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ABSTRACT:

While there is abundant research information on ordinary concrete beams strengthening or repairing
with FRP, relatively little data on-the behavior of self-consolidating concrete (SCC) is available. Carbon
Fiber Reinforced Polymers laminates (CFRP) was investigated for strengthening and repairing SCC and
high strength self compacting concrete (HSSCC) beams subjected to one midpoint load in in order to
compared to beams made of normal concrete (NC) and normal high strength self compacting concrete
(NHSSCC) at the sarﬁe conditions respectively.

To demonstrate the concept, this paper presents results of a laboratory investigation of 24 beams
(150x200x1600 mm) on the behavior of self compacting concrete strengthening and repairing with one
layer of CFRP laminate and subjected to one midpoint load, including the effect of using 8 different mixes
to study the effect of mix proportions on rapped CFRP beams behavior. Test results showed that the
addition of CFRP laminate to the tension surface of the beams demonstrated significantly improvement in
stiffness and ultimate load capacity of beams. The response of control and strengthened beams were
compared and evaluated by experimental and theoretical calculations. It was observed that ductility
indexes of SCC and HSSCC beams were more efficient than NC and NHSC respectively. Load carrying
capacity of control, strengthening ‘and repairing self compacting concrete beams was closed to traditional
concrete beams (about 90-95%). The paper also highlighted the crack pattern of all cases of beams which
indicated more distribution and smalier crack amplitude for strengthened beams with respected to the

control beams.

Keywords: Self compacting concrete; Ductility index; Cracking load; Ultimate load; Load-deflection

relationship
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1-INTRODUCTION
The éxtefnél bonding of high-strength fiber
reinforced plastics (FRP) of structural
concrete members has widely gained
popularity in recent years, i)aﬁicularly in
works and

rehabilitation newly built

structures. Earlier comprehensive
experimental investigations conducted have
shown that, such strengthening method has
several advantages over traditional methods,
due to its high stiffness-to-weight ratio, and
improved  durability and  flexibility.
Moreover, FRP are known to be less affected
conditions,

by corrosive environmental

provide longer life, and - require less
maintenance. The need for rehabilitation or
strengthening of bridges, buildings and other
structural elements may arise, due to one or a
combination of factors including construction
or design defects, increased load carrying
demands, change in use of structure,
structural element damage, seismic upgrade,
or meeting new code requirements. These
factors may cause the infrastructure to be
structurally inefficient, and may make the
Before

structure obsolete.

functionally
introducing fiber reinforced polymer (FRP)
as a strengthening technology, one popular
technique for upgrading reinforced concrete
beams was the use of external epoxy-bonded

steel plates [1].

C. 30
Recently, FRP sheets have shown great
promise as an alternative to steel platés for
concrete structure repair or strengthening.
Swiss researchers pioneer work on the use
of FRP as a replacement for steel in plate
bonding applications [2], and numerous
researchers have shown that, concrete
rehabilitation using FRP is a very
successful application at retrofit, or to
strengthen reinforced concrete members
[3]. The basic concepts of using FRP for
strengthening  concrete  structures are
covered in a review article [4]. Some
researches [5, 6] have shown that fiber
reinforced polymer (FRP) composites for
strengthening RC members, in the form of
sheets, have emerged as a viable, cost
effective alternative to steel plates.

In FRP-strengthened beams, failure may
shear, flexural

FRP de-

occur due to beam

compression, FRP rupture,
bonding, or concrete cover ripping [7- 9].
Based on experimental results [10], the
most common failure modes are de-bonding
of FRP plate, or ripping of the concrete
cover. These failure modes are undesirable
because the FRP plate cannot be fully
utilized. Premature failure modes are
caused by interfacial shear and normal
stress concentration at FRP cut-off points,
and at flexural cracks along the beam. The

end peel mode starts at the ends of the
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plates and propagates inwards along the
beam. Inclined and horizontal cracks form in
the concrete causing it to break away from
the beam, while remaining firmly attached to
the plate. This mode has been investigated
experimentally and analytically by many
researchers [11-13]. The peeling of CFRP
composite may cause a - sudden and
catastrophic failure of the structure. One way
to prevent the premature peeling of CFRP
laminates from the concrete substrate is by
using end anchorage. In fact, proper
anchoring systems may help CFRP laminates
develop higher stresses throughout their
lengths [13, 14]. It has been found [15] that,
the use of end anchorage increased the
flexural capacity of strengthened beams by as
35%,

strengthened beams

much as when compared to

without anchorage.
Moreover, the anchors decreased stress
concentrations and increased bond strength.
A number of researchers [11, 16, and 17]
have claimed a need to provide mechanical
anchorage at the ends of the FRP strip to
prevent catastrophic brittle failure of the
strengthened beam by strip detachment. End
anchorage is usually provided in the form of
anchor bolts or cover plates. Similar
mechanical anchorages with epoxy-bonded
steel plates have been recommended [18].

It has been shown recently [5, 19-23] that,
external bondingl of FRP to structural
concrete members is an effective and simple

method to increase structural capacity, e.g.,

in reinforced concrete columns, or
reinforced concrete beams retrofitted by
FRP laminates. Despite these research
efforts, studies on the multi-layered and
of CFRP

strengthened RC beams are relatively few,

lateral faces side strips
especially with regard to its flexural

strengthening aspect. Also, significant
structural improvement was observed in
terms of ultimate capacity and stiffness,
although de-bonding of plates was a

concern in some studies [19, 24, 25].

2-FLEXURAL STRENGTHENING

Analytical approach to evaluate the
contribution of FRP composite laminates to
concrete structures in flexural behavior is
described in the code CEB-FIP [26]. The
code uses a rectangular stress block to
determine the equilibrium forces acting on
the reinforced concrete beams. These codes
adopt the traditional sectional analysis
called “plane sections remain plane” for
strain compatibility, and the stress strain

relationships of concrete, steel and FRP

laminates are used for equilibrium
equations, Fig. (1).
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The cracking moment Mcr of the
strengthened beams may be computed as
follows

Me=flfye 0]
Where, yt is the distance from the neutral
axis to the tension face of the beam, f; is the
modulus of rupture of concrete, and I, is the
second moment of inertia of the cross section
around the neutral axis. The first cracking
load P, is then calculated from the cracking
moment. According to the code provision
CEB-FIP [26], the ultimate moment capacity
of the strengthened beam is calculated using
equivalent rectangular stress block of the
beam cross section, and then the failure load
is calculated. The total loads due to
compression are equal to the total loads due
to tension, as indicated in Equation
(2).Taking moment at the centroid of the
tension steel, Ay (refers to Fig. 1) and
ultimate bending moment is expressed by the
following equation: ‘

2/3 (Feu / Ye)*a*b+F = 0.45F, =Fy )
Getting (a), then taking moment around the
centroid of tension steel, as shown in
Equation (3)

M, = 2/3 (Feu / Yc)*a*b*(d-a/2)+ Fy *(d-d’")
= 0.45 * Fo, *a*b*(@-a/2)+ Fie *@-d7) ()
For strengthening beams with CFRP, the
total loads due to compression are equal to
the total loads due to tension, as indicated in
Equation (4)

0.45Fcu*a*b+Fsc = Fst + Ff*tf 4)

C.32

Getting (a), then taking moment at the

centroid of the tension steel for

strengthening beams with CFRP as shown

in Equation (5)
Mu = 0.45Fcu * a* b* (d —a/2) + Fsc *(d -
d”’)+Ff*d” (5)

From Mu Put can be calculated for both
control (W) and strengthening beams (S).

Results are shown in Table (4).
3-EXPERIMENTAL WORK

3.1-Concrete

The 28-day concrete having average
compressive strength shown in Table (1),
which represents the results of 8 mixes
with 4 types of concrete, namely; normal
MI-NC),
concrete (M2-SCC1, M3-SCC2 and M4-
SCC3), normal high strength concrete
(M5-NHSC) and self compacting high
strength concrete (M6-HSSCC1, M7-
HSSCC2 and MS8-HSSCC3). The

concrete is prepared with the mix

concrete self compacting

proportion by weight of ordinary locally
available Portland cement, natural sand,
and dolomite aggregate. The water-
cement ratio is 0.42 for NC, (0.36-0.4)
for SCC, 0.32 for NHSCC and (0.25-
0.42) for HSSCC. The beams are cast
from the same batch. Standard size
specimens are tested in the laboratory to
determine the cube’s strength and
modulus of rupture of concrete at 28

days.
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3.2-Materials

SCC properties are strongly affected by
the characteristics of materials and mix
proportion. In present work, the mix
design is based on a CIB method [27]. The
properties of used materials  are
summarized as follows:

High strength steel of 12 mm diameter is
used for longitudinal tension, and mild
steel of 6 mm diameter is used for
compression and stirrups. The yield stress
of steel reinforcement is determined by
performing standard tensile tests on two
specimens for each bar diameter.
Accordingly, the average yield stress of
high strength steel is 380 MPa, and that of
mild steel is 240 MPa.
Locally produced ordinary Portland
cement OPC complied with E.S.S.373/91
requirements is used.

Siliceous natural sand fine aggregate
passing through 4.75 mm sieve, and of
specific gravity of 3.66 is applied. It is
1655 kg/m3.

The coarse crushed

aggregates " are
dolomite with maximum nominal size 15
mm and specific gravity of 2.7. The weight
of used dolomité is 1700 kg/m3.

Silica fume is a by-product of the
ferrosilicon industry. It is a rich silicdn
dioxide powder of about 0.1 um average

size.

Viscosity Enhancing Agent (VEA), of
commercial name "Sika-Viscocrete 5—
400" from Sika Egypt, is used as a
superplasticizer.
Carbon fiber reinforced polymer laminate
CFRP is used to strengthen or to repair
basic beams. MBRACE FIBER C1-30 by
the BASF chemical company is used as a
CFRP laminate in this research. The
mechanical properties of  the
strengthening materials and epoxy resins,
as reported by the manufacturers, are
shown in Table (2). There are several
constituents in commercially available
SIKADU-330 of two compounds (A) and
(B) used as epoxy resins.
CFRP application process on the beams
is as follows:
1-The concrete substrate is checked, so that
it should be free of any defects or
protrusions that, could affect the ability of
CFRP to bond to the concrete beams.
27.Since the beams specimens are cast in
high quality smooth wood forms, the
surface of the beams is extremely smooth.
The concrete substrate is prepared by
sandblasting, to achieve a minimum surface
texture. The surface is lightly brushed using
a heavy-duty scrub brush to remove any
dust or loose debris after mechanical
abrasion.
3-Pﬁmer is applied to the concrete surface

using a small nap roller.
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4-Putty is applied to the primed surface with
a trowel to fill any surface defects.
5-Resin-saturated SIKADUR-330 of two
compounds (A) and (B) are attached to the
concrete surface of the beams, and gently
pressed into the saturant. The sheets are
perfectly attached to the beam.

6-A roller is used to roll in the fibers
direction to facilitate impregnation and
remove air bubbles.

7-A second coat of saturant is applied with a
medium nap roller.

8-The FRP is allowed to cure for at least 12
hours at ambient temperature (approximately

24°C).

3.3-Specimen size and steel

reinforcement details

Fig.(2) shows the reinforcement details of
experimental test beams. All beam
specimens are 150 x 200 mm in cross
section and 1500 mm in span length on a
simply supported span. All beams loaded
at mid-span as illustrated in Plate (1),
which shows the setup of the flexural test.
Tested beams are reinforced with two 12
mm diameter bars, as tensile reinforcement
at 169 mm effective depth. The
longitudinal reinforcement ratio is about
0.75% of the beam cross-section.

Compression steel is reinforced with two 6
mm diameter  bars, as tensile
reinforcement. All beams are designed to
according to the

fail in flexure

specification of the BS 8110-1 (1997)

code of practice.

TR

Plate (1) Setup of Flexural test

At ip
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I 1500 rom . |
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T L1 stir. 6 mm/; 125 mm
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0.2 Mﬂ:
l 130mm

Fig. ) longitudinal and cross section details of tested beams

3.4-Instrumentation and test

procedure

Loading increases monotonically until
failure of the beam. Specimens are tested
at midpoint, using static loading over a
1500 mm simply supported span, to
investigate the flexural performance of
different mixes of NC, SCC, NHSC, and
HSSCC for control (W), repairing (R)
and strengthening (S) with one layer of
CFRP. Under displacement control, the

mid-span load is positioned by a load
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cell. Plate (1) shows the overall
instrumentation details of test specimens.
Static load is applied at a regular interval
by universal testing machine until
specimen failure. During testing, the
deflection of the beam is measured at mid-
span and at the location of the applied
load, using one midpoint deflection dial
gauge of 0.01 mm accuracy.

The load at crack initiation is noted down.
Also, subsequent crack \ patterns are
marked on the beam surface, as they
develop during loading from first crack

appearance until failure.

4-TEST RESULTS AND
DISCUSSION

4.1- Ductility characteristics

The ductility of a beam can be defined as its
ability to sustain inelastic deformation
without loss in load carrying capacity, prior
to failure. It is usually calculated for
conventional reinforced concrete structures,
as a ratio of curvature, deflection, or rotation
at ultimate to yielding of steel. In the case of
beams strengthened with FRP laminates,
there is usually no clear yield point.
However, in present study, the yield point
can be observed at the end of the

approximately straight line of the load-

deflection curve. )
Ductility is an important factor for any

structural element, or for the structure

itself, especially in seismic regions. A
ductile material is one that can undergo
large strains while resisting loads. For
RC members, ductility implies the ability
to sustain significant inelastic
deformation prior to failure. Ductility is
best expressed as an index, or as a factor,
through relationship at some critical
stage in the performance characteristics
of a structural member. Ductility index
(displacement at failure divided by
displacement at yield) can give an
estimation of ductility.

Table (3) and Fig(3) show the
displacement ductility of tested RC
beams, using CFRP laminates. An un-
strengthened ~ beam  shows  more
displacement or ductility as compared to
that of a concrete beam, strengthened or
repaired with CFRP. The maximum
deflection prior to final failure of the
CFRP strengthened (S) and repaired
beam (R) is about 13.0 and 14.55 mm,
respectively, recorded for M3-SCC2. It
also indicates that, S and R beams are
less ductile than the control beams (W),
which show a maximum deflection of
19.15 mm for M3-SCC2. The lower
value of ductility index for the S and R
beams indicates the lack of ductility of
such beams. It is also observed that end
anchored strengthened beams show more
displacement or ductility as compared to

other beams. However, the observed
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improvement of ductility index for self-

compacting concrete beams (for W, R and
S) depends on the pozzolanic materials
added to SCC and HSSCC beams mixes.
4.1.1- Beams without CFRP (W)

Table (3) and Fig.(3)
displacement (ductility) of tested NC and
SCC beams without CFRP laminates (M1
to M4). It is observed, that SCC beam (M1

to M3) exhibits more displacement as

show the

compared to an M1-NC concrete beam.
The maximum deflection prior to final
failure of M1-NC beams is about 17.64
mm, and NC beams are less ductile than
SCC beams (18.14-19.15 mm maximum
deflection). Ductility index for NC beams
is 4.57, and that of SCC beams is 4.8-5.36.
High strength concrete NHSC and HSSCC
(M5 to M8) beams have less displacement
ductility than NC and SCC beams (M1 to
M4) of maximum displacgments (14.12-
16.61 mm) and ductility index (3.27-4.24).
Results show, also, that HSSCC beams are
more ductile than NHSC beams.
Displacement and ductility index of MS5-
NHSC are 17.64 mm and 4.57, whereas
HSSCC recorded 14.12-16.61 mm and
3.55-4.24, respectively.

The improvement of ductility of both SCC
and HSSCC beams may be related to the
effect of pozzolanic materials of SCC
mixes, which inhibits brittle failure and
reveals early initial cracks, and larger

displacements prior to failure.

Ductility index

C.36

4.1.2- Beams repaired with CFRP
Table (3) and Fig.(3) show that, repaired}
beams with CFRP indicate a lack of
displacement and  ductility than
unrepaired beams M1. Displacement and
ductility index are 13.5 mm and 3.21 for
repaired beams, whereas 17.64 mm and
4.57 values are reported for unrepaired
beams.

On the other hand, M5-NHSC repaired

beams exhibit lower values of maximum

0L : 5 e : i B 72:. i |

MINC M2-SCC1 M3-SCC2 MA4-SCC3 MS-NHSC M6-HSSCC1M7-HSSCC2M8-HSSCC3

mix
Fig. (3) Ductility index of tedted beams

deflections and ductility index than MS5-
NHSC unrepaired beams. Displacements
and ductility index for MS5-NHSC
repaired beam are 12.5 mm and 2.1,
whereas NHSC beams before repairing
exhibit 14.11 mm and 3.27 values.

Self compacting concrete SCC repaired
beams (M2 to M4) exhibit a lack of
displacement and ductility index than
normal concrete repaired beams MI.
Displacement and ductility index are 13.5

mm and 2.54 for M1, while it is (14.2-
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14.55 mm) and (2.67-2.83) for SCC beams
before _repain'ng.

However, SCC repaired beams exhibit
larger displacement and ductility index
than NC beams. Displacement and
ductility index for SCC repaired beams are
(142-14.55 mm) and (2.67-2.83), while
they are 13.5 mm and 3.21 for repaired NC
beams.

Repairing NHSC and SCHSC beams with
CFRP, indicates the lack of maximum
displacement ~and  ductility  index.
However, HSSCC repaired beams exhibit
larger ~maximum  displacement and
ductility than NHSC beams. Maximum
displacement and ductility index for
repaired HSSCC beams are (12.8-13.4
mm) and (2.84-3.15), while they are 12.5
mm and 3.65 for repaired NHSC beams.
Results show, also, that SCC and HSSCC
beams are more ductile than NC and
NHSC beams, respectively, for all control,
strengthening and repairing beams. This
gain of ductility could be related to the
effect of silica fume of SCC mixes.
Ductility index increases with silica fumes
content.

4.1.3 Beams stfengthened with CFRP
Results of strengthening beams with CFRP
indicate less displacement and ductility
index values than those of beams without
CFRP. Normal concrete strengthening
beam MI1-NC-S deflection and ductility

index are 12.68 mm and 2.1, whereas

values of 17.64 mm and 4.57 are
determined for beams  without
strengthening M1-NC-W, Table (3) and
Fig. (3).

On the other hand, strengthening of
NHSC beams indicates less displacement
and ductility index than MI1-NC-S
beams. Displacement and ductility index
of M5-NHSC-S are 11.55 mm and 2.1,
whereas M5-NHSC-W records 14.11 mm
and 3.27

Self compacting concrete SCC exhibits
larger displacement and ductility index
than NC strengthened with CFRP. The
values are (12.8-13 mm) and (2.67-2.82)
for (M2 to M4), and are 12.68 mm and
2.54 for M1, as indicated in Table (3).
HSSCC (M6 to M8) beams are improved
for displacement and ductility index than
M5-NHSC beams. Displacement and
ductility index of NHSC beams are 11.55
mm and 2.1, and are (11.64-11.67mm)
and (2.27-2.32) for HSSCC.

4.2-First cracking and ultimate loads

The first cracking load and the ultimate
capacity of the strengthened and un-
strengthened (without CFRP) tested
beams are determined. Table (4) presents
the flexural performance of theoretical
and experimental values of cracking and
ultimate load for tested beams.
Theoretical predictions of the first

cracking load is calculated from the
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equivalent transformed section analysis of
the beam cross-section and the ultimate
load carrying capacity is predicted using
equivalent streés block of the cracked
cross section in accordance to the
provision mentioned in BS 8110-1 (1997).
Un-strengthened (control) beam failed by
yielding of steel tension reinforcement,
followed by crushing of the concrete
directly under mid span point bending test,
when loaded in the laboratory. The control
beam (M1) develops flexural tensile cracks
at the point of maximum bending moment
and a load of 13.31 kN. The yield load is
31.95 kN. The beam failed in flexure, due
to the crushing of extreme compression
zone of concrete at a load of 40.5 kN. In
general, CFRP strengthened reinforced
concrete beams (S), show significant
increases in flexural stiffness and ultimate
capacity as compared to those of control
beam (W). From Table (4) and Fig.(4), the
percentage increase of cracking load of
MI1-NC-S strengthened beams is 39%,
whereas the 'percentage increase of
ultimate load is 136%, as compared to the
control beam M1-NC-W. The increase of
the first crack for SCC (M2-M4) ranges
between 28% and 38%, and the gain in
ultimate crack is in the rangel32%
and137%.

The results in Table (4) show, that the gain
of first crack of NHSC (MS5) is 41%, while
that of the ultimate load is 139%. HSSCC

beams (M6-M8) exhibit a range of first
crack loading (46-51%) and the gain of
failure load is in the range132-141%).
Results show also that, strengthening of
SCC exhibits lack of first crack than NC,
while it can exhibit more gain in ultimate
strength depending on the mix proportion
of SCC. On the other hand, HSSCC
beams exhibits higher first crack loading
than NHSC, and it can gain more failure
load than NHSC depending on the mix
proportion of HSSCC. Results show that
increasing the silica fume content of SCC
decreases first crack loads for all
percentages, whereas it may increase the
ultimate load, if silica fume content is
reduced in the mix, for example M2.
Results show also, that HSSCC gains
more first crack loading than NHSC. for
all mix proportions, whereas ultimaté
strength loading may increase, according
to the content of silica fume. For
example, M7 gains failure load, because

of the reduction of silica fume content.

gwd ORI &Sl
WY sSRY &SY
100 OW-F—QRF—BSF

oo
RN,

2
REEESRERS ssw

e essanaasasl
R R

R R RRR AR R R 0
v

s
s s s

7M3-R$ZC3

7~z

[ s s S N N S e e e e e ]

M1-NC  M2-SCC ‘ M3-S002 M4-S0C3 M5-NHSC M6-HSSOCIM?7.

Mix designation
Fig (4) Load levels of control (W), repaired (R) and strengthened (S)
beams




C.39  Ashraf M. Heniegal

Thus, it could be concluded that, the use of
SCC influences the structural performance
of strengthened beams. The ratio between
calculated first cracking load and the
experimentally determined value Pe(th.) /
P.(exp.) indicates that, the theoretical
calculation givés conservative estimation
of the first cracking load for control (M1-
NC-W) beams (0.74), and (0.72-0.87) for
SCC beams (M2-M4). But Pg(th.) /
P..(exp.) of the strengthened control beams
(M1-NC-S) is 0.77,
strengthened SCC (M2-M4) is (0.77-0.9).

In general, the experimental results are in

whereas  for

close  agreement with  theoretical
predictions, especially for SCC.

The experimental of Py(th.)/
P.(exp.) for NHSC is 0.91, whereas it
records (0.91-1.02) for HSSCC, whereas
strengthening NHSC records 0.78, and for
strengthening HSSCC records (0.79-0.9).

It is obvious that, HSSCC calculations are

results

closer to experimental results than NHSC
for both control and strengthening beams.

On the other hand, the ratio between
theoretical and experimental ultimate load
Pu(th.) / Py(exp.) for control beams (W) is
closer to unify (0.92-1.06), and for
strengthened beams (S), the ratio is 0.81
for M1-NC-W, and (0.83-0.9) for SCC
beams. The ratio Pyu(th.) / Py (exp.) for
NHSC is 0.78, while values in the range
(0.79-0.86) are recorded for strengthened

HSSCC beams. It is indicated, that

experimental and theoretical ultimate
loads are closer for all control beams,
whereas for strengthening beams, SCC
and HSSCC are closer in its experimental

works than NC and NHSC, respectively.

4.3- Load-deflection relationship
The load-deflection behavior of the
control beam and beams repaired and
strengthened with CFRP laminates are
shown in Figs.(4 to 6), for control (W),
repaired (R), and strengthened (S) beams,

respectively.
& i ! i i
; | |
50 - i f
| el |
“ = —
0 =
E WG |
| —M2-50Ct :
2 1 ‘ -~ M3-S02 ——
, ! | 1=+-M4-50C3 i
| ~-M5-NHSC
L ! {~-M6-HSSOt-
1 * 1-=-M7-HSSOR
; . |-+ M8-HSS0R3
0 ‘.

0 2 '4”. 6 8 ”10 12 14 1I6 18
Deflection-mm
Fig.(S)Mid-qnnra@onseofooﬁmlhams(W)

Deflection-mm
Fig. (6) Mid-span response of repaired beams (R)



Mansoura Engineering Journal, (MEJ), Vol. 37, No 2, June 2012 C. 40

4.3.1- Control beams W)

It is observed from Fig.(4), which belongs
to the control beams (W), that SCC beams
(M2-M3) exhibit larger displacement than
control beams. However, they exhibit
smaller yielding displacerhent than NC
beams. Besides, increasing the pozzolanic
materials (silica fume) in SCC mixes
exhibit more diéplacement and ductility as
indicated in beam M3 and M4. However,
capacity load of NC beams are greater than
SCC beams. M1-NC has a load capacity of
40.5 KN with maximum displacement
17.6, whereas for SCC beams it ranges
between (37.2-39.45 KN) with maximum
displacement (18.1-19.2 mm), i.e, the
reduction of load capacity is between (2.6-
8) with an average of 5%, and the increase
of maximum displacement is about 6%.

On the other hand, HSSCC (M6-MS8) load
deflection reveals the same trend of SCC
(M2-M4) load-deflection relationship, but
HSSCC beams are more stiffeners with
higher  load
displacement of NHSC is 14.12 mm, while
it is (14.6-17.6 mm) for HSSCC with

capacity. ~ Maximum

average 14% reduction. Load capacity of
NHSC (44-KN) is higher than HSSCC
(41.4-43.2 KN), which has 4% average

reduction.
4.3.2- Repaired beams (R)

All cracked control beams repaired with

CFRP are injected with Techno-epoxy 165

(A), then the cracks are filled with a
mortar of Techno grout GP and Techno
bond LX, as illustrated in Plate (2).

Plate (2, Injection of cracks

Figures (4 and 5) represent the load-
deflection relationship of repaired beams
and load carrying capacities, which
indicates more load carrying capacities
than control beam and reduction of
maximum displacement and ductility
indexes. Beam MI1-NC records an
increase in load capacity by 41%, due to
repairing by CFRP, while SCC beams
increase by about 37%. On the other
hand, the increase of load capacity of
M5-NHSC records 49% and HSSCC
beams record about 68%.

It is concluded, that repairing of SCC
beams is closed to NC improving load
capacity of repaired beams whereas,
HSSCC exhibits more load capacity
increments than NHSC repairing beams.
It is shown from Fig. (4), also, that
improvement of cracking loads of
repaired beams is abut 17 % for M1-NC
and 14% for SCC (M2-M4), whereas

improvement of cracking load for M5-
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NHSC is 19% and 18% for HSSCC

beams.
4.3.3- Strengthened beams (S)

Strengthened beams exhibit more load
carrying capacity than that of control
beams; however, it has iess maximum
displacement and ductility index. Table (4)
records the gain% of load capacities of
)

corresponding control beams.

strengthened ~ beams with  its
The gain of load capacity is about 136 %
for MI-NC, whereas it records (122-137
%) for SCC beams. On the other hand,
gain of M5-NHSC beams is 139 % while
HSSCC records (126-141%).

Initial crack load gain of M1-NC is 39 %,
while it records (28-38 %) for SCC beams.
MS5-NHSC beam has a gain of initial load
of 41%, while HSSCC records (46-51 %).
Fig.(7) shows that, SCC strengthened

beams are less stiffener, and have larger
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maximum displacement than M1-NC.
Results of Fig.(7) indicates, also, that
M5-NHSC is more stiffener and has less
maximum displacement than HSSCC
beams.

4.4- Comparison between NC and
SCC beams

Table (3) and Fig.(8) illustrate a
comparison between M1-NC and M2-
SCC1. It is shown from Fig. (8), that for
W, R and S beams, both M1-NC and M2-
SCC1 act the same behavior up to the
load of yielding.

However, M2-SCC1 after yielding load
becomes less stiffener and of larger
maximum displacements for all cases of
beams (W, R and S).

Maximum displacements for all cases of
beams (W, R and S) for MI-NC are
17.64, 13.50, and 12.68 mm, where the
maximum displacements increase for
M2-SCC1 and record 18.14, 14.20 and

12.80 mm, respectively.

Fig (8 Loacdeflection reltionship of M1-NCand M2-SCC!
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Yielding loads are illustrated in Table (3),
which reveals l‘ess yielding load of SCC
(3.78, 4.1, and 4.8 mm) than NC (3.86,
4.2, and 5 mm) for all cases of beams (W,
R and S), respectively. Hence, ductility
indexes for SCC increase (4.80, 3.46 and
2.67), and for NC (4.57, 3.21 and 2.54),
respectively. This suggests the increase of
ductility by about 5, 8 and 5% for beam
cases (W, R and S), respectively.

4.5- Comparison between NHSC and
HSSCC beams

Figure (9) shows a comparison between
M5-NHSC and M6-HSSCC beams for all
cases (W, R and S). Results show, that
SCC acts as NC up to the yielding load,
hence, SCC becomes less stiffener and
more maximum displacement than NC.
Maximum displacement of MS5-NHSC is
14.11, 12.50 and 11.55 mm for W,R and S
beams, while M6-HSSCC1 records 15.62,
13.10 and 11.64 mm.

120
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Fig (9) Load-deflection relationship of M5-NHSC and Mé-HSSCC!

Results show that yielding displacement
(Ay) for HSSCC records less values than
NHSC as indicated in Table (3)

Because of HSSCC have more maximum
displacements ~ and  less yielding
displacements, HSSCC is more ductile
than of NHSC beams for all cases of
beams (W, R and S).

Results of Table (3) show that yielding
displacement for NHSC are 431, 4.63
and 5.5 mm, while HSSCC records 4,
4.36 and 5.12 mm.

Ductility index of NHSC are 3.27, 2.67
and 2.1, which are increased using
HSSCC to be 3.91, 3.00 and 2.27. This
means the increase in ductility index by
about 20, 12, and 8 % for beam cases W,
R and S), respectively.

4.6- Crack pattern and failure modes

The failure modes which are observed on
the CFRP strengthened beams are
different from those of the classical
control beam. The failure modes of the
experimental beams are shown in Plate
(3), which illustrates the failure mode of
repaired beam (R) strengthened with
CFRP, which indicates that new cracks
are propagated to the beams (Crack 1 Ind
2), while the old repaired cracks (Crack3)
still repaired without any effect. It is
observed, that all beams strengthened
with CFRP laminates fail in the same

manner. The failure mode of specimens
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with transverse edge strip is different from
that of un-wrapped one.

The crﬁck patterns and modes of failure of
the control beam is illustrated in Plate (4),
and for CFRP strengthened beams (S) are
shown in Plates (5). During ‘testing, the un-
strengthened (control) beam exhibits
widely spaced and greater number of
cracks compared to the strengthened
beams, especially for SCC beams.

The cracks appear on the surface of the
strengthened beams at relatively close
spacing of SCC and HSSCC, compared to
NC and NHSC, respectively. This
behavior shows the enhanced concrete
confinement, due to the influence of the
CFRP laminates. Also the composite
action results in shifting the failure mode
from flexural failure (steel yielding), in
case of control beam, to peeling of CFRP
laminates, for the strengthened beams. A
crack normally initiates in the vertical
direction, and as the load increases it
extends drastically upward, due to the
combined effect of shear and flexure. At
higher loads, cracks propagate to top and
the beam splits, i.e, in ei flexure-shear
failure. Finally, the beam fails due to the
separation of CFRP sheet, as shown in
Plate (6), giving a cracking sound along

with the flexural-shear cracks.

Plate (6, Separation of CFRP sheet
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5.CONCLUSIONS

In this experimental investigation the
flexure behavior of control (W), repaired
(R) and strengthened beams (S) of NC,
SCC, NHSC and HSSCC are studied.
From the test results and theoretical
calculations, the following conclusions are

drawn:

1) The computational analysis to
determine the load carrying capacity and
initial cracking loads of RC beams
strengthened with CFRP laminate is
proved to be relatively accurate and
efficient for the prediction of the
experimental values of SCC and HSSCC

beams.

2) Ductility indexes of SCC and HSSCC
beams exhibit more values than those of
NC and NHSC beams, respectively.
Gain of ductility indexes of SCC beams
is about 17, 11 and 16% for control,
repaired, and strengthened beams,
respectively, where gain of HSSCC are
30, 11 and 16%, respectively.

3) Self compacting concrete beams
exhibit more maximum displacement,
minor first cracking deflection, and
minor  yielding  deflections, than
traditional concrete for\ all cases of
beams (control, repairing and

strengthening).

4) Initial crack loading and load
carrying capacity of both SCC and
HSSCC beams appear earlier than
those of NC and HSSCC beams for all
cases  (control, repairing  and
strengthening). Initial crack loading of
SCC and HSSCC is about 90% NC and
NHSC, respectively for all cases of

beams.

5) Load carrying capacity of self
compacting concrete is reduced to
about 95% of traditional concrete, for

all cases of beams.

6) Strengthening of RC beams with
CFRP laminate increases the initial
cracks loading by about 39% of NC
and 28-38% of SCC beams, while load
carrying capacity gain is 136% for NC
and 132-137% for SCC beams.
However, gain in cracking load of
NHSC is 41%, while HSSCC records
46-51%, whereas gain in load carrying
capacity is 139% and records 132-
141% for HSSCC.

7) Repaired beams by injection of
cracks and using CFRP laminate
rehabilitate beams to be more stiffener
and gain more load carrying capacity
and more ductility indexes of SCC and
HSSCC beams.

8) The crack pattern at final loads is

observed from the experimental
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reinforced concrete beams. Furthermore,
more distribution and smaller crack
ampiitude are detected for strengthened
beams with respected to the control
beam. These effects are evident,

especially for SCC strengthened beams.
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Table (1): Mix proportion for one cubic meter
‘ M7-
Mix NG | soer | see sces | NHsc | mssoct | HSSC | o
2 HSSCC3
Cement (Kg) 450 450 286 238 475 450 516 320
Silica fume (Kg) | 0 50 190 | 159 | 23.75 50 0 153
Sand (Kg) 730 850 882 844 493 850 816 1016
Dolomite (Kg) | 'o° | 900 | 713 | 844 | 1315 | 925 884 687
Superplastisizer(Kg)| 0 12.3 23.8 19.85 | 12.5 25 2.18 14.19
VEA (Kg) 0 0 0 0.4 0 0 0 0
wiC %% 036 | 039 | 04 |03 | o025 | 042 | 037
Feu (Kg/em2) | 445 | 450 | 450 | 378 | 700 690 700 590
Table (2): CFRP laminates and epoxy adhesive properties
Materials Property Values
Sheet form Uni-directional roving
Modulus of Elasticity (GPa) 240
-y Elongation at breake (%) 1.55
CEFRP laminate thickness (mm) 0.176
Tensile strength (MPa) 3800
Density (g/cm3) 1.6
Modulus of Elasticity (GPa) 3.8
: Elongation at break (%) 0.9
Epexyiachiesiye Tensile strength (MPa) 30
Table (3): Deflections beams at yield and ultimate stages.
) . Ductility index=
Yield stage (Ay)-mm | Ultimate stage (Au)-mm (AuY (Ay)
Beam — w IR |s |w |R s w |R s
Designation
MI1-NC 386 |42 |5 17.64 | 13.50 | 12.68 4.57 [3.21 [2.54
M2-SCC1 378 |41 |48 |18.14 |14.20 |12.80 4.80 |3.46 |2.67
M3-SCC2 357 [39 [4.6 |[19.15 |14.55 |13.00 5.36 |3.73 | 2.83
M4-SCC3 3.61 395 |47 |[18.65 | 1440 |12.90 5.16 |3.65 |2.74
MS5-NHSC 4.31 4.63 |55 [14.11 |12.50 |11.55 327 {267 | 2.1
M6-HSSCC1 | 4 436 |5.12 [15.62 |13.10 | 11.64 3.91 [3.00 |2.27
M7-HSSCC2 | 4.12 |45 |52 |14.62 |12.80 |11.60 3.55 | 2.84 |2.23
M8-HSSCC3 |[3.92 |4.25 |5.06 | 16.61 | 13.40 |11.76 424 |3.15 [2.32
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‘Table (4): Experimental and theoretical results at different load levels.

Theoretical Gain % due to
Exp.Load (KN) | ' 0,4 (KN) | Per(th)/Per | Put(th)y/Put | strengthening
D Beam. Pcr |. Put Per Put (exp) (exp) Per Put
esignation
MI1-NC-W 13.31 | 40.5 | 9.91 | 39.55 0.74 0.98 - -
M2-SCC1-W 12.94 | 39.45 | 9.91 | 39.55 0.77 1.00 - -
M3-SCC2-W 11.4 37.2 | 9.91 | 39.55 0.87 1.06 - -
M4-SCC3-W. 12 38.25 | 8.65 | 39.01 0.72 1.02 - -
MS5-NHSC-W 16 44 14.48 | 40.61 0.91 0.92 - -
M6-HSSCC1-W | 14.2 42.1 | 14.48 | 40.61 1.02 0.96 - -
M7-HSSCC2-W 15 432 | 1448 | 40.61 0.97 0.94 - -
MS8-HSSCC3-W | 13.7 414 | 1246 | 40.26 0.91 0.97 - -
M1-NC-S 18.45 | 9540 | 14.26 | 77.72 0.77 0.81 38.66 | 135.56
M2-SCC1-S 17.91 | 93.60 | 14.29 | 77.72 0.80 0.83 38.43 | 137.26
M3-SCC2-S 14.62 | 86.40 | 13.21 | 77.72 0.90 0.9 28.26 | 132.26
M4-SCC3-S 15.97 | 90.00 | 12.32 | 75.21 0.77 0.84 33.05 | 135.29
MS5-NHSC-S 22.50 | 105.3 | 17.53 | 82.59 0.78 0.78 40.63 | 139.32
M6-HSSCC1-S | 20.79 | 97.81 | 18.68 | 82.59 0.90 0.84 46.41 | 132.33
M7-HSSCC2-S | 22.32 | 104.1 | 18.91 | 82.59 0.85 0.79 48.80 | 140.98
MS8-HSSCC3-S | 20.70 |-93.90 | 16.3 | 80.96 0.79 0.86 51.09 | 126.80






