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Abstract

An experimental study on reinforced concrete beams strengthened with external steel plates
instead of shear stirrups has been held in this paper. Eight samples of the same dimensions and
properties were used. Two of them were tested up to failure and specified as references beams; one
with shear reinforcement and the other without shear reinforcement. Another samples without shear
reinforcement were tested until the first shear crack occurs, then the samples strengthened on both sides
with external steel plates as equivalent area of removed stirrups. The strengthened beams were divided
into three groups according to the thickness of plates (1, 1.5, 2) mm, each group involved two beams;
one bonded using epoxy and the other bonded using epoxy with anchored bolts. Finally, the
strengthened beams tested when using anchored bolts with epoxy glue to bond plates. Where the
increasing in maximum load is higher than that in reference beam with no internal stirrups reach to
(75.46 —106.13)% and has a good agreement with the control beam with shear reinforcement reach to
(76.06 — 89.36)% of ultimate load.
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1. Introduction

Strengthening of reinforced concrete structural elements has been increased
during last decades. It is a very important practical matter especially in partially
damaged members to avoid collapse. Several techniques can be used in strengthening
and rehabilitation of R.C. beams i.e. (carbon fiber reinforced polymer composite,
Glass fiber reinforced polymer, steel plates, cement based composite, etc.). It is well
known that the use of plates for this aim has considerable success owing to their high
capacity, easy construction, and deformability restraining.

Tankut and Arslan (1992), Jumaat and Alam (2008), and Onik et al. (2015)
showed through an experimental study on the behavior of reinforced concrete beams
strengthened by steel plates the efficiency of techniques on the ductility and load
capacities of beams.

Raoof and Zhang (1997) suggested a guideline for the design of reinforced
concrete beams with external plates, assuming that plate debonding occur when the
tensile stress in concrete reaches to the tensile strength of concrete. Raoof et al. (2000)
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specified through a theoretical and experimental study on externally plated reinforced
concrete beams the effects of several factors like concrete strength, beam width, and
number of layers of tension reinforcement on the plate peeling failure.

Kl and Zhu (2005) carried out an experimental study for strengthening of reinforced
concrete coupling beams tested under reversed cyclic loadings. The results showed
that external steel plate attachment by bolted connections could enhance the strength
and shear capacity of beams.

Barnes and Mays (2006a) investigated the contribution of side plates to the shear
strength of reinforced concrete beams subject to different shear failure modes, and
Barnes and Mays (2006b) proposed a design method for reinforced concrete beams
with continuous external steel side plates.

Tekin et al., (2011), carried out an experimental study to repair damage
reinforced concrete beams with steel plates. The experimental results showed that the
capacity of damaged beams was increased. Bhagat and Bhusari (2013) presented an
experimental study on strengthening of RC beams using epoxy bonded continuous
steel plates. it is observed that the increase in depth is better is than the increase in
thickness for plates with equal cross-sectional area.

In this study the steel plate used to strengthening reinforced concrete beam when the
first crack appear.

2. Experimental Program

External steel plates were used to enhance the shear capacity of reinforced
concrete beams by compensation the missed stirrups. The beams were strengthened
with external steel plates on both sides when the first shear crack occurs at test. The
strengthened beams were divided into three groups according to the thickness of
plates; each group involved two samples one bonded with the concrete surfaces using
epoxy and the other bonded using epoxy with anchored bolts.
2.1 Specimen Details

The experimental program involved testing of eight beams. All beams have
same materials and geometry. The length of the beams is 1050 mm with 150 % 200
mm cross-sectional dimensions. The concrete compressive strength 1s 25.8 MPa. All
beams reinforced with 2016 mm in tension zone and without any shear reinforcement
except one of them denoted as (B1) which has shear bars reinforcement and (1 O 6
mm) in compression zone just to support ties as shown in Figure 1.
2.2 Materials Properties
2.2.1 Concrete

Ordinary Portland cement, coarse aggregate have a 20 mm maximum size
crushed gravel and the fine aggregate was natural river sand, zone 2 according to
1QS:45 1984 with 2.81 fineness modulus. Volumetric mixing ratio of (1:1.5:3) was
used, with water/cement ratio (w/c)= 0.45. Cylinders and prisms for control tests were
cast and stored with each beam and then tested when the beam was tested. Average

results of cylinder strength ', and modulus of rupture £, are given in Table 1.
2.2.2 steel reinforcement (bars and plates)
Details of steel bar used in tested beams are indicted in Figurel. Steel plates with
different thicknesses of 1.0, 1.5 and 2 mm were used as an external reinforcement to
compensations the missed stirrups. The steel plates can be bonding to the concrete
surfaces in the following ways:
e Epoxy adhesive
e Epoxy adhesive with anchor bolts
Sample of bars and plates was tested by tensile testing machine to product some
properties of them, results of test were listed in Table 2.
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Table 1: Test results of Concrete (MPa)

Table 2: Test results of steel bars and plates (MPa)
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Figure 1: Loading arrangement, geometry and reinforcement detail for
(a): Beam B1, (b): All beams except beam B1

2.3 Steel Plate Dimensions
Some researchers adopted expressions to attain a desirable or rational design for
externally bonded plates; these expressions are shown in Figure 2.

9 L S -
—T . -
d Steel d
: pkﬂc ——
e _eo oIk} : e_o o
e CpOXY HE
te s resin tets
t S3mm i S8mm
; S2mm lg £2mm
d 21001, d 2100t
a) Without metallic anchors b) With metallic anchors

Figure 2: shear strengthening- recommended dimensions (Gomes and Appleton 2002)

Where

t, = thickness of plate , t, = thickness of glue, d' = depth of plate.

According to this limitation and size of concrete section of beam, three thicknesses

were use (1.0, 1.5, and 2) mm with 200 mm high. Width of steel plate (w;) was taken

from the equivalent area of removed stirrup of reference beam B1 as follow:

(As ._f;;) stirrup — (Asp -f;fp) plate

Asp = W X ts
So the width of plate with 1.0 mm, 1.5 mm, and 2mm was 134 mm, 85 mm, and

64 mm respectively. The number of plates used in the strengthening beam with no

shear reinforcement was equal to the number of stirrup of reference beam that have

shear reinforcement (B1) and with the same arrangement. The plates with 1.0 mm

thickness are used as one continuous steel plate because of the small space between

pieces of plate.

2.4 Bonding procedure

Special consideration is given for bonding the steel plates to the concrete surface of

the reinforced concrete beam, as shown in Figure 3 and as it is shown below:

1- Fixing the position of plates on sides of beam.

2- The adhesive was two part epoxy glue. The two parts were mixed in accordance
with the manufacturer’s instructions. Mixing is continued until the mixture is a
uniform color.

3- The epoxy spread uniformly on the beams and steel plates of about 2-mm
thickness then the plates are bonded to the beams.
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4- Before the anchorage bolts of 4 mm in diameter and 33 mm in depth were applied,
the holes with a diameter about 8 mm and a depth about 35 mm were opened
using a mechanical drill on the two side face of the beam. These holes were filled
by hilti. Drilled holes with a diameter of 4 mm were also formed in the steel
plates.

5- After completion of the bonding operations, the steel plates were fixed to the side
faces of the beam by mechanical clamp. The testing was done after no less than
three days of the gluing operation.

Figure 3: Steps of bonding procedure

3. Experimental setup

All the tested beams were simply supported under one point load at mid span
which incrementally loaded by means of a hydraulic jack with maximum capacity of
200 kN as shown in Figure 4. For each increment of the load, the deflection was
measured by dial-gage placed at mid span of beams.

Beam with shear reinforcement (B1) and beam with no shear reinforcement (B2)
were incrementally loaded up to maximum load capacity and used as reference beams.
For another six beams, two cycles of loading were done. The first cycle for cracking
load, where the beams initially loaded up to first crack occur then the test was
stopped. In the end of first cycle test, the residual deflection was recorded as the load
removed. The second cycle represented the loading of the strengthening beams up to
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ultimate, where the beams strengthening by compensation the missed stirrup with
bonded external steel plate. For all beams, the first crack was initiated as diagonal
shear crack formed between the point of load application and near the support with an
inclination ranges between 37° and 48° to the horizontal. Figure 5 showed the first
crack on the beam B3. The epoxy or anchor bolts with epoxy were used to bond steel
plates to the concrete surface at the both side of the beams. The arrangement of plate
on strengthening beams was identical as arrangement of stirrups on reference beam
B1 as indicted in Figure 6 and Table 3.

hydraulic jack

R.C. beam

7

< simply
: support

Figure 5: First crack on the tested beam B3 (at 27.5 kN)
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Table 3: Details of reinforced concrete beams

Internal Thickness | Dimension No. of plate
Beam . of plate of plate 0 01 Pt Bonding
Stirrups : in each side
No. ts d X wg method
of beam
mm mm
910 mm
Bl @ 1°0mm ) ) ) i
B2 No stirrups i ) ) )
) 1
B3 No stirrups 1.0 200 x 1034 continuous Epoxy
plate
) 1
B4 No stirrups 1.0 200x1034 | continuous | , POV &
Anchor bolts
plate
B5 No stirrups 15 200 x85 7 Epoxy
No stirrups Epoxy &
AO
B6 1.3 200 % 7 Anchor bolts
B7 No stirrups 2 200 x64 7 Epoxy
No stirrups Epoxy &
B8 2 200 =64 7 Anchor bolts
Table 4: Test result of strengthening beams with steel plate
Ultimate
Ultimate .
plate Cracking load L Increasing Increa§mg
thick- load without I rate in lti:::t: 1111 d
Beam ness strength strer‘ngth ultimate load :es eacltetooBaZ Failure
No. t -enin ~enIng | respect to B1 P mode
s g P, -P
Pcr Pu (cyCIe 2) IP;':'I.I _3 uP -
(mm) (kN) (kN) P, % Py %%
(kN)
Bl . 60 94 . - Crushing
of concrete
B2 - 26.5 40.75 - - Shear
B3 1.0 27.5 - 71.5 76.06 75.46 Plate split
B4 | 1.0 26 i 84 89.36 106.13 | Platesplit&
Shear
B5 1.5 28 - 73 77.65 79.14 Plate split
B6 1.5 27.5 - 80.5 85.64 97.55 Shear
B7 2 Y4 - 74 78.72 81.60 Plate split
B8 2 26.5 - 82.25 87.5 101.84 Shear
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Load (kN)
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Deflection (mm)

Figure 7: Load-deflection curve for beams B3,B4,B5,B6,B7 and B8 before
strengthening (to 8%racking load)
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Figure 10: Load-deflection curve for
beam B4
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Figure 12: Load-deflection curve for

beam B6
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Figure 11: Load-deflection curve for
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Figure 13: Load-deflection curve for
beam B7
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Figure 14: Load-deflection curve for Figure 15: Load-deflection curve for refrences
beam B8 beams B1 , B2, and for beams B3,B4,B5,B6,B7
and B8 after strengtheneing

Figure 16: Types of failur of strengthened beams
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4. Results and Discussion

The results obtained from the tests carried out on beams are discussed in the
subsequent sections.
4.1 Load capacity
1. It is clear from test results inducted in Table 4 and Figures from 7 to 15 that the
beams are strengthening by replacing the removed stirrup with external steel plate of
an equivalent area have a good agreement with original beam Bl (with shear
reinforcement), and an increase in the maximum load is higher than that in reference
beam B2 (with no shear reinforcement).
2. The strengthening by continuous steel plate 1mm thickness that bonded with epoxy
and anchored bolts with epoxy for beams B3 and B4 respectively provided about
76.06% and 89.36% of ultimate load from the reference beam Bl (with shear
reinforcement) respectively, and an increase in ultimate load about 75.46% and
106.13% which higher than that of reference beam B2 (without shear reinforcement)
respectively.
3. The strengthening by steel plate 1.5 mm thickness that bonded with epoxy and
anchored bolts with epoxy for the beams B5 and B6 respectively provided about
77.65% and 85.64% of ultimate load of the reference beam B1 respectively, while the
increase in ultimate load is about 79.14% and 97.55% which higher than that of the
reference beam B2 respectively.
4. The strengthening by steel plate 2 mm thickness provides about 78.72% and 87.5%
of ultimate load of the reference beam B1 for the beams B7 and B8 that bonded with
epoxy and anchored bolts with epoxy respectively, while the increase in ultimate load
is about 81.60% and 101.84% higher than that of the reference beam B2 respectively.
5. It was recognized from results, there is a difference in load capacity of
strengthening beams between using epoxy and epoxy with anchored bolts, due to the
effect of anchored bolts on fixing plates with concrete face.
6. Results showed that the behavior of the strengthening beams were quite the same
because the same equivalent shear area used to compensate stirrups.
4.2 Failure modes

The reference beams damaged by the crushing of the concrete at the top of the
beam after considerable flexural - shear crack for beam B1 with shear reinforcement,
and shear failure for beam B2 with no shear reinforcement.

For the strengthening beams three failure mechanisms were recognized as
shown in Figure 16, where the beams connected with external steel plates behave as a
one structural unit. The first one was splitting of the steel plate from the concrete face
in case of beam B3, BS, and B7. The separation was due to the tearing of the concrete
above the epoxy glue. The second mechanism was a shear failure accompanied with
splitting of the continuous steel plate from the concrete face in case of beam B4. The
third mechanism was a traditional shear failure in the beams B6 and BS. From failure
mode of strengthening beams noted that using anchored bolts with epoxy glue to
bonded steel plate made the beam reach to maximum capacity before splitting of
plate.

5. Conclusions

From the experimental results, the following conclusions can be stated:

1. The external steel plates bonded to the reinforced concrete beams using epoxy or
epoxy with anchored bolts could be used to enhance the shear capacity of beams and
it is a practical and successful method.

2. The strengthening with external steel plate as equivalent area of stirrups showed an
increase in the maximum load higher than beam with no internal stirrups by about
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(75.46 —106.13)% and have good agreement with reference beam with shear
reinforcement reach to (76.06 — 89.36)% .

3. The capacity by using epoxy with anchored bolts is higher than the capacity with
epoxy only by about (8 — 30 %), this difference is due to the effect of anchored bolts
that delayed the splitting of the plate from the concrete face

4. Using separated plates is better than using continuous plates because the possibility
to recognize any crack or failure on strengthening beams.

References

Bhagat S, Bhusari J.,2013, “Improving shear capacity of beams using epoxy bonded
continuous steel plates” International Journal of Advanced Technology in Civil
Engineering, 2 (1), pp.39-44.

Barnes, R. A., and Mays, G. C.,2006a,“Strengthening of reinforced concrete beams
in shear by the use of externally bonded steel plates”Part 1—Experimental
program.” Construct. Build. Mater, 20 (6), pp. 396—402.

Barnes, R. A., and Mays, G. C.,2006b,“Strengthening of reinforced concrete beams
in shear by the use of externally bonded steel plates” Part 2—Design
guidelines.” Construct. Build. Mater, 20 (6), pp. 403—411.

Gomes,A. and Appleton, J.,2002, “Strengthening Design of Concrete Beam by
Addition of Steel Plate.”Department of Civil Engineering, IST, Technical
University of Lisbon, Lisbon, Portugal.

Jumaat, M. Z. and Alam, M.A.,2008, “Strengthening of R.C. Beams Using
Externally Bonded Plates and Anchorages” Australian Journal of Basic and
Applied Sciences, Vol. 3, No. 3, pp. 2207-2211.

KL, S. and Zhu, Y.,2005, “Experimental and numerical studies of external steel plate
strengthened reinforced concrete coupling beams” Engineering Structures, Vol.
27, No. 10, pp. 1537-1550

Onik, S.A., Alam, Md.A. and Mustapha, K.N.B.,2015, “Bond Strength of Externally
Bonded Plate Considering the Effect of Crack” The 3rd National Graduate
Conference (NatGrad2015), Universiti Tenaga Nasional, Putrajaya Campus, 8-9
April 2015.

Raoof, M., and Zhang, S.,1997,“An insight into the structural behavior of R.C.
beams with externally bonded plate "Proc.ICE Struct. Build.,122(4),pp.477-492.

Raoof, M., El-Rimawi, J. A., and Hassanen, M. A. H.,2000,“Theoretical and
experimental study on externally plated R.C. beams.” Eng. Structures, 22(1), pp.
85-101.

Tankut, T., and Arslan, M.,1992 “Behaviour of reinforced concrete beams
strengthened by epoxy-bonded steel plates.” Tech. J. Turk. Chamber Civ. Eng.,
92 (Digest), pp.176—185.

Tekin, M., Demir, A., Tural,T., Nohutcu, H., Bagci, M.,201, “Strengthening Of Rc
Beams With Prefabricated Rc Rectangular Cross-Sectional Plates”
Mathematical and Computational Applications, Vol. 16, No. 4, pp. 868-878

617



