The beam (B7) strengthened with Imm
thickness and 50 mm width galvanized
steel plate have an increase of 65% of jts
cracking load compared to the contro!
beam (BC). Beam (B8) have an increase in
its cracking loads values by about 100%
comparing to the control beam (BC).

5.2.4. Ultimate loads

Table (14), (15) and Fig. (9)
illustrates the summary of ultimate load
and strengthening systems used in each
reinforced self-compacted concrete beams,
It is clear that the values of uitimate loads
increases for all beams by values ranged
from 8.5% up to 45% of its original values
recorded from the control beam (BC).
Beam (B5) strengthened by four layers of
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polypropylene mat fiber with polyester
resin recorded an increase in ultimate load
by 8.5% from its original value, this can
give a chance for PP fiber mat in the future
application  of  reinforced  concrete
structures strengthening.

5.2.5. Deflection behavior

Table (14), (15) and Fig. (10) show
the effect of each strengthening system on
the deflection behavior used in each RC
beam. For beams (B, B6, B7, BS) there is
some decrease in deflection values ranged
from (2% up to 39%) this can attributed to,
as the stiffness of the plate increase the
deflection decrease i.c. the ductile behavior
enhanced. For beams (B2, B3, B4, B5) the
values of deflection recorded increases and
it’s values ranged from (7% up to 32%)
this can be attributed to the strengthened
methods used in these beams are subjected
to some local failure including debonding,
peeling and also fiber misalignment during
strengthening process so the value of
deflection may increase. On the other hand
as the stiffness of the FRP layers used is
not sufficient owing to high values of
concrete  strength, the deflection may
increase.

5.2.6. Rotation behavior

Table (14), (15) and Fig. (11)
illustrate the effect of strengthening system
on the rotation behavior of the SC
reinforced concrete beams. [ts clear that ali
values of rotation were decreased except
for beam (BS) strengthened with 4 layers
of PP fiber mat. It was concluded that as
the stiffness of strengthening system
increase the rotation decrease. 1le.
enhancement of the rotation and ductile
behavior of the self-compacted reinforced
concrete beams. The values of rotation
decrease were ranged from 7% up to 55%
of its’ original values recorded for control
beam (BC).

§.2.7. ductility

By using the two equation proposed
by the ACI code {19]. The ductility indexes
for self-compacted reinforced concrete
beams can be calculated as follows.

ug = —— (24)
AY
where: pd : is the deflection ductility index
AY : deflection at yield stage (mm)
AUultimate deflection at failuce
stage (mm)
0U
0Y
where: 110 : is the rotation ductility index
8Y: is the yield Rotation (degree)
§U:is the ultimate rotation at failure
(degree)

(o (25)

Improvements of the flexural
behavior and ductility enhancemenl were
discussed for self-compacted reinforced
concrete beams from deflection, rotation
and mode of failure point of view. Table
(16) illustrates the summery of both
deflection and curvature ductility indexes
for  strengthening  reinforced  self-
compacted concrete beams. It is clear that
the values of displacement ductility index
ud for control beam (BC) was 5.6, where
increased for beams (B1, B3, B4, BS, B6,
B8) and decreased for beams (B6 and B7).
This can be attributed to some local failure
like debonding, peeling, fiber
misalignment during testing process. [or
control beam (BC) the value of rotation
ductility uf was 3.74 where increased for
beams (B2, B5, B6 and B7) and decreased
for beams (BI, B3, B4 and B8). It was
noticed that the max. values of both pd and
w@  were observed at beams (B5) that
strengthened by 4 layers of PP fiber mat. as
shown in Table (16).

5.2.8. Comparison between experimental
and theoretical results using ACI-440.2R-
02.

Fig. (12) show the comparison
between the experimental values of
moment acting on the reinforced SCC
beams and the theoretical ones proposed by
the equations of the ACI-440, 2R-02. Fig.
(12) clear that the equations of ACI-440.
2R-02 for design the FRP systems for
strengthening RC beams is conservative.
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The theoretical values of the moment were
ranged from 0.97 tm up to 1.03 t.m. where
for recorded experimental values it ranged
from 1.6 tm up to 2.05 tm. The max
values of differences between both
experimental and theoretical values where
observed at beam (B7) strengthened by
Imm thickness and 50mm width of the
galvanized stee] plate. Although the beam
(B8) have more stiffness in strengthening
system than (B7) but the values of
moments in (B7) was larger than in (B8).
This can be attributed to some debonding
and local failure of the beam (B8) during
testing process also peeling effect was
observed in beam (B8).

6. MODES OF FAILURE

The process of testing the reinforced self-
competed concrete beams  included
cracking loads, ultimate loads, deflection
values, rotation values, crack numbers,
crack length, crack propagation, density of
cracks and modes of failure were observed
in each beam model. It was noticed that for
control beam (BC) mode of failure was
flexural mode having tension cracks at the
mid span of the beam. Where for beams
(B1, B2 and B3) strengthened with FRP
systems the failure mode was debonding
associated with FRP cutting near the
maximum loads. For beams (B4 and B6)
the failure mode was tension failure
associated with some local failure and
crushing of concrete in the compression
zone. For beam (B5) the failure mode was
debonding mode associated with peeling
near the supports.
For beams (B7 and BR) the modes of
failure was debonding mode with some
delaminating between the steel plate,
matrix interface and concrete surface.
Beam (B8) have some local failure during
testing process.
7. CONCLUSIONS.
Form both experimental and theoretical
results present in this study it was concluded
that:
o All strengthening systems used within
this study enhancing the ductile

behavior of self-compacted reinforced
concrete beams in spite of the details of
the strengthening method.

e The stiffness of the strengthening
method is the governing factor
affecting the behavior of the reinforced
self-compacted concrete strengthening
beam,

s Polypropylene fiber mat have a good a
chance to be fulure material of RC
strengthening.

o Steel plates still have the major wide
spared method in strengthening the RC
structures.

¢« Hybrid systems (CFRP + CFRP)
considered a good, easy and fast
method for rehabilitation retrofitting,
repair  and strengthening of  self-
compacted reinforced concrete beams.

o Self-compacted reinforced concrete
beams have a better performance than
nomal and conventional concrete.

¢ Modes of failure observed in the
present work included plate debonding
delamination, fiber misalignment, fiber
breaking peeling and fiber rupture.
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Table (1) Grading of Fine Aggregate (Sand).

Sieve

. . Total ° . % of Total

oy | gty | by | gaRenet | Retmed | o passing
5.0 0.0 0.00 0.0 0.0 100

2.5 96 96.6 4.83 4.83 95
1.25 210 306.6 10.5 15.33 85
0.62 750 1056.6 37.5 52.83 47
0.31 643.4 1700 32.17 85 15
0.16 300 2000 15.0 100 0.0

Table (2) Physical and Mechanical Properties of Fine Aggregates (Sand).

Property Measured value
Specific gravity 2.5
Volume weight( t/mJ) 1.792
Fineness modulus 2.6
Voids ratio { %) 33.81 %

Table (3) Grading of Coarsc Aggregates (Dolomite).

Ss’i‘:: Weight thal % Retained 7o T.otal o .
(mm) retained welght (by weight) Retalfled Yo Passing
retained (by weight)

25.4 0.0 0.0 0.0 0.0 100
19.1 750 750 25 25 75
12.7 1200 1950 40 65 35
9.51 360 2310 12 77 23
4.67 540 2850 18 95 5

2.38 150 3000 5.0 100 0
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Table (4 ) Physical and Chemical Properties of Silica Fume.

Physical properties

Valuc

Coler Light gray
Specific gravity 2.1
Specific surface area 16.7 m*/g
PH 6.5
Chemical analysis Value
S10; 94.30 - 92.0
Fe; O3 0.84 - 1.5
Al O3 0.24-1.5
Mg O 0.50-1.0
CaO 0.25-0.5
H2 O 0.37-1.0

Table (5) Physical and Chemical Properties of Fly Ash.

Physical properties Value
Colors Light gray
Specific gravity 2.2
Specific surface area 8 m°/g
PH 1.2
Chemical analysis
Si (45 53.0
Al 03 34.0
Fe;,_ (o5 3.5
Mﬂz 03 0.2
Cao 4.5
Mg o 1.5
K;o0 0.6
SO; 0.3

Table ( 6) Properties of Viscosity Enbancing Agent Viscocrete (5 - 400).

Properties Value
Density 1.11
PH - value 8.0
Appearance Turbid liquid
Chloride content Zero
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Table (7) Typical Physical, Chemical and Mechanical Properties of Polyester Resin

(2504 APT-5).

Property Value
Appearance Light yellowish turbidit
Styrene monomer content, % 37-39
Viscosity-Brookficld at 25°C 350-450
#3 spindle at 60pm, cps
Thixotropic index at 25°C 1.0-2.0
Brookfield LVT, #3 spindle 6/60rpm ]
' Typical gel data
Room temperature cure at 25 "C,
1% MEKPO (55%) 0.5% Cobalt octoate (CO. 6%)
Gel time, mins., 18 -
Gel to peak exotherm, mins. 12
Total time to peak exotherm, mins. 30
Peak exotherm temperature, °C 150
Clear casting, ETERSET2504APT-S |
| > Barcol hardness 44
Tensile strenpth, Kg/em’ 600
Flexural strength, Kg/cm® 1100
Flexural modulus, Kg/em® 3.0x10°
Heat distortion temperature, °C 70
Table (8) Mechanical Properties of Carbon Fiber, Glass Fiber and Steel Plates.
Strenpthening System Mechanical Property Value
Ultimate tensile strenpth £, 960 N/mm* |
Carbon fiber Rupture strain g, 1.33%
Modulus of elasticity of FRP laminates £; 73.100 N/mm’
Ultimate tensile strength f;, 600 N/mm’*
Glass fiber Rupture strain g5 2.24% i
| Modulus of elasticity of FRP laminates £, |  26.130 N/mm? |
Ultimate tensile strength f;, 225 N/fmm*
Steel plate Rupture strain g 1. 4%
| Modulus of elasticity of FRP laminates £, | 210.000 Nfmm!’

Table (9) Mix Constituents by weight in kg of SCC.

Cement

Sand Dolomite | Water | Fly ash

Silica fume

VEA

400

1000 1000 133 40 40

10
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Table (10) Experimental Program Designed for Strengthening of Self-Compacted
Reinforced Concrete Beams by Using Different FRP and Steel Systems.

Beam code Strengthening System No. of Layer Geometry
Be Control beam
B1 Carbon fiber I Layer carbon fiber
1 Layer Glass Fiber + |
B2 Glass fiber + Carbon fiber Layer Carbon Fiber
[
B3 Glass fiber 3 Layers Glass Fiber
B
2 layers Glass Fiber + 1
B4 Carbon fiber + Glass fiber Layer Carbon Fiber
===
B5 Polypropylene 4 Layers
B
B6 Glass fiber 6 Layers Glass Fiber
Steel plate thickness 1mm
B7 and 50 mm width I Layer
favan |
B8 Steel plate thickness 2mm I Layer

and 50 mm width
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Table (11)The Results of the Cubic Compressive Strength F, of the Tested SCC
Specimens After 28 Days

No. of sample Failure load (KN) g}?:'gg;ﬁ; A:ﬁ;‘?i;ﬁl;

| 350 350 -
2 310 310
3 330 330
4 360 360 333
5 310 310
6 340 340
1 370 370
2 380 380
3 340 340
4 Ji0 310 8
5 360 360
6 330 330
| 400 400

. 2 350 350
3 340 340
4 385 385 359
5 320 320
6 359 359
| 320 320
2 370 370
3 300 300
4 280 280 342
5 449 440
6 342 342

Table (12) The Resulfs of the Splitting Tensile Strength F, of the Tested SCC Specimens After

28 days.
Failure stress Average value
No. of sample Failure load (KN) P/A (Kg/em?) (Kg / em’)

] 150 48.7

2 170 55.2

3 130 42.2 47

4 120 38.9 03
3 170 55.2

] 130 422

1 100 32.5

2 120 38.9

3 170 552

4 135 43.8 426
5 132 42.6

6 132 42.6

1 G0 32.5

2 100 325

3 120 38.9 4

4 150 48.7 03
5 i55 503

6 120 38.9
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Table(13) The Results of Flexural Strength Fy of the Tested SCC Specimens after 28

days.
Load M max Fy average value
(kg) (kg. cm) (Kg/cm?) (kg /em’)
1050 13125 78.75
1050 13125 78.75 82
{180 14750 88.5
1050 13125 78.75
1170 14625 87.75 18.75
930 11625 69.75
1300 16250 97.5
1100 13750 82.5 8625
1050 13125 78.75

Table (14) Test Results Of (P-crack, P-Ultimate, Deflcction and Rotation) of

Strengthened Self-Compacted Reinforced Concrete Beams.

. DelNection (A) Rotation (9)
Beam code P erack (ton) P ultimate (ton})
(mm} (degree)

Be 2.00 5.66 11.23 0.935

B; 220 6.45 11.05 0.634
B, 230 7.07 13.54 0.725
B; 2.20 6.60 14.50 0.698
B,y 2.39 6.81 11.98 0.697
Bs 2.10 6.14 1484 1.150
8, 2.50 7.75 10.90 0.869
By 3.30 8.24 10.69 0.840
By 4.00 .73 6.88 0.408

Table (15) Tests Results of (P-crack, P-Ultimate, Deflection and Rotation) of
Strengthened Reinforced Concrete Beams Compared to the Control Beam (BC).

Beam code P-crack (ton) P-ultimate (ton) Deflection (&) Rotation (0)
{mm) (degrec)
Be 2.0 5.66 11.23 0.935
B1 (% Bc) 10% (Bc) 14% (Bc) -2% (Bc) -32% (Bc)
B2 (% Be) 15% (Bc) 25% (Bc) 20% (Bc) -28% (B¢)
B3 (% Bc) 10% (Bcg) 16.6% (Bc) 29% (Bc) -25% (Bc)
B4 (% Bc) 19.5% (Bc) 20.3% (Bc) 7% (Bc) -25% (Bc)
BS (% Be) 5% (Bo) 8.5% (Bc) 2% (Bo) 22% (Bc)
B6 (% Bc) 25% (Bce) 36.9% (Bc) -3% (Be) -T% (Be)
B7 (% Bc) 65% (Bc) 45.6% (Bc) -5% (Bc) -10% (Bc)
B8 (% Bc) 100% (Bc) 36.6% (Bc) -39% (Bc) -55% (Be)
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Table (16) Test Results of Both Displacement Ductility Index and Curvature Ductility
Index for the Self-Compacted Strengthened Reinforced Concrete Beams,

Beam Delection Rotation Deflection Rotation (L) Dim_lécefncm Cu_r_m‘_ure
code (AY) (mm) oY) (AU) (mm) (degree) ductility index ductility index
(degree) (nd) (n0)
Be 2 0.25 11.23 0.935 5.6 3.74
B, 1.9 0.23 11.05 0.634 5.8 2.75
B; 1.6 0.15 13.54 0.725 85 438
B, 1.6 0.23 14.50 0.698 9 3.03
B, 1.5 0.22 11.98 0.697 8 3.16
B, 1.4 0.16 14.84 L1.150 10.6 7.2
Bs 1.6 0.12 10.90 0.869 4.36 7.2
B, 1.6 0.18 10.69 0.840 32 4.7
: 1.0 0.15 6.88 0.408 6.88 2.7
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)

[ Clean the Beam Bottem

\

I Mix the Resirj

[ Apply the Mixture to the GERP and CFRP Wrappin%

Bond the GFRP and CFRP Wrapping to Concrete and Compressed with a Hard

Rubbed Roller

\

l Remove the Excess of Mixturce

—

\
Clean the GFRP and CFRP Wrapping

—

[ Curing of Mixture

—

Check for Voids

Fig.(3) Strengthening Process Sequences Used for Self-Compacted Reinforced Concrete
Beams Strengthened by Using Hybrid System of (2 Layer GFRP+ 1 Layer
CFRP).
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Figure (4) Reinforcement Details of Reinforced Concrete Specimens.
Heading of testing machine ///%x
Dial gauges : ] Two Point Loading
“~ . Steel steip
- T Angle of rotation
@4—;-— Roller
Lower head of testing machine : / }

Angle of rotation

Steel strip

Figure (5) Testing Machine and Test Set-Up.
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Load (ton) Load (ton)

Cracking load (ton)

>

[—m— Control beam —e— B1

—a— B2 —a—B3
2 —o— B4 —a—B5
—o—B6 —a—B7
1 —k-— BB
0 L] L L) L] Ll L)
0 2 4 6 8 i0 12 14 16

Deflection {mm)
Fig.(6) The load deflection relationship for control beam
and beams strengthed with FRP and steel systems

8 4
7
5 1 —
5 d
4 i =
—m— Conlrolbeam —e—B1
3 4 —a—B2 —a—B3
—o— B4 ——B5
2 1 —a—B& —~g—B7
1 —*— B8
0 L] L] L] T ¥ L L) L] L] L]

0 o1 02 03 04 05 06 07 08 09 1 1.1 1.2 1.3
Rotation (degree)
Flg.{7) The load-rotatlon relationship for contrel beam and
beams strengthed by FRP and steel systems

Bc B1 82 B3 B4 85 B6 B7 B3
Beam code

Fig.(8) initlal cracking load for the tested Relnforced
concrete beams with different FRP and steel systems
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Ultimate load (ton)

Deflection (mm)

Rotation {degree)

L] ] L]

Bc B1 B2 B3, . B4 B5 B6 B7 B8
aam code

Flg.{9) Ultimate load for the tested Reinforced concrete
beamswith different FRP and steel systems.

Be B1i B2 B3 84 BS B6& B7 88

Beam code
Flg.{10) Deflection for the tested Relinforced concrete

beamswlith different FRP and steel systems .

1.4

1.2 -

1 4

0.8 4

0.6 4

0.4 -

0.2 l

0 , . . : : . ;
Bc Bt B2 83 B4 B5 B B7 B8

Beam code

Fig. {11) Angle of roltation for the tested Reinforced
concrate beamswith different FRP and steel systems
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Fig. (12) Relationship Between Theoretical and Practical
Moments According to ACI 440. ZR-02
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