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Abstract: This study presents the experimental results, observations and evaluation from an mvestigation
looking mnto the effect of different strengthening techmques on the behaviour of cne-way reinforced concrete
slab. The research aims to propose recomimendations for the best strengthening method to achieve the optimum
performance of one-way slabs. Results indicate that the stiffness of the strengthening layer must not be more
than 1/38 of the stiffness of the strengthened element to avoid brittle failure. Two modes of failure were
observed: flexural ductile failure and brittle shear failure in addition to debonding of CFRP layers. The
improvement in the initial cracking load is always higher than that in the ultimate load. To achieve the optimum
performance of the slab in terms of strength, stiffness and ductility, the width of the steel plate should be equal
to the width of the slab and the thickness of the steel plate must not be more than t/64 where t 1s the slab
thickness. It is recommended to not strengthen one-way reinforced concrete slabs by ferrocement as the
specimens strengthened by ferrocement did not show noticeable improvement in the strength and stiffness.
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INTRODUCTION

Strengthening of reinforced concrete structural
elements with numerous techmques and materials has
received significant research attention in recent decades
(Wang and Tan, 2002; Erki and Heffernan, 1995;
Loreto et al., 2013; Anil et al., 2013; El Maaddawy and
Soudki, 2008; Smith et ai, 2011, Correia et af., 2017,
Kim et al, 2013; Smith and Kim, 2009, Yang et al., 2018,
Tank and Modhera, 2017). For example, FRP
(Fathelbab et al., 2014), steel plates (Ngidi and Dundu,
2018), ferrocement (Shaheen and Abusafa, 2017), near
surface mounted steel rebars (Ali and Yela, 2016) and
overlaying concrete (Fernandes et al., 2017). They can be
plated into the slabs using various techniques such as
epoxy and shear commectors. Julio ef al. (2010) performed
experimental and mumerical study to evaluate the accuracy
of the codes in overlay strengthening. They stated that
the exciting design equations are overestimating the shear
strength at the interface for low remnforcement ratios
whereas for ligh reinforcement ratios the codes equations
are too conservative. Al-Kubaisy and Tumaat (2000)
investigated the flexural behaviour of reinforced concrete
slabs with ferrocement layer at the tension cover. The
study reported that the use of ferrocement could slightly
improve the slab ultimate strength and the first cracking

load. However, the improvement was higher with increase
of the reinforcement and thickness of the ferrocement
layer. Alam et al. (2018) proposed a comprehensive
strengthening technique to eliminate early failures of
reinforced concrete slabs strengthened using steel
plates with end anchor and embedded connectors. The
researchers claimed that the proposed technique prevents
end peeling and shear failure. Theoretical models for
predicting the slab capacity was also suggested. The
efficiency of using fastener m attaching FRP to remforced
concrete beams was investigated by Martin and Lamanna
(2008). The study stated that the proposed technique
could improve the flexural capacity of the strengthened
beams by up to 39% without affecting the beam ductility.
Hor et al. (2017) investigated the behaviour of composite
reinforced concrete slabs strengthened with ultra-high
performance concrete. The study considered two series:
rehabilitations which mclude the use of ultra-high
performance concrete as patch material for repairing
deteriorated concrete structures and overlying of the
slabs with ultra-high performance concrete. For
rehabilitations series, it was reported that there was clear
reduction in the diagonal cracks and increasing of the
flexural cracks (failure changed from brittle to ductile). In
the overlying series, it was stated that the overlay
concrete delays development of shear cracking and
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improve the energy abolition ability. The evident
presented m the literatures reveals that each
strengthening technique has number of advantages and
disadvantages. For safety, practicality and economy
reasons there is a need for suggesting recommendations
for each strengthening techniques to achieve the
optimum performance. Therefore, this research aims at
mvestigating and evaluating the performance of
strengthened one-way reinforced concrete slabs and
propose the recommendations to optunize the
performance of one-way slab in each strengthening

method.
MATERIALS AND METHODS

Experimental programme and instrumentations: To
evaluate the improvement of different strengthening
techniques on the behaviour of one-way slab, nineteen
specimens were tested this research. The specimens were
constructed to simulate one-way solid reinforced concrete
slabs. Details of the specimens are shown in Fig. 1. All
specimens were 1050 mm length, 400 mm width and
80 mm thickness. They were reinforced with 312 steel
bars 1n the longitudinal direction and 7®12 steel bars in
the transverse direction. After casting, the specimens
were covered with polythene sheets for 24 h. Then they
were demoulded and placed in curing water for 27 days.
The strengthening process started after completing the
curing. The experimental programme was divided into four

first group was strengthened with overlaying concrete,
the second was strengthened with ferrocement, the third
was strengthened with CFRP and the fourth group was
strengthened with steel plates. Prior to strengtheming, the
concrete surface was roughened using a grinding machine
and the resulted surface was cleaned from dust using a
vacuum cleaner (Fig. 2).

First group; Overlaying concrete: Overlaying Concrete
(OC) was added to the top of the strengthened slab (at the
compression side). Tt was reinforced with welded wire
mesh 50x50 mm hole size and 4 mm bar diameter. Four
technics of bonding were used to attach the OC to the
specimens: SikaDur 32 (SD) Ordinary Portland Cement
(OPC), Shear Connectors (SC) and without any binder. M8
bolts were used as shear connectors. They were inserted
in predrilled holes and distributed in two rows at 150 mm
center to center spacing (Fig. 3). The OC was cured with
water for 28 days after casting for all specimens. The
details of the tested specimens are presented in Table 1.

Second group; Ferrocement: In this group, a layer of
ferrocement mortar was used as a strengthening layer
(Fig. 4). The details of the ferrocement mix are: 1-2 cement
to sand ratio, W/C = 0.47, flow = 170 mm and compressive
strength of 30 MPa. The surface of the slab was grinded
before installation the ferrocement layer to increase
bonding. Similar to the previous group (OC group), Mg
bolts were used in the same distribution. The varying
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Fig. 1: Details of the specimens: a) Geometry of specimens and b) Reinforcement of specimens
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Fig. 2 a, b): Surface preparation for the strengthened
specimens

Fig. 4: Wire mesh mstallation in ferrocement layer

Fig. 5: Placement of CFRP sheets

Fig. 6: Strengthening using steel plates

parameters 1in this of the
ferrocement layer (20 and 40 mm), the number of layers of
wire mesh (2 and 4 layers). The wire mesh openings
size 13 15x15 mm and the wire diameter is 0.6mm. The
ferrocement layer was remforced by 0 and 1% steel fiber
{(weight ratio). The diameter aspect ratio and the density
of steel fiber were 12, 0.2 mm, 60 and 7800 kg/m’,
respectively. The details of tested specimen of this group
are presented in Table 1.

group were thickness

Third group; CFRP: CFRP fabric sheets were placed over
a thin layer of resin and impregnated with resin using a
plastic roller. Then a resin layer of 0.5 kg/m® was spread
over the surface of the fabric sheets (Fig. 5). The effect of
changing the width and the number of layers of CFRP
were investigated in this group. All the details of the
tested specimens are presented m Table 1.

Fourth group; Steel plates: A36 steel plates were used to
enhance the specimen’s resistance. They were attached at
the tension side of the specimens using M8 bolts (Fig. 6).
The bolts were distributed m two rows at 210 mm center
to center spacing. The investigated parameters here
were: the thickness and the width of the steel plates
(Table 1).

All specimens were tested at the age of 30 days. They
were subjected to four points bending as shown in Fig. 7.
Before the test, the specimens were painted with white
colour to highlight the cracks. After the specimen is
placed in position, they were loaded up to failure using
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Table 1: Test matrix

Comp Cormp. Width of
Thickness  strength strength Mo. of Thickness of No. of CFRF or Thickness
Types of Position of of O.C of slabs of O.C Bending  Ferrocement ferrocement ferrocernent CFRP St PL of 5t. PL
Specimens strengthenin; strengthenin; () /) (/mm”) materials mix mesh layers (rromy) or 2L Pl o (1o
First group: Overlaying Concrete
3, - - - 43 - -
Q2080340 ac Top 20 43 a0 2032
O405DE40 o.C Top 40 43 40 5D32
Q2080880 ac Top 20 43 20 2032
O20%Wa40 o.C Top 20 43 40 Without
Q208CE40 Q.c Top 20 43 40 aC
Q20COPCE40  OC Top 20 43 40 OPC
Second group; Ferrocement
F2-20-0 F Ect. - 43 F1 2 20
F4-20-0 F Bot. 43 Fl 4 20
Fz240-0 F Ect. 43 F1 2 40
F2-20-1 F Bot. 43 F2 2 20
F4-20-1 F Boat. 43 F2 4 20
F240-1 F Bot. 43 F2 2 40
Third group; CFRP
C2-50 CFRP Ect. - 43 - sD32 2 50
C1-100 CFEF Bot. - 43 - 5D32 1 100
Cz2-100 CFRP Ect. - 43 - sD32 2 100
Fourth group; ateel plates
21-200-1.25 St Pl Ect. - 43 1 200 125
51-400-1.25 5t Pl Bot. - 43 1 400 125
51-400-2.5 5t Pl Bot. - 43 1 400 235

Fig. 7: Test setup

600 kN universal testing machine. Vertical deflections
were recorded at three points: the mid span and 150 mm to
the left and right of the specimen’s center line.

RESULTS AND DISCUSSION

Load deflection relationships: The load deflection
relationships of all the tested specimens are presented n
Fig. 8. The deflection was recorded at the mid span of the
slabs. For all specimens, the load displacement curves
identify two stages: linear elastic up to the yielding load
(P,) and nonlinear plastic extends from yield to the
ultimate strength (P,) of the specimens. Accordingly, the
behaviour can be simulated using bilinear model.
Table 2-5 list the strength, stiffness and ductility for all
the tested specimens. The mitial stiffness of the

specunens was calculated by considering the yield
strength and the yield displacement (P/A)). The post
yield stiffhess was calculated from the difference between
the ultimate load and the yield load (AP ) and the net
plastic  displacement (AP/A.).  The net plastic
displacement (A, ) can be found by taking out the yield
displacement (A.) from the ultimate displacement (A,). For
specunens strengthened with overlying concrete, the
highest improvement m the strength was obtamned from
specimens Q205D 340 and O20SDS&0. The initial and post
yield stiffness improved significantly for all the
strengthened specimens and the higher improvement was
1n specimen O403DS40 but this specimen fails i brittle
manner. In terms of strength, stiffness and ductility
specimens O20380 and O205CS40 can be consider as the
best choice for strengthening using overlying concrete as
they show noticeable improvement mn the strength and
stiffness and the highest ductility among the group.
Specimens strengthened by ferrocement
marginal enhancement in strength and there was no
improvement in the specimen’s stiffness due to the
ferrocement strengthening. The ductility of the specimens
shows slight enhancement in specimens F2-40-0, F2-40-1
and F2-20-0 and for the other specimens the ductility was
reduced with the strengthemng. Therefore, it 1s
recommended to not use the ferrocement in the
strengthening on one-way slabs. In CFRP group, the
strength shows obvious improvement and the lhighest
strength was recorded for specimen C2-100 whereas, the
stiffness did not show sharp increase. Apart from
specimen C2-50, the ductility dropped significantly with
the use of CFRP. It can be clearly seen that the optimum
performance can be obtained by using two strips of CFRP

show
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Table 2: Strength, stiffness and ductility for specimens strengthened by overlying concrete

Specimens P, (KN) A, (mm) K; (KN/mim) P, (kN) A, (mm) K, (KN/mim) WA A
S, 70 7.00 10.00 80.00 19.3 0.813 2.757
0208C840 20 5.60 16.07 113.7 28.2 1.049 5.036
020SDS80 90 5.05 17.82 115 24.5 1.285 4.851
0200PCS40 20 4.70 19.15 98.2 7.85 2.603 1.670
020WS40 100 5.40 18.52 110.2 11.2 1.759 2.074
0208DS40 100 5.35 18.69 115 13.3 1.887 2.486
0408DS40 100 4.20 23.81 110 5.75 6.452 1.369

Table 3: Strength, stiffhess and ductility for specimens strengthened by ferrocement

Specimens P, (kN) A, (mm) K (KN/mim) P, (kN) A, (mm) K, (KN/mm) WAL
Sa 70 7 10.00 80 193 0.813 2.757
F240-0 73.8 7.5 .84 88 26.2 0.759 3.493
F240-1 80 8.78 9.11 89.6 28.58 0.485 3.255
F2-20-0 80 9.07 8.82 86.7 33.8 0.271 3.727
F4-20-0 80 8.8 9.09 89.6 23.5 0.653 2.670
F2-20-1 80 8.1 9.88 87.7 17.7 0.802 2185
F4-20-1 80 8.2 9.76 89.8 1625 1.217 1.982

Table 4: Strength, stiffness and ductility for specimens strengthened by CFRP

Specimens P, (KN) A (mm) Ki (KN/mm) P, (kN) A, (mm) K, (KN/mm) A A
S, 70 7.00 10.00 80.0 19.30 0.813 2.757
C2-50 80 7.90 10.13 95.1 24.50 0.910 3101
C1-100 81 8.06 10.05 89.0 13.97 1.354 1.733
C2-100 95 8.83 10.76 97.5 11.65 0.887 1.319

Table 5: Strength, stiffness and ductility for specimens strengthened by steel plate

Specimens P, (kN) A, (mm) K; (KN/mm) P, (kN) A, (mm) K, (kN/mm) WAL
Se 70 7 10.00 80 19.3 0.813 2.757
$1-400-1.25 103.8 10 10.38 120 285 0.876 2.850
S1-200-1.25 100 7.55 13.25 113.2 18.7 1.184 2.477
S1-400-2.5 160 5.05 31.68 165 5.55 10.000 1.099
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Fig. 8 a, b): Load versus mid-span deflection curves of tested specimens

of width equal to 50 mm (for each strip) which 1s For specimens strengthened with steel plate, the result
equivalent to (.125 of the slab width (specimen C2-50). reveals that there has been a marked increase in strength
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Fig. 9: Failure modes and crack pattemns: a) S, flexural ductile failure; b) O20SCS40 flexural ductile failure; ¢) O20SDSRO
flexural ductile failure; d) O200PCAO0 brittle shear failure; e) O20W S40 brittle shear failure; f) O20SDS40 flexural
ductile failure; g) O40SDS40 brittle shear failure; h) F2-40-0 flexural ductile failure; i) F2-40-1 flexural ductile failure;

1) F2-20-0 flexural ductile failure; k) F4-20-0 flexural ductile failure; 1) F2-20-1 flexural ductile failure, m) F4-20-1
flexural ductile failure; n) C2-50 flexural ductile failure; o) C1-100 brittle shear failure; p) C2-100 brittle shear failure;
q) S1-400-1.25 flexural ductile failure; r) S1-200-1.25 flexural ductile failure and s) S1-400-2.5 brittle shear failure

and stiffness of the strengthened specimens. Specimen

specimens express negligible change in ductility Fig. 9.
S1-400-2.5 shows clear drop m ductility whereas other

This results indicate that the steel plate should cover the
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Table 6: Cracking load and ultimate load

Specimens Cracking load P, (kN Ultirnate load P, (kN) PP, PP, PPy
S, 15.0 80.0 0.19 1.00 1.00
0208C840 25.0 113.2 0.22 1.67 1.42
020880 25.3 115.0 0.22 1.69 1.44
020C840 26.0 115.0 0.23 1.73 1.44
020WS40 22.0 110.2 0.20 1.47 1.38
020840 25.2 115.0 0.22 1.68 1.44
040840 25.0 110.0 0.23 1.67 1.38
F2-40-0 20.1 88 0.23 1.34 1.10
F2-40-1 30.2 89.6 0.34 2.01 1.12
F2-20-0 18.3 86.7 0.21 1.22 1.08
F4-20-0 20 89.6 0.22 1.33 1.12
F2-20-1 30.4 87.7 0.35 2.03 1.10
F4-20-1 30 89.8 0.33 2.00 1.12
C2-50 17 95.1 0.18 1.13 1.19
C1-100 17.5 89 0.20 1.17 1.11
C2-100 20 97.5 0.21 1.33 1.22
$1-400-1.25 32 120 0.27 2.13 1.50
81-200-1.25 18 113.2 0.16 1.20 1.42
51-400-2.5 90 165 0.55 6.00 2.06

*P,, 15 the cracking load of the control specimen; *#P,, is the ultimate load of the control specimen

whole width of the slab and its thickness must not be
more than t/64 where t 1s the slab thickness because
increasing the plate to more than this limits will reduce the
slab ductility.

Failure modes: Figure 9 shows the failure modes and the
crack pattern of all the tested specimens. The behaviour
of all specimens was similar before the existence of any
cracks. Two main failure modes were noticed: flexural
ductile failure and brittle shear failure. Debonding was
recorded only n specimens strengthened by CFRP. The
control specimen showed typical ductile failure mode and
the behaviour turned into brittle failure with increase of
the strength of the strengthening layers. To avoid brittle
failure, the stiffness of the strengthening layer should not
be more than 1/38 of the stiffness of the strengthened
element.

Initial cracking loads and ultimate load: Table 6 Lists the
initial cracking load and the ultimate load for all
specimens. Tt is ¢lear that both of the initial cracking and
the ultimate loads are mcreased for all the strengthened
specumens. However, the amount of increase 1s related to
the strength of the strengthening material. For example,
the initial cracking load of specimen S1-400-1.25 is about
2 times of that of control specimen and the imitial cracking
load of specimen S1-400-2.5 1s 6 times of that of control
specimen. The difference which is equal to 4 is attributed
to doubling the thickness of the steel plate. Another
mteresting finding is the improvement in the iutial
cracking load 1s always lngher than that in the ultimate
load.

CONCLUSION

Experimental investigations of the effect of four
strengthening  techniques  (overlaying  concrete,
ferrocement, CFRP and plates) on the behaviour of
one-way reinforced concrete slab were conducted in this
study. It was found that, the amount of improvement in
the strength and stiffness of the strengthened specimens
is related to the stiffness of the strengthening layer.
Therefore, to avoid brittle failure it is recomimended to limit
the stiffness of the strengthening layer to not be more
than 1/38 of the stiffness of the strengthened element. In
addition to debonding of CFRP layers, two modes of
failure modes were observed: flexural ductile failure and
brittle shear failure. The improvement in the initial
cracking load is always higher than that in the ultimate
load. For specimens strengthened by steel plates, the
width of the steel plate should be equal to the width of the
slab and the thickness of the steel plate must not be more
than t/64 where t is the slab thickness, to limit brittle
failure possibility. Tt is recommended to avoid ferrocement
in strengthening one-way reinforced concrete slab due to
its limited capacity in improving the slab strength and
stiffness.
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