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ABSTRACT

The aim of this study is to investigate the potential effect of externally
bonded aluminum sheets to improve punching shear strength of reinforced

concrete dlabs and compare the results with design codes.

The experimental program includes testing atotal of 16 slabs (800 x 800 x
100) mm. The dlabs are divided into two groups according to compressive
strength; the first group consists of nine normal concrete slabs and second group
consists of seven high strength concrete dabs. In each group, one slab is left
without strengthening as a control slab, while the remaining slabs have a
different aluminum sheets distribution.

The effect of amount of aluminum sheets (0.16, 0.24, 0.32) m? (plan area),
width of aluminum sheets (100 and 50) mm, and location of aluminum sheets in
addition to concrete strength on the punching shear strength of slabs are studied.
All dabsin this study are designed to fail in punching shear.

During the test, the slabs are simply supported on all four edges and
loaded centrally by a (80 x 80) mm column. Load deflection curves, cracking

patterns and effect of variables on the test results are discussed.

Experimental results showed that, the strengthening by aluminum sheets
increased the ultimate punching load of the dlabs by (5-41) %, the first cracking
load by (11.58-53.57) %. The strengthened slabs showed less deflection during
loading by about 40% compared to the control slabs.

Also, the results showed that the increase in ultimate punching load for
normal strength concrete (fcu=30) MPa, is between (25-41)% more than for high
strength concrete (fcu=65) M Pa, which is between (5-29)%.

increasing the plan area of aluminum sheets lead to increase of the

ultimate punching load, whereas with constant area of aluminum (plan area), the

Y



width of sheets 100 mm or 50 mm was found to have no effect on the slabs
punching strength.

Slabs strengthened with plan area of aluminum sheets (0.16) m? for three
different locations (0.5d, 1.5d and 2d) from column face are investigated. The
distance (0.5d) gives high punching load.

The results are compared with predicted punching shear strength by
design models of the ACI 318-11Code, the BS8110-1997 and Eurocode 2-
2004. The design codes provide very conservative for predicted punching shear

strength.
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CHAPTER ONE
INTRODUCTION

1.1 General

The reinforced concrete flat plate is an economical and popular structural
system. It consists of a two-way slab of uniform thickness cast monolithically

with columns. Beams, drop panels, and capitals are not used [1].

Flat plate can be built relatively rapidly because the absence of drop panels
resultsin simpler formwork arrangements, enabling rapid floor construction, and
giving maximum flexibility to the occupants. In addition, flat slab helps
minimizing floor-to-floor heights. This provides advantages in terms of lower
building height and reduced installation costs [2]. The disadvantages of flat plat

are high shear stress near column and excessive long term deflection.

Punching shear failure is one of most popular failure modes in flat slabs. It
occurs around concentrated load on a slab or a column. This failure is
accompanied with a specia mechanism of collapse in which sudden and an
inverted conical plug of concrete slab above the column is isolated. Punching
shear failure occurs with amost no warning signs because deflections are small
and cracks at the top side of the dlab are usually not visible [3].

In flat dlabs the load transfer between the slab and the column induces high
stresses near to this last that incite to cracking and even failure. The punching
shear failure is associated to the formation of a cone-shaped element. This shape
is a result of the interaction between the shear effects and flexion in a region
close to the column. In aflat slab under uniformly distributed loads, cracks will
first appear near the columns. With the increase of the load, other cracks will

appear paralel to the columns sides forming what know as tangential cracking.
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There will be radial cracks as well starting from the columns forming several
radial parts. When in failure, tangential cracks propagate in an inclined surface
from the slab side in tension until the intersection between the column with the
slab side in compression. This will then form the aready mentioned cone-
shaped element [4].

The punching shear strength in a flat slab depends on the slab geometry, loaded
area, slab thickness, concrete strength and amount of reinforcement (either
flexural or punching shear reinforcement). The transferred moments between the
slab and the column, the dab particularities (e.g.: openings), and the position of
the column (center, edge or corner) influence the punching shear force as well
[4]. The punching shear failure of flat slab is demonstrated in Fig. (1.1) [4].

Figure (1.1) Punching failure of flat slab near the vicinity of column[4].
Popular reasons that cause punching shear failure are the following [5]:

e Bad details and unsuitable design for punching shear capacity.
e Loading of structure early before the concrete reaches sufficient strength
or poor quality of construction or quick construction causing low

concrete strength.
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e Additiona loading such as wind loading, earthquakes, big effect of fire
and extent of building by increase number of stories or change of building

uses.

Figure (1.2) show typical punching shear failure in Piper's Row Car Park,
Wolverhampton, UK, 1997 (built in 1965).

Figure (1.2) punching shear failure in Piper's Row Car Park, Wolverhampton,
UK, 1997.

1.2 Aluminum

Aluminum is the third most popular element in the earth’s crust it is
coming after silicon and oxygen. Aluminum is the most plentiful metal and
makes up 8% of the crust total mass [6].

Pure aluminum is not suitable for structural applications because of the
low values of its mechanical characteristics. In order for aluminum to be useful
as a structural metal, it was essential to develop suitable alloys. However, many

3
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aloys are available with a large variety of excellent mechanical and physical
gualities. The appropriate alloy depends on the specific application. The (6xxx
series aloys) are the most useful for structural applications because of their

combination of strength, corrosion resistance, and weldability [6].

Generally the advantages of aluminum aloys are[7]:
a. Low density, of approximately one third of steel.
b. Good strength and toughness properties.
c. Large variety of possible cross-sectiona shapes of profiles and connection
elements.
d. Good workahility.
e. High corrosion resistance due to atough oxide-layer.

f. Excellent to recycle without a decrease in quality.

To increase strength of aluminum alloys, a cold working process is used,
this process dlightly increase strength (fo2 = 100 MPa) and reduce of ductility.
Another way of increasing the strength of the material is to aloy aluminum with
another element (AIMg aloys) and the high strength can be obtained if heat
treatment is applied. The strength goes up to ( fo2 =250 MPa) in AIMgS aloy,
and can reach (fo.2=350-400 MPa) in AlZn and AlCu alloys[8].

A comparison of the stress — strain curves of AIMgSi aloy which are used
in this study and Fe360 stedl in Fig. (1.3) it can be observed that aluminum
alloys have a strain—hardening portion without a horizontal line corresponding to
yielding. It is clearly shown that the ultimate elongation is lower than that of
steel and the (ft / fo2) ratio is lower than that of steel (1.2 against 1.5). Both
materials behavior linearly elastic up to the elastic limit. They differ in inelastic



Chapter one Introduction

behavior. On other hand Aluminum is lighter than steel, the specific weight is
(2700 kg/m?®) for aluminum and (7800 kg/m?®) for sted [8].

£ (MPa)
slress
f: (360)
100 -
e i * ] (320}
f:2230 o
—— (140
AL 290)
200 ~ Sted
fe (360)
— - Alnpaum
| (AN =S
6% 2%
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Figure (1.3) Stress-strain curves for (AIMgSi alloy and Fe360 stedl).

1.3 Strengthening and Retrofitting Techniques of EXxisting
Reinforced Concrete Elements

The strengthening of reinforced concrete structures is often required due
to design stage errors, construction stage errors, inadeguate maintenance, over
loading at service stage, accidental damages and reduction of capacity due to
aging and environmental effect. Some sort of upgrading is required for those
structures to overcome the problem [9].

Also, one of the challenges to Improvement and strengthening of concrete
structures is the choice of a method that can enhance the strength and treatment
limitatione such as building operations, constructability and cost. Strengthening
and rehabilitation are accomplished either by reducing the magnitude of the
internal forces or by enhancing the resistance of the existing structure to them

5
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[10]. A common strengthening method and retrofitting technique for upgrading
punching shear capacity of existing concrete flat slabs are strips or laminates of
CFRP (carbon fiber reinforced polymer), steel plates and shear studs or shear
bolts. Strips of CFRP are constructed by adhesively bonding to the surface of

concrete member in order to repair them or increase their capacity [11].

The steel plates are bonded to the concrete members by use of epoxy
adhesives and in some cases additional fastening is provided by bolts glued to
the holes drilled in the concrete members [12]. Shear studs or bolts are inserted
vertically through the holes which are made in concrete slabs around the

columns [13].

1.4 Strengthening of Concrete Flat Slab by Using Aluminum
sheets

To select a particular structural material for a given application, its properties
are evaluated and compared with other competing materials. The following
points reflect powerful properties of aluminum which will be active when
utilizing those materialsin this study.

1. High strength to weight ratio.

2. Corrosion resistance.

3. Good workability and ease of application. Aluminum can also be

recycled, which gives environmental advantages.

The disadvantages of aluminum can be summer as follows:

1. Aluminum does not rust and can normally be used unpainted. However,
the strongest aloys will corrode in some hostile environments due to
chemical reaction.

2. Aluminum is difficult to weld, the use of adhesive bonding is well
established as a valid method for making structural joints in aluminum.
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3. Strain values of concrete, steel and auminum are (0.0035, 0.003 and
0.016) respectively.
1.5 Adhesive bonded connections
The use of epoxy-resins could be profitable tools for optimizing some

connection problems as well as for maximizing economy.
Generally the advantages of using adhesion bonded connections are:.

e Eliminating concentrated stresses.
e Eliminating the risk of fatigue damage in connector.
e Avoiding the reduction of auminum strength due to the heat of

connectors welding.
1.6 Objectives of the Study

The main objective of this study is to investigate the behavior of concrete
flat dab strengthened with aluminum sheet under punch loading. For this
purpose, experiments have been performed on reinforced concrete dabs
strengthened externally with different configuration of auminum sheets
subjected to concentrated loadings.

The effect of the variables: the amount of aluminum (number of strip
layers, width of strip and location of aluminum strip) and compressive strength
of concrete (two target strengths), are varied to assess their effects on the
punching strength of RC flat slabs.

1.7 Thesis Layout

The thesis is organized in five chapters. The current chapter is being the
first.

Chapter two presents literature review concerning the experimental and
theoretical studies of the strengthened concrete slabs failed in punching shear.

Chapter threeillustrates the details of the experimental work.

7
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The results and behavior of the tested concrete slabs are demonstrated and
discussed in chapter four.
Finally, the main conclusions drawn from the study and recommendations

for future works are demonstrated in Chapter five.



CHAPTER TWO

REVIEW OF LITERATURE

2.1 Introduction

The am of this chapter is to present a brief review for the available
information concerning the behavior of reinforced concrete flat slabs that fail in
punching shear with a speciad emphasis on the commonly strengthening
techniques used for these slabsto increase their punching shear capacity.

The review considers the following aspects:
1. Punching shear resistance of concrete sab.
2. Punching shear resistance of concrete slab strengthened with CFRP, steel
plates and steel bolts.
3. Building codes approaches for predicting punching shear.

2.2 Punching Shear Resistance of Flat Slabs

Graf (1933) [14] investigated the shear strength of dlabs loaded by
concentrated loads near the supports. The main conclusion was the shear

strength increases with the increase of concrete strength.

Whitney (1957) [15] carried out a series of tests for dabs supported
around its perimeter and loaded through a column stub in the center. The
primary test parameters were strength of steel and concrete, size and spacing of
bars, position of loading, depth to span ratios, and column size. Based on
anaysis of experimental results obtained from tests on dabs, it was concluded
that all of these variables greatly influenced on the shear strength of dlabs.

Long and Bond (1967) [16] conducted a theoretical anadysis of the



Chapter two Review of Literature

punching shear problem for round slabs without shear reinforcement. They
concluded that punching strength in slab was strongly dependent on the flexural

strength especially for slabs having factual amount of reinforcement.

Long (1975) [17] derived a formula to predict the punching shear
resistance of slabs at interior columns. The predicted load for a slab was taken

from the following equation (in imperial units):-
VU = 16(r+d)d(100p)*3\[fc/(0.75+4r/) o (22)

where; L is the span between center to center of columns(mm).
r: column width or length of side square of load region (mm).
d: distance from reinforcement of tension to upper compression zone (mm) .
For previous equation, he assumed the critical section to be located at a distance
(d/2) from column face.
Rankin and Long (1987) [18] proposed an equation for estimating the

punching shear strength of conventional slab-column connections the proposed

formulawas:
P=1.66 \[fc(c+d)d*dy[100p L. (2.2)

where : f'c: isthe cylindrical compressive strength in MPa
p: isthereinforcement ratio, As/bd.
Ps isthe punching shear strength in N.

The influence of concrete compressive strength and reinforcing steel ratio
on punching shear of RC slabs were investigated by Grander (1990) [19]. The
test results showed that the shear capacity was proportionate to the cubic root of
concrete strength and steel ratio as shown in equation below:

10
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Vu = 0.99( p fe' )*3(400/d)"* e (2.3)
where; Vu: ultimate shear load in N.
p: Thereinforcement ratio.
d: The effective depth of slab (mm).

Marzouk and Hussein (1991) [20] investigated the structural behavior
of flat slabs casted by high strength concrete (HSC) by an experimental program
for seventeen square specimens. The variables were the reinforcement ratio,
concrete strength, slab depth and column size. The test results showed that the
two main modes of punching failure of HSC slabs can be classified as flexure-
punching and punching shear. The deformations of HSC slabs that failed due to
flexure-punching were larger than those that failed due to punching shear. When
steel reinforcement ratio increases, slab stiffness and ductility were increased.
Also, they observed that the angles of the failure surface were ranged from 32 to
38 degreeswith the horizon for HSC dabs.

Tomaszewicz (1993) [21] tested nineteen square flat slabs witout
reinforcement for shear. A concentrated load at center was used for al slabs to
reach the failure by punching shear. All edges of slabs were simply supported.
Concrete strength, flexural reinforcement ratio and dlab thickness were
considered as the variables. The results showed that the increase of dab

thickness, concrete strength and column size increases punching shear capacity.

Munahey (1995) [22] experimentally Investigated the action of the
amount of flexural reinforcement, size of column and compressive strength on
the punching shear capacity of reinforced concrete flat dabs. The dimensions of
twelve specimen slabs were (850 x850) mm with constant depth (75) mm and all
slabs were loaded by concentrically a square column. The test results showed
that the increase in size of column or concrete compressive strength leads to

11
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increasing a ultimate load, first crack load and detraction the deflection under
load. Also, he concluded that the number of cracks reduces when the ratio of

flexural reinforcement increase.

Ramadane (1996) [23] studied the effect of concrete strength on the
punching shear strength of 18 sgquare slabs. The concrete strength varied from
(30 to 100) MPa. All slabs were without shear reinforcement but have equal
flexural reinforcement in two directions. Under the center of the slabs punching
load was applied by column. The test results showed that increasing concrete

compressive strength produces increases punching shear resistance.

Tuan (2001) [24] compared the value of punching shear calculated from
Australian standard for concrete structures (A S3600) 1994, with twenty nine test
results from four research studies. dab reinforcement ratio, slab depth and
concrete strength were the variable presented in these four approaches. It was
concluded that the punching shear resistance improved and allowed higher
forces to transport through the column-slab connection when using high strength
concrete. Also, it was found that the comparison of experimental results shows
that AS3600 formulais applicable up to 100 MPa.

Povilas et al. (2002) [25] depending on computer modeling of dab-
column joint, conducted a theoretical investigation for behavior of punching
shear. Ratio of bending moment to shear force, ratio of slab thickness to column
depth and ratio of span to slab thickness and flexura reinforcement were the
variables. The result showed that the slabs were punched out as pyramid having
plane slope angle change from 33° for reinforced slabs to 45° for dabs without
reinforcement. Also that the magnitude of punching load depended on ratio of
bending moment and shear forces influential within critical section. They aso
found that the punching shear capacity increases if the ratio of flexura

reinforcement increases in punching shear region.

12
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Zhang (2003) [26] studied the effect of concrete strength, reinforcement
ratio, slab depth and column size on the punching shear strength of seventeen
high strength concrete slabs (HSC). The test results indicated that punching
shear strength depends on a power of the concrete compressive strength. He
assumed the perimeter of critical section located at (0.5d) from the loaded area,
and the reinforcement ratio had a great influence on punching shear resistance
especially when the slab depth was at a high value. Also, he concluded that

punching shear capacity increases if size of the column increases too.

Ahmed (2005) [27] experimentally investigated the punching shear
resistance by testing twenty seven normal and high strength concrete slabs. He
divided the experimental results to three groups and analysis it. These groups
were based on three variables which include the slab thickness, size and shape of
column and concrete strength. One of conclusions was the size of the failure
zone increases when increases column dimension or compressive strength. Also,
the punching shear strength increases and deflections decreases at al phase

when the concrete compressive strength increases.

Guandalini et al. (2009) [28] studied behavior of punching shear strength
for slabs by molding and testing set of slabs. Size of aggregate, slab dimensions
and flexural reinforcement were the variables. They compare the results with
design codes. They concluded that the formula of (ACI 318-08) is more
conservative for evaluated punching load for low ratio of reinforcement and

thick slabs. They obtained satisfying results when they use (Euro code 2).

Al khafaji et al. (2009) [29] inspected sixteen reinforced concrete flat
slabs propped by couple columns to investigate the behavior of the punching
shear capacity. All specimens with normal concrete were tested and restrained
on al sides as simply supported. The slabs dimensions were (850* 470* 50) mm.
Net distance between columns and column shape were considered in a

13
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parametric study. Specimens were divided into two series depending on column
shape, every series had eight specimens. The first series had couple square
column with (75x75) mm dimensions and (0.05 d to 9.30 d) net distance
between columns. The second series had couple circular columns with (85) mm
diameter with same clear distance between columns were used as in first series.

The results showed that at (9.3 d and 9 d ) net distance between columns, zone
of fallure was split up into two zones and the ultimate load approaches the
upper rate, and when the net distance is equivalent to (0.05 d to 7 d), the failure
zone was split up into one zone decreasing the maximum ultimate load by (6.5
to 33.9 %) and by (16.4 to 35.9 %) for first series and second series respectively.
Slabs with circular columns were found to have punching shear capacity greater
than the slabs with square columns, when the area of cross section for square
and circular columns are similar and the net distance between columns are the

same.

Hoang (2011) [30] studied the effect of first crack of reinforced concrete
slabs on the punching shear strength. Square specimens with dimensions (1050
x1050 x 150) mm were casted and tested. The patterns of initial crack were
formed by mechanistic tension, uniaxial as well as biaxia. Widths of cracks at
the maximum of the tension applied were (0.20 - 0.55) mm. After occurrence of
the cracks and prior to punching shear testing the axial force was removed.
Results showed no considerable strength decrease compared with strength of
non-cracked slabs. This indicates that as far as punching strength is concerned,

no precaution needs to be taken for slabs suffering axial cracking.

Ammash et al. (2012) [31] offered simple exact equation to estimate the
punching shear strength for reinforcement concrete flat slabs for normal and
high compressive strength. The influence of dab thickness, flexurd

reinforcement ratio, concrete strength, column dimension and location of critical

14
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section were considerable. The results from suggested equation were compared

with experimental datafrom 58 cases. They suggested the following equation:-
Vc=af'cyp.d ....(29)

Where;

vcC: punching shear resistance of concretein N.

y=0.5For fc <80 MPa

y=0.71 — 0.0028fFor fc > 80 MPa but y > 0.45

o= 0.8(2213300002 , 4 455

Bod
a= diameter of column (if circular column) or the bigger dimension of column

(if rectangular column).

o= perimeter of critical section.

d = effective depth.

p = reinforcement ratio

It was concluded that increasing of compression strength, tension reinforcement
ratio, and slab thickness will increase the punching shear strength but to limit
stages. It was aso shown that the slabs supported by square column have bigger

punching shear resistance than those supported by circular column.

2.3 Strengthening of Existing Flat Slabs For Punching Shear
Resistance with CFRP

Harajli and Soudki (2003) [32] investigated by experimental work the
capacity of punching shear of slab column internal connection strengthened by
carbon fiber reinforced polymer (CFRP) strips. They tested sixteen square
specimens having dimensions (670*670 ) mm, with two reinforcement ratios ( 1
and 1.5 ) % and various slab depth (55 and 75) mm. Four slabs were left as

controls.

On tension face of specimens the CFRP strips were installed in orthogonal
way. As shown in Figure. (2.1). All specimens were designed to fail in punching
15
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shear. Results showed considerable improvements of slab column connection in
shear capacity, flexural durability, and stiffness when using of CFRP. Increase
in flexural strength of almost (26 to 73) % and in shear capacity of (17 to 45) %
was obtained. Also they suggested analytical formula to prediction capacity of
punching shear for slab column connection strengthened with CFRP.

Carbon fiber sheets

Central column

Figure (2.1): Configuration of CFRP Sheets on the Tension Face of the
Slab [32]

Baris (2003) [33] presented an upgrading scheme for slab column
connections using externally installed CFRP strips. The behavior of sab
specimens subjected to shear and combined shear and moment transfer was
studied experimentally. Various configurations of strengthening, amounts and
details of CFRP installation were investigated. Figure (2.2) illustrates the CFRP
patterns and amounts used in strengthening specimens. The effectiveness of
proposed details of external CFRP reinforcement was evaluated. Simple models
were used to predict punching shear strength, post punching resistance and
anchorage strength of CFRPs bonded to concrete.
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Figure (2.2): Strengthened Specimens (plan view) [33]
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El-Salakawy et.al. (2004) [34] investigated the punching shear resistance
of edge slab column connections strengthened with FRP. Seven slabs with
dimensions (1540* 1020* 120) mm and sguare columns (250*250) mm were
tested. FRP strips were externally bonded on tension face. Experimental results
showed that FRP reinforcement enhances punching shear capacity, flexural
stiffness and retards flexural cracks. The increment in capacity of punching
shear varied between (2 -23) %.

Rochdi et al.(2006)[35] studied experimenta and analytical for
estimating the punching shear capacity of eight concrete two way dSlabs
strengthened with external CFRP lamina. All slabs were designed to fail in
punching. The theoretical model was suggested to estimate the ultimate
punching strength of slabs with different levels of reinforcement with CFRP.

The results showed good agreement between experimental and predict values.

Esfahani et al. (2009) [36] studied punching shear of flat slabs stiffened
by CFRP sheets. Thirteen slabs were reinforced by CFRP sheets and two control
specimens were left. CFRP sheets were used with different width. CFRP sheets
were installed in two orthogona orientations on tension face of the dabs.
Enhancement was observed in punching shear strength for slabs that have low
ratio of steel reinforcement and made with high strength concrete. The
comparison between experimental results and equations of design codes showed
that the ACI code was more conservative evaluating the punching shear strength
because the effect of flexural reinforcement is not taken into consideration.

Maro (2014) [37] studied the punching capacity of concrete slabs
stiffened by CFRP strips by experimental work and compared the results with a
finite element model. Experimental work contains testing thirty two dabs of
dimensions (800 x 800 x 70) mm and (800 x 800 x 90) mm. The variables were
concrete strength, amount of flexural reinforcement, thickness of slabs and
shape of the CFRP distribution. The experimental results showed that, the CFRP
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leads to increase the ultimate punching load of the dlabs by (5- 26) %. Also the
first cracking load increased by (12-200) %. The strengthened slabs showed less
deflection during loading stage by 36% compared to the non strengthened slabs.
The results showed that the increase in ultimate punching load of high strength
concrtet (50) MPa was between (20-50) % more than the normal strength

concrete.

2.4 Strengthening of Existing Flat Slabswith Steel Plates and Steel
Bolts

Farhey et al. (1995) [38]. Studied the repair of flat dabs failed by
punching. Four slabs with full scale were subjected to cyclic loading and ratio of
moment to shear was left constant through testing operation. Full destruction
specimens were repaired the damage concrete zone around the connection of
slab column with epoxy mortar and steel plates. The variables were dimensions
of column and steel plate.They observed increasing in stiffness, ductility,

resistance and moment capacity of repaired specimens.

Ramos et al. (2000) [39] carried out an experimental work on
rehabilitation of flat slabs by drilling holes through the slab, near the column,
and inserting steel bolts which are prestressed against the slab surfaces. Seventy
percent of the failure load was applied before repair method doing. Study was
conducted to assess the influence of different direction and location of shear
bolts. They found that 51% of improvement was reached in punching load

compared to fallure load of specimen without repair.

Ebead and Marzouk (2002) [40] studied the influence of strengthening
and rehabilitation of two-way slabs by shear bolts and steel plates. On both faces
of the slab they installed steel plates and fixed by shear bolts. Fifty percent of
ultimate load for control slab was applied to specimens prior application of

strengthening. Various arrangements of steel plates and shear bolts were studied
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in order to assess their influences on the punching shear capacity. They
concluded that using steel plates and shear bolts increased the stiffness and
absorption energy of specimen. They recommended at least (6 mm) thickness of
steel plat and eight shear bolts should be used.

L ocations of openings with respect to central column in flat reinforced concrete
plats were studied by Al-Shammari (2011) [41]. Some of these opening were
strengthened with steel plates and the remaining left unstrengthened. Nine
reinforced normal concrete flat plates were casted with dimensions (850 mm
x470 mm x50 mm). Each dlab contained a square opening (75 mmx75 mm) and
propped by (75mmx75mm) sguare column at center. The variables were the
opening type (strengthened or unstrengthened) and the net distance between
column and opening which is taken as relative to effective depth (d, 2d, 4.5d and
7d). It was demonstrated that the maximum value of ultimate load takes place
for dlab without opening and increase in the ultimate load was (19.44, 19.51,
35.13 and 13.46) % for the specimens having distance (d, 2d, 4.5d and 7d)

respectively, between column and opening.

Inacio et al. (2012) [42] conducted a strengthening method by using
prestressed vertical bolts for flat slabs subjected to punching through
experimental work. Eight from nine slabs were strengthened with prestressed
vertical bolts by using severa anchorage methods as shown in Fig.(2.3), and one
slab left as control. Punching loads, shear reinforcement and failure mode were
compared with design codes. They concluded that using small embed anchorage
plates gives applicable and an effective method to improve punching resistance

and have aesthetic appearance.

Rasheed and Al-Azawi (2013) [43] casted and tested five concrete slabs
strengthened with epoxy bonded steel plates. The variables considered were the
thickness, dimensions, and location of steel plates. The test results revealed that
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the steel plate dimensions are the high effective parameter for improvement of
the overall behavior of RC dabs. The maximum increase in ultimate strength

was found as 135%.
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Figure (2.3) Different anchorage technique approaches[42]

Askar (2015) [44] conducted an experimental study on slabs damaged
due to punching shear and repaired using prestress vertical bolts. Slab thickness,
central column size and number of vertical pressteressed bolts were the major
parameters considered in study. The results showed that the proposed system of
repair was effective and could be used in practice. Also the experimental results

and those obtained by formulas adopted by different codes were compared.
2.5 Building Code Approaches for Punching Shear Design

2.5.1 ACI 318M-11 Code[45]
The nomina shear strength shall be taken not greater than any of the following
three equations:

Ve=0.17(1+5 ) I by d ..(25)
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VC=0.083(“;d+2)\/f’ b, d ... (2.6)
V.=0.33[F b, d e (27)

where;

V¢ = the nominal shear strength provided by concrete (N).

f.' = cylinder concrete compressive strength ( MPa).

d = effective depth (mm).

b, = perimeter of the critica section ,{4(c + d)}.where c is side length of
column.

B = the ratio of the long side to the short side of the concentrated load or reaction
area,

a,= a factor for dab column connections based on the location of the column

(40 for interior, 30 for exterior, 20 for corner columns).

2 5.2 BS8110-97 [46]

The equation presented in this code is as follows:

1
i -
V,=0.79(100 p)3 ()" byd ... (28)

where;

by = control perimeter located 1.5d from the face of the column,{ 4(c + 3 d)} for

square column, where c is side length of column.

(%) should not be taken as less than 1.

p =theratio of steel within 1.5d of column face. (Not greater than 3%)
For characteristic concrete strengths of cube greater than 25 (N/mm?). vaue of ¥/,
in this equation should be multiplied by (f../25)*.

2.5.3 The Eurocode 2-2004 [47]
Euro code recommends the following expression to estimate punching shear
strength of dabs:
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Vn=0.18k(100p129§ b,d e (29)
where:

by = control perimeter located 2d from the face of the column, {4(c + = d)} for
square column, where (c) is side length of column.

p = bending reinforcement ratio (not greater than 0.02). p = \/M

d= effective depth (mm).

f.' = the compressive strength of the concrete MPa,(not greater than 50 M Pa)

k= factor accounting for size effect defined by the following expression:

k=1+,200 /d <2.0 ... (2.10)

2.6 Concluding Remarks

This chapter has reviewed many experimental and theoretical studies
concerning the behavior of punching shear strength of flat slabs with and

without strengthening.

It is clear that there is little applications of steel plate in strengthening
concrete flat dlabs to improve punching shear resistance in comparison with the
CFRP strips. Also, there is no application concerning the use of aluminum
sheets to strengthening concrete flat slabs for punching shear resistance.

This research is an attempt to examine the punching shear strength of flat
plates strengthened by aluminum sheets through experimental work.
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CHAPTER THREE
EXPERIMENTAL WORK

3.1 Introduction

The main purpose of the test program is to study the behavior of
reinforced concrete dabs strengthened with aluminum sheets and designed to
fail in punching shear. The experimental program includes preparation and
testing of sixteen slabs. The dabs are divided into two groups according to the
compressive strength of used concrete. Details of the test specimens, their
construction, material properties, test set-up, instrumentation, and test procedure

are presented in this chapter.

The parameters studied include area of aluminum sheets (plan ared),
width of auminum sheets, location of aluminum sheets and concrete

compressive strength.

3.2 The Objectives of Experimental Work
The main objectives of experimental work are to study the influence of
the following on the ultimate punching shear resistance:
1. Thevariation of the area of aluminum sheets (plan area).
2. Thedistribution of auminum sheets (width and location of sheets) for the
same area of aluminum (same plan areq)
3. The concrete compressive strength (normal and high strength).
3.3 Materials Used to Fabricate the Specimens
The materials used in this investigation are commercialy available
materials, which include aluminum, cement, natural gravel, natural sand, water,

superplasticizer, steel reinforcement and epoxy.
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3.3.1 Aluminum

Structural duminum aloy box section (200x50) mm with 4 mm thickness
produced by Jordanian aluminum industry are used in this investigation.
Aluminum sections are cut to segments to get sheets which are used for
strengthening purposes. Two widths of aluminum sheets are used in this
investigation (100 and 50) mm. The Aluminum sections and segmentation
processes are shown in Figs. (3.1) and (3.2). Also, Fig. (3.3) shows the
geometrical details of segmented sheets used in this study.

20 mm

4mm

200 mm

Figure (3.1) Aluminum sections
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P0mm . 50mm

800 mm

thickness for all sheets = 4mm

Figure (3.3) geometrical details of segmented sheets
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3.3.1.1 Mechanical Properties of Aluminum

Aluminum material standards quote two levels of stress, both of which
must be attained for a batch of material to be accepted:
fo2: minimum value of the 0.2% proof stress (or ‘0.2% offset’) and
fi: tensile strength (or ‘ultimate stress’).
The mechanica properties of the aluminum are determined by using tensile
coupon. The tensile coupons are taken from the center of plate in the
longitudinal direction of the aluminum boxes. The tensile coupons are prepared
and tested according to the American Society for Testing of Materials standard
(ASTM-B557M 2003-Standard: Test Methods of Tension Testing Wrought
and Cast Aluminum- and Magnesium-Alloy Products) [48]. In thetensile test
12.5 mm wide coupons of 50 mm gauge length are used as shown in Fig. (3.4).
The coupons are tested under direct tension by universal testing machine. The
material properties obtained from the tensile tests are summarized in Table (3.1),
which includes the measured Young’s modulus (E), the static 0.2% tensile proof
stress fo2, the static tensile strength ( f; ) and the elongation after fracture.
Figures (3.5), (3.6) and (3.7) show the tested coupons before, during and after
the test, respectively. Figure (3.8) shows the typical stress-strain for aluminum
aloy indicating the different stress levels, Figure (3.9) and (3.10) show the

stress-strain curves for the tested samples.

165 mm

|
50 mmj

Figure (3.4) Geometrica details of aluminum tensile coupons
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Figure (3.6) Test arrangement for aluminum alloy tensile coupons
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Figure (3.7) Aluminum alloy tensile coupons after test

[ =3
Strain €

Figure (3.8) Typical stress - strain relationship for aluminum alloy
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Figure (3.9) Stress-strain relationship for aluminum alloy (sample 1)
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Figure (3.10) Stress-strain relationship for aluminum alloy (sample 2)
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Table (3.1) Mechanical properties of aluminum alloy

fo2yield _ Fracture
Ultimate _

Sample stress E (GPa) elongation

stress (M Pa)

(MPa) (%)
Sample 1 195.66 216.4 67.92 7.46
Sample 2 197.66 213.6 68.02 7.09
Average 196.66 215 68.42 7.275

3.3.1.2Aluminum Alloy Chemical Analysis

Structural aluminum alloys (6xxx series alloys) contain magnesium and

silicon in proportions that form magnesium silicide (Mg2Si) as the main

ingredient of aloy base. It contains other elements such as Iron, Copper,

Manganese, Chromium, Zinc, Titanium, and other elements [49]. Table (3.2)

shows the weight percentage of main ingredients of the used structural

aluminum alloys

Table (3.2) Main ingredients of structural aluminum alloy

Chemical elements

Composition, wt%

Al 95.02
Mg 0.32
S 0.35

3.3.2 Cement
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Ordinary Portland cement is used throughout this investigation. The
whole quantity required is brought to the laboratory and stored in a dry place.
The physical properties of the cement used throughout this work are presented in
Table (3.3). The setting time test is conducted according to ASTM
C191[50].The compressive strength test is accomplished according to ASTM
C109 [51]. The chemical composition of the cement is presented in Table (3.4).
Results indicate that the cement conforms to the Iragi standard No. 5/1984 [52].

Table (3.3) Physical properties of ordinary Portland cement

Limitsof Iraqi
Physical and M echanical — specification
Properties
No0.5/1984
Compressive strength, N/mm?
3 - day 18 >15.00
7 — day 25 >23.00
Setting time, h:minutes
Initial setting 02:31 > 00: 45
Final setting 03:19 <10: 00
Fineness
Specific surface area ( by Blaine 3011 > 2300
method), cm?/gm

Table (3.4) Chemical composition of cement
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Chemical _ Iraqi
No. | Compound composition | compositi Weight specification
on () No. 5/1984
1 Silicon Dioxide S02 21.14 -
2 Aluminum Trioxide AL203 4.00% -
3 Ferric Oxide 3.05% Fe203 3.05% -
4 Calcium Oxide CaO 62.69% -
5 Magnesium oxide MgO 2.11% 5% max
6 Sulphate SO3 2.32% 3%
7 potassum oxide K20 0.66%
8 Sodium Oxide Na20 0.18%
9 Insoluble Residue Ins.Res. 1.14% 1.50%
10 Losson Ignition LOI LOI -
11 Freelime FL 0.84% -
12 Lime Saturation Factor LSF 91.2 Min 66
Max 102
13 Silicon Ratio SM 2.66% -
14 AluminaRatio AM 1.61%
15 Tricalcium Silicate C3S 50.59%
16 Dicalcium Silicatr C2S 22.44%
17 Tricalcium Aluminates C3A 7.82%
18 Tetracaldium C4AF 9.27%
Aluminoferrate
3.3.3 Aggregate
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1. Fine aggregate (Sand): Natural sand brought from Al-Zubair areais
used as a fine aggregate in this study. The grading test result of the fine
aggregate is shown in Table (3.5).The obtained results indicated that the fine
aggregate grading and the sulfate content are within the limits of Iraqi
specification number (45/1984) [53]. Sulfate  content, specific gravity,
moisture content and absorption of the fine aggregate are shown in Table (3.6)

Table (3.5) Grading of fine aggregate

o : Passing (%)
Sievesize | Passing (%) _ -
No. _ Iraqi specification 45/1984 for
(mm) fine aggr egate
zone No.(1)
1 4.75 97.76 90-100
2 2.36 81.41 60-95
3 1.18 63.91 30-70
4 0.6 32.43 15-34
5 0.3 9.73 5-20
6 0.15 0.45 0-10
Table (3.6) Properties of fine aggregate
Physical Test Iraqi specification. 45/1984 for
properties results zone No.(1)
Specific gravity 2.65
Sulfate content 0.3% Not more than 0.5%
Absorption 1%
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2. Coarse Aggregate (Gravel): Crushed gravel from Chlat area (Ali Al-
Garby) in Missan province with max.size of (20) mm is used. The grading of the
coarse aggregate is shown in Table (3.7). Results indicate that, the grading is
within the requirements of Iragi specification No. 45/1984 [53]. Table (3.8)

shows the specific gravity, sulphate content and absorption of the used coarse

aggregate.

Experimental Works

Table (3.7) Grading of coarse aggregate

o : Passing (%)
Slevesize Passing (%) _ -
No. (mm) t Iraqi specification No.
mm coar se aggr egate
9 45/1984
1 20 100 100-95
2 14 80 --
3 10 37 30-60
4 5 2 0-10

Table (3.8) Physical properties of coarse aggregate

Physical properties | Test results | Iraqi specification. 45/1984
Specific gravity 2.67 -
Sulfate content 0.06 % Not more than 0.1%
Absorption 0.6 % -
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3.3.4 Mixing Water

Experimental Works

Ordinary potable water is used in making and curing the concrete.

3.3.5 Superplasticizer

The superplasticizer known commercially as Hyperplast PC260 is used in this
work. It is based on polycarboxylic ether polymers with long chains specialy
designed to enable the water content of the concrete to perform more effectively.

This effect can be used in high strength concrete and flowable concrete maixes,

to achieve highest concrete durability and performance.

Hyperplast PC260 is free from chlorides and complies with ASTM C 494
types A and G. Hyperplast PC260 is compatible with al Portland cements that
meet recognized international standards [54]. Table (3.9) shows the typical

properties of Hyperplast PC260 used in this study.
Table (3.9) Typical properties of Hyperplast PC260

Main action Concrete super — plasticizer
Form Viscous fluid
Appearance Light yellow
Density 1.1 +/- 0.02 g/lcm® @ 20C°
ph value 6.6
Viscosity 128+/-30 cps @ 20 C°
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3.3.6 Steel Reinfor cement.

One sted reinforcement ratio is used in this study (p=0.00859) with
(20) mm concrete cover and bar size of (@10 mm) in diameter, with the same

distribution of steel reinforcement in all specimens as given in Table (3.10).

Tenslle tests are conducted on three specimens are prepared from the
steel reinforcement bars. Static yield stress and ultimate strength of the tested
bars are summarized in Table (3.11). The tensile tests are performed by the
universal testing machine, shown in Figure (3.11). Also, Fig (3.12) shows the

steel reinforcement distribution for all specimens.

Table (3.10) Reinforcement details used in the tested specimens

No. of bars Spacingin
Steel _
Symbol _ in each between barsc/c
ratio -
direction (mm)
All
_ 0.00859 7810mm 100x100
specimens

Table (3.11) Properties of steel bars (average for three specimens)

Yield | Ultimate
strength | strength | Elongation%
(MPa) (MPa)

Dia. | Area | Weight
(mm) | (mm?) | (kg/m)

10 | 7853 | 0.682 | 569.94 704.8 13.8
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Figure (3.11) Universal testing machine
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Figure (3.12) Distribution of reinforcement bars

3.3.7 Epoxy

Sikadur-31 thixotropic epoxy resin adhesive is used in this study which is
a solvent-free, thixotropic, two component adhesive and repair mortar, based on
a combination of epoxy resins and specially selected high strength fillers. It
complies with ASTM C-881 [55]. Mechanical strengths are determined by
casting cubes and prism and testing them for compressive and flexural strengths
while the modulus of elasticity is provided by the manufacturer [56].
Mechanica properties of Sikadur 31 epoxy resin adhesive are listed in Table
(3.12). Fig. (3.13) shows the two components of the epoxy resin.
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Table (3.12) Properties of the epoxy resin

Mixi Open | Tensile | Compressive| Tensle
ixin
Appearance . J time | strength strength E-modulus
ratio
min. MPa MPa MPa
Part A:
. AB 30 (at
white G o2 60-70 4600
4:1 | +35°C)
Part B: gray

Figure (3.13) Two component of epoxy resin
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3.4 Specimens Description

A total of sixteen RC sguare two-way slabs are casted and cured under
laboratory conditions. the specimens are designed to study the punching
response of strengthened by aluminum sheets RC two-way slabs. All the tested
dabs are identical in the dimensions (800x800x100) mm and flexura
reinforcement ratio (p=0.00859). The slabs are simply spanned over (700x700)
mm four @ 25 bars and subjected to a central concentrated load over an area of
(80x80) mm. All the support lines are placed at 50 mm distance from the dab
edges, so the effective span of the slab in both directions is 700 mm. Fig. (3.14)
shows specimen dimensions, reinforcement details, support locations, and
location of loaded area.

80x80x40 mm

3 |
7310 both direction
:3 e
N 8 [ -
25 .
/ 700 e
” 800 7

Figure (3.14) Specimen dimensions, reinforcement details, support, and location
of loaded area
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Figure (3.14) continued

3.5 Test Parameters and strengthening procedure

All test specimen details are presented in Table (3.13) including the test
variables. To summarize, parameters studied during the experimental work are
area of aluminum sheets, width of aluminum sheets, location of aluminum sheets
and concrete strength. All parameters and strengthening configuration are
presented in Figs (3.15) and (3.16).

The following designation system is used:

e Area of aluminum sheets (plan area): the specimens are divided into two
groups according to concrete compressive strength, each group

strengthened with three different plan areas (areas of auminum sheets)
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(0.16, 0.24, and 0.32) m? that are provided to the tension sides of the slabs.

e Width of aluminum sheets. In this study, each area is divided into two
types according to width of aluminum sheets (100 and 50) mm. All
aluminum sheets used are in one layer per line and thier thickness is (4

mm).
e Location of aluminum sheets reinforcement :

The ACI Code[45] assumes that the control perimeters are located at a
distance of 0.5 times the effective depth (d) from the edge of the load area,
and BS8110[46] considers a control perimeter at (1.5 d), while Eurocode
2-2004[47] at a larger control perimeter (2d) with circular corners, as
shownin Fig. (3.17).

In this study, each plan area (areas of aluminum sheets) is used as following:

1. 0.16 m* applied as (2 x 100 mm) located at distance (2d, 1.5d, 0.5d)
from column face or as (4 x 50mm) located at distance (2d).as shown
inFigs(3.16 a), (3.16 b), (3.16 c) and (3.16 d).

2. 0.24 m* applied as (3 x 100 mm) or (6 x 50mm) located at distance
(2d) from column face and at center of column (two sheets at 2d and
one sheet at center for 100 mm width), as shown in Figs (3.16 €) and
(3.16 ).

3. 0.32 m* applied as (4 x 100mm) and (8 x 50mm) located at distance
(2d) from column face and at column face (two sheets at 2d and two
sheets at column face for 100mm width). As shown in Figs (3.16 Q)
and (3.16 h).

e Concrete strength:

In this study two types of concrete compressive strength (fo,) are used

(30, 65) MPa.
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Table (3.13) Classifications of slabs

. ) Plan area
No. of L ocation of Width of -
0]
Groups | No. Symboal aluminum | sheetsfrom | alumi-num )
aluminum
sheets column face | strips(mm) "
(m°)
1 N.C.0.0 -—--
2 0.5d-N.C.10.2 2 0.5d 100 0.16
3 1.5d-N.C.10.2 2 1.5d 100 0.16
4 2d-N.C.10.2 2 2d 100 0.16
Gl 5 N.C.10.3 3 2d& center 100 0.24
2d &
6 N.C.104 4 100 0.32
colu.face
7 2d-N.C.54 4 2d 50 0.16
8 N.C.5.6 6 20 center 50 0.24
2d &
9 N.C.5.8 8 50 0.32
colu.face
10 H.C.0.0 ----
11 | 0.5d-H.C.10.2 2 0.5d 100 0.16
12 | 1.5d-H.C.10.2 2 1.5d 100 0.16
G2
13 2d-H.C.10.2 2 2d 100 0.16
14 H.C.10.3 3 2d& center 100 0.24
2d &
15 H.C.10.4 4 100 0.32
colu.face
16 2d-H.C54 4 2d 50 0.16
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At 2o At 1.5d At 0.50 [ alum. sheets ]
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Figure (3.15) Parameters of the study
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0.5d-N.C.10.2 1.5d-N.C.10.2

L‘é
[]
]

4 a) A (b)
2d-N.C.10.2 2d-N.C54
Zd
] ]
Jn,  (c) A% (d) £

Figure (3.16) Shapes and strengthening configuration of the tested slabs
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N.C.10.3 N.C56

N.C.104 NC58
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Figure (3.16) continued
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ACH BSE110 EC-2

i,

. |

[

1.5d 2d

p=dic+d) p=d[c+3d} p=die + 77 d]

Figure (3.17): Critical section and perimeter of punching failure in different

codes for sguare column.
3.6 Preparation of Test Specimen:

3.6.1 Mix Design

In order to select the mix proportions of the normal and high strength
concrete used for casting the slab specimens, many trial mixes are carried out in
order to obtain a cube strength of 30 MPa at 28 days for normal concrete and 65
MPa for high strength concrete by using the method of design proposed by
Nevile 1995 [57]. The final mixes used are as shown Table (3.14).

Table (3.14) Properties of the mix used

Cement Sp.%
Type of Sand | Gravel | Water wi/C _

content 3 3 3 _ by weight of
concrete 3 kg/ m kg/ m kg/ m ratio

kg/m cement
Normal

333 666 1109 166.5 05 —
concrete
High

strength 528 597 965 158 0.300 2.16
concrete
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3.6.2 Mold

Six steel molds are used in this work. The dimensions of these molds are
(800*800* 100 mm) as shown in Fig. (3.18). They are cleaned with a scraper
and a steel hair brush and were lubricated by oil to ensure an easy demolding.

3.6.3 Mixing, Casting and Curing of the Specimens

Sixteen dab specimens are caste and cured under laboratory conditions.

The concrete casting and curing procedure is described below:

e The molds of specimens are treated with oil before putting the

reinforcement grid or casting the concrete.

e Sted grid for each specimen is placed in their correct position with cover

20 mm.

e Before mixing, al the quantities are weighed and packed in clean
containers.

e Prior to starting rotation of the mixer the coarse aggregate is added with
part of the mixing water. After starting the mixer, the fine aggregate is
added with the cement and the remaining part of water.

e After the mixing process is completed, concrete is poured in the molds in
two layers, and each layer is compacted by rod vibrator. The upper
surface of concrete is smoothly finished after casting is completed using
hand trowel.

e After casting, the molds are left 24 hours, and then the specimens are
removed from their molds. The burlap sacks are placed over the dabs and
wetted down. The burlap sacks are watched and kept wet for successive
seven days.

e Once the dabs are cured, they are placed off to the side until they are
tested. The same procedures are performed on the concrete test cubes.

Table (3.16) shows the mechanica properties of the two types of
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concrete. The steps of casting process and curing of specimens are shown

in Fig. (3.19).
Table (3.15) Properties of specimens
Compressive | Compressive Modulus of
Batch ST, fo snzmaf b Elasticity, (Ec)

(MPa) (MPa)* (MPay**

Normal concrete 30.77 24.61 23315.97

High strength concrete 65.55 52.44 37892.61
*fc'=0.8f,,** Ec=4700,/f, InMPa

Figure (3.18) the molds used in the casting process
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¢ - Compacting process d - Curing process

Figure (3.19) The steps of mixing, casting, compacting and curing process of

specimens.
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3.6.4 Preparation of Concrete Surface and Installation of Aluminum Sheets

Before the aluminum sheets are applied to the soffit of the dabs, the surfaces

of the concrete are grinded using an electrical hand grinder to expose the

aggregate and to obtain a clean sound surface, free of all contaminants such as

cement laitance, and dirt see Fig. (3.20). External strengthening of specimens by
aluminum sheet is described below:

First of al, the duminum sheets are cut into the required lengths and
widths. Then, the surfaces of the aluminum sheets are cleaned to remove
any dust or other contaminants prior to installation.

The component A (white) and component B (gray) of adhesive (Sikadur-
31) are mixed respectively with an electric mixer (here electric low speed
drill is used according to the recommendation of the manufacturer) and
mixed in 4: | proportion, until the color is a uniform gray, the adhesive
paste is then applied with a special tool to the concrete surface and the
adhesive is also applied to the aluminum sheets.

The aluminum strips are then placed on the concrete, epoxy to epoxy, and
after the installation of strips, a rubber hammer is used to press sheets.
Excess adhesive is squeezed out the sides and is removed; this ensures
that any trapped air is removed then steel weights are put on sheets to
ensure the fixing of the sheets.

The specimens are then left for no less than 24 hours to allow for the
setting of adhesive before starting the test. Then, the concrete surfaces
painted white for easy detection of cracks.

The steps described above are shown in Fig. (3.20).

3.7 Test Setup Procedure:

3.7.1 Support and L oading Conditions

All dab specimens are tested in the testing machine shown in Fig. (3.21), with a
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¢ — Epoxy sawing process d - Installation process

Figure (3.20) Steps of installation of aluminum sheets
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Figure (3.20) Continued
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maximum capacity of 60 tons. The slabs are smply supported on four sides each
700mm long (knife edge) resting on rigid steel frame and subjected to a central
concentrated load over a steel area of (80 x 80) mm placed on the top face of the
slabs. All four support lines are 50 mm from the slab edges, so the effective span
of the dlab in both directions is 700mm. The slabs are tested under static loads,
loaded in successive increments, up to failure. For each increment, the load is

kept constant until the required readings are recorded.

Figure (3.21) Test setup
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3.7.2 Instrumentation

Dia gauges 50 mm maximum reading and 0.025 mm accuracy are used
to detect the deflection of the slabs at every loading stage. During each load
increment, the corresponding central vertical displacement (deflection) is

recorded. The load and deflection at first crack and failure are a so recorded.

Figure (3.22) shows dial gauges used for recording the central deflection
of the tested dab.

Figure (3.22€flecti on dial gauge
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CHAPTER FOUR
RESULTSAND DISCUSSION

4.1 Introduction

This chapter describes the results of the experimental work conducted on
reinforced concrete flat dabs strengthened with auminum strips under punching
shear forces. The slabs behavior and failure modes are discussed. The behavior
of strengthened dlabs is compared with that of the control slabs (unstrengthened
slabs). Load deflection relations are analyzed at different load increments acting
at slab centers. Failure loads, areas, perimeters and angles of failure zone are
investigated. Photographs for the tested slabs are presented to show the crack
patterns. Also, a comparison of the tested results with those calculated from
different available codes (ACI 318-11Code [50], the BS8110-1997 [51] and
Eurocode 2-2004 [52]) are made.

A study is carried out to explore the effect of the various parameters
which are expected to affect the behavior of the slabs. The parameters include:

1. Areaof duminum sheets (plan area).
2. Width of aluminum sheets.
3. Location of aluminum sheets

4. Compressive strength of concrete

For the first variable (area of auminum), three areas are used in this
study which are (0.16, 0.24 and 0.32) .

The second variable is the aluminum sheet widths and two sheet widths
(100 and 50) mm are selected.

For the third variable (location of aluminum sheets), five locations are
used as shown in Figure (3.16), the plan area (0.16) m’ is placed in three
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different locations at distance (0.5d, 1.5d and 2d) from column face according to
the critical section provided in design codes (ACI, BS and Europcode?). Plan
area of (0.24) m? is placed at the center of slab and 2d from column face. While

the plan area of (0.32) m? is placed at distance 2d and at column face.

For the last variable (strength of concrete), two types of concrete are
used in this work, the normal strength concrete of (30) MPa at 28 days and high
strength concrete of (65) MPa at 28 days.

4.2 Observed Behavior of Slabs During Tests

The general behavior (crack pattern and failure mechanism) of all tested
dlabs is approximately identical. When a two-way flat dlab is loaded with a
concentrated column load, the diagonal tension cracks (first visible cracks) form
enclosing the loaded area of the slab at load level around (22 — 29) % of ultimate
load as shown in Table (4.1). other cracks appear at the central zone of the dlab.
These cracks widen and increase in number and extend towards the slab edges
when increasing the load. A complete sudden punching shear failure occurrs by
increasing the load. Figure (4.1) explains failure modes and crack patterns of
some tested specimens. From this figure, it is evident that the hair cracks appear
in the tensile face of the dabs. It revealed that the negative moment cracks
developed around columns. No cracks were observed in the compression side of
the dabs, except those which are seen around the loaded area at failure which

are almost the same as that of the loading plate dimensions.

It is noticed that the first crack loads are increased in vaue by (11.58-
53.57) % compared to the value of the crack load in control slabs which means
an increase in elastic range, as given in Table (4.2). While the increase in
ultimate load is between (4.71- 41.66) % compared to ultimate load in control
slabs, asgivenin Table (4.2).
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A- Bottom face B- Bottom face

C- Bottom face D- Bottom face

Figure (4.1) Punching shear failure and crack patterns of R.C. dabs
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E- Bottom face F- Top face

G- Bottom face H- Bottom face

Figure (4.1) continued
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4.3 Observation of Failure M odes

The genera behavior of all dabs is all nearly identical as shown in Fig.
(4.1). When the load is applied to the slab specimen, the first visible crack
(bending cracks) was observed at the tension face of the tested slab and the
relationship between load and displacement is linear till flexural cracks occur. In
al slabs, cracking on the tensile face began near the center and radiated towards
the edges (semi-random phenomena). As the load is increased the cracking
propagated to the opposite face. At higher loads, the already formed cracks got
widened while new cracks started to form. The new formed cracks are roughly
semi-circular or eliptical in shape and occurred in the tension surface of the
slab. Failure of the slab occurred when the cone of failure radial outward from
the point of load application pushed up through the slab body (brittle failure with
limited warning). At failure, the slab was no longer capable of taking additional
load.

Figure (4.1) presents general patterns cracking and failure on the top and
bottom faces of the specimens after failure. No cracks are observed in the
compression face of any dlab, except those which are observed around the
loaded area at failure, which are aimost the same as that of the loading plate
dimensions. The cracks on the bottom face of specimens are radial, propagating
from the center of slab. These patterns are occurred at the center of slabs and
propagated across the slab to the sides in the redia direction. Different cracking
patterns may be noticed in Fig. (4.1) such as spacing, extent of cracks and
perimeter of failure cone. These variations in crack patterns that appeared in
bottom face of slabs depending on the plane area (reinforced area), the location

of aluminum strips and concrete compressive strength.

4.4 Effect of the Tested Variables on the Ultimate Punching
Strength.
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Table (4.1) First crack, ultimate loads and ultimate deflection of all slabs

Area First
of cracking || Ultimate|| Deflection || Pcr/Pu
Groupsif No. Symbol alum- |[ load, load, at %
inum Pcr. Pu. (KN) || Pu (mm)
(m?) || _(kN)
1 N.C.0.0 || ------ 28 120 10.11 23.33
2 || 0.5d-N.C.10.2 38 155 7.50 24.52
3 || 1.5d-N.C.10.2 || 0.16 || 37.40 152 7.70 24.61
4 || 2d-N.C.10.2 33 150 8.00 22.00
Gl 5 N.C.10.3 0.24 38.3 157 7.00 24.24
6 N.C.10.4 0.32 43 170 6.40 25.29
7 2-N.C54 0.16 33 150 6.9 22.00
8 N.C.5.6 0.24 375 153 6.00 24.51
9 N.C.5.8 0.32 40 169 6.37 23.67
10 H.C0O || ----—-- 44.2 170 8.04 26.00
11 || 0.5d-H.C.10.2 53.9 192 7.20 28.07
12 || 1.5d-H.C.10.2 || 0.16 53.2 186 7.52 28.6
G2 || 13| 2d-H.C.10.2 51.2 180 7.88 28.44
14 H.C.10.3 0.24 54.5 195 6.83 27.94
15 H.C.104 0.32 || 56.95 220 6.26 25.89
16 2-H.C.54 0.16 || 49.32 178 7.20 27.71
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Table (4.2) Increasein first cracking and ultimate load of

concrete slabs compared with reference slab

Increasein Pcr || Increasein
Groups S compared with Pltl compar ed
(control slab) || with (control
% slab) %
N.C.0.0 0 0
0.5d-N.C.10.2 35.71 29.17
1.50-N.C.10.2 33.57 26.67
2d-N.C.10.2 17.86 25
G1 N.C.10.3 36.78 30.83
N.C.10.4 53.57 41.67
2d-N.C.5.4 17.86 25
N.C.5.6 33.93 27.5
N.C.5.8 42.86 40.83
H.C.0.0 0 0
0.5d-H.C.10.2 21.95 12.94
1.5d-H.C.10.2 20.36 9.41
G2 2d-H.C.10.2 15.84 5.88
H.C.10.3 23.3 14.70
H.C.104 28.85 29.41
2d-H.C.5.4 11.58 4.71
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4.4.1 Effect of Aluminum Area (Plan Area)

Strengthening of RC dlabs with aluminum sheets attained a noticed
increase in both strength and stiffness. Figure (4.2) and Table (4.2) show the
effect of aluminum amount (plan area) on the ultimate punching resistance of
slabs strengthened with aluminum strips. It can be seen from this figure and the
table, when all other parameters are the same, the increase in amount of
aluminum leads to significant increase in ultimate resistance and decrease the

corresponding deflection of the strengthened dlabs with aluminum strips.

Also, the test resulst show that the effect of aluminum area on the normal
strength concrete is higher than that on high strength concrete for both ultimate
load and stiffness. The increase in ultimate load is ranged (25-41.6) %, for
normal strength, while these increases become (4.71-29.41) % for high strength
concrete. the greater contribution of aluminum in normal concrete than in high
strength concrete is because normal concrete cracks early making aluminum
contributes effectively and the bond layer (epoxy) between aluminum and

concrete in small load level is more effective than in high load level.
4.4.2 Effect of Aluminum Sheets Width

Two widths of aluminum sheets are used as a variable in this study. These
are (50 and 100) mm. The total area of aluminum sheets remains constant (0.16,
0.24 and 0.32) mm? with changing width of sheets as shown in Figure (3.15).
The influence of auminum sheet width on ultimate punching capacity of
strengthened dabs are presented in Figs. (4.3) and (4.4). From these figures, it
can be noticed that the ultimate punching capacity of test specimens does not
vary when using aluminum sheets widths (50 or 100) mm in strengthening
process for both normal and high strength slabs. It is due to the both widths used
having the same area of aluminum providing the same strengthening on tested

specimens.

64



Chapter Four Results and Discussion

The small difference in ultimate load between the two cases may be - to

the expected scattering of concrete strength and experimental results.

230 -

210 -

190 -

170 -

Load (kN)

150 -

=¢=N.C ==@=H.S.C

130 -

110

0.0 m2 0.16 m2 0.24 m2 0.32 m2

aluminum area (plan area) (m?)

Figure (4.2) Comparison of the ultimate punching resistance of slabs with
different dluminum area
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Figure (4.3) Comparison of the ultimate punching resistance of slabs with

different aluminum sheets width(for normal concrete)
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Figure (4.4) Comparison of the ultimate punching resistance of slabs with
different aluminum sheets width(for high strength concrete)
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4.4.3 Effect of Location of Aluminum Sheets

The area of duminum (0.16) m* of two strips with width (100) mm is
located in three different positions. The offset are (0.5d, 1.5d and 2d) from the
column face for the specimens (0.5d-N.C.10.2, 1.5d-N.C.10.2 and 2d-N.C.10.2)
and (0.5d-H.C.10.2, 1.5d-H.C.10.2 and 2d-H.C.10.2). The positions are
selected according to critical perimeter provided in design models of the ACI
318-11Code [50], BSB8110-1997 [51] and the Eurocode 2-2004 [52] in
predicting the punching shear strength of dabs. These are shown in Fig. (4.5).

Comparing the different locations of aluminum strips, it can be noted that
the location of aluminum sheet at a distance (0.5d) from column face gives
higher increase in punching load compared with other locations (1.5d) and (2d)
for both normal and high strength concrete. This is due to the higher number of
tension cracks that appeared and spread in radial pattern near this region (0.5d)
from column face. This makes the aluminum sheets at this distance more
efficient in resisting the growth of these cracks. Figures (4.5) to (4.6) illustrate
the effect of aluminum sheets |location on the ultimate punching resistance of the

strengthened slabs by aluminum strips.
4.4.4 Effect of Concrete Compressive Strength

Table (4.3) shows the ultimate load and corresponding deflection of the
strengthened slabs with aluminum strips for two different used concrete strength.
From this table, it can be seen that the ultimate load of the strengthened slabs
increases as the compressive strength increases, while the maximum deflection

of strengthened slab decreases as the concrete strength increases.

The effect of aluminum sheets on RC dlabs with different concrete
compressive strengths are shown in Figure (4.6). As shown in this figure, the
effect of aluminum area on the normal strength concrete is higher than that of

high strength concrete for ultimate |oad.
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Table (4.3) Ultimate load of specimens with different compressive strength

140

160 -

150 -

—_—

=¢—N.C =—8=H.S.C

0.5d

1.5d

2d

location of aluminum sheets

Ultimate load (kN) Maximum deflection (mm)
Aluminum _ _
area (m?) Normal High Normal High strength
concr ete strength concrete concrete
concrete
0 120 170 10.11 8.04
0.16 150 180 8.00 7.88
0.24 157 195 7.00 6.83
0.32 170 220 6.40 6.26
200 -
190 \-\.
180 -
z
< 170 -
§

Figure (4.5) Comparison of the ultimate punching resistance of slabs with

different location of aluminum sheets
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aluminum area (reinforcement area) (m?)

Figure (4.6) Comparison of the ultimate punching resistance of dabs with
different compressive strength

4.5 Effect of the Tested Variables on L oad-Deflection Behavior of
Slabs.

45.1 General

From the experimental results of the tested slab, it is observed that the
some properties of R.C. slabs are enhanced when strengthened with aluminum
sheets, which include increase their first crack loads, ultimate loads, and

stiffness after cracking due to the presence of aluminum sheets.

The load-deflection curve of the tested slabs can be divided into
uncracked and cracked stages. In uncracked stage the load-deflection response
islinear and for cracked stage response is parabola up to the ultimate load.
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4.5.2 Effect Of Aluminum Area (Plan Area)

Figures (4.7) to (4.9) show the load deflection relation of all tested slabs.
The deflection is measured at the center of slabs. In al these figures, each single
curve in any figure consists of two parts; the first part is for the uncracked stage
and up to the initiation of the first crack, then the second part which represents

the cracked dlab and up to failure.

The first part of the curves is approximately a straight line with a high
slope angle. The second part of the curves is a curved line. In uncracked stage
the relationships of all models coincide and the difference between them is
starting at point of crack first. It is very clear from these curves that increasing
the amount of aluminum area (plan area) increases ultimate punching resistance

and first cracking load.

45.3 Effect Of Aluminum Sheet Width on Load-Deflection Behavior of
Slabs

From test results it is observed that strengthening slabs with aluminum
sheets of width (50) mm leads to a slightly decrease in deflection values at the
cracked stage. This may be attributed to that when using aluminum sheets with
width (50) mm for any area of aluminum, increasing number of sheets provide
better resistance to crack propagation than aluminum sheets with width (100)
mm. Figs. (4.12) to (4.15) show the comparison between slabs with different
aluminum sheets width.

4.5.4 Effect of L ocation of Aluminum Sheetson L oad-Deflection Behavior
of Slabs.

Considering the location of the aluminum sheets from the column face, it
can be noted that the sheets location have considerable affection punching
capacity. For slabs strengthened with area of aluminum sheets (0.16) m? the
location (0.5d) from column face leads slightly to higher stiffness than other
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slabs which offset by (1.5d and 2d). Figures (4.14) and (4.15) show the

comparison between slabs with different locations of auminum sheets.
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Figure(4.7) effect of adluminum area on load — deflection for normal
concrete(sheets width =100 mm)
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Figure(4.8) effect of aluminum area on load — deflection for high strength
concrete(sheets width =100)

71



Chapter Four Results and Discussion

180 -
160 -
140 -
120 -
__ 100 -
2
=
o© 80 -
m©
o
= ——N.C.0.0
60 -
—a—N.C.5.4
40 -
N.C.5.6
20 - —e—N.C.5.8
o » T T T T T 1
0 2 4 6 8 10 12

Deflection (mm)

Figure(4.9) effect of aluminum area on load — deflection for normal
concrete(sheets width =50 mm)
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Figure (4.10) effect of aluminum sheets width on load — deflection curve
between for normal concrete slabs with (0.16)m?* aluminum area
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Figure (4.11) effect of aluminum sheets width on load — deflection curve
between for normal concrete slabs with (0.24)m? aluminum area
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Figure (4.12) effect of aluminum sheets width on load — deflection curve
between for normal concrete slabs with (0.32)m2 aluminum area
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Figure (4.13) effect of aluminum sheets width on load — deflection curve

between for high strength concrete slabs with (0.32)m? aluminum area.
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Figure (4.14) location effect of aluminum sheets on |oad — deflection curve for

normal concrete slabs with (0.16) m” aluminum area
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Figure (4.15) location effect of auminum sheets on load — deflection curve for

normal concrete slabs with (0.16) m® aluminum area

4.6 Size of Failure Zone and Failure Angles

The failure angles of the punching pyramid are measured by indicating the
dimensions of the crushed zone as shown in Figure (4.16).
All the test specimens failed in punching shear. Table (4.4) summarizes

the size and inclination angle of punching shear failure of the tested dabs.
Sudden failure is noticed in all test specimens, all the slabs failed in a similar
manner and the failure shapeis nearly of elliptical shape.
4.6.1 Size of the Failure Zone

The punching shear surface on the tension face occurred at a distance
from the column face, 1.57 to 2.89 times the effective depth (d) for NCS slabs,
and 1.46 to 3.14 for HCS dlabs.

It can be noticed that, the size of the failure zone decreases by about (8.6-
27.2) %, (28.4-43.2) % and (34.5-53.4) % by strengthening slabs with area of
aluminum sheets (reinforcing area) of (0.16, 0.24 and 0.32) m’ respectively. It
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can also be noticed that the failure zone is very large in conventionally
reinforced concrete slabs without strengthening by auminum sheets, as
compared to slabs strengthened by aluminum sheets.
4.6.2 Failure Angles

From Table (4.4) it can be observed that the angle of falure surface
increases with the increase in area of aluminum sheets. The angle increases by
about (10.4-33.7) %, (35.2-64.4) % and (46.2-94.3) % by strengthening slabs
with area of aluminum sheets (reinforcing area) of (0.16, 0.24 and 0.32) m’
respectively. It is noticed that the failure pyramid that is pushed out in slabs
without aluminum sheets has a much wider base than that in sabs with
aluminum sheets. This indicates that aluminum sheets help to prevent the
disintegration of concrete cover under the flexural steel reinforcement and tend

to integrate the whol e section.

ol
(@]
?i

Davrg=(D1+D2)/2
X=(Davrg-C)/2
e =tan'(d/X)

Figure (4.16): Size of the failure zone and failure angle
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Table (4.4): Size of the failure zone and failure angle for tested slabs.

Punching Average
crecqve| 2D | dsice punhing
Slab depth, d column face, x/d shear failure,
(mm) o, |l o, X ’ egree)
(mm)

N.C.0.0 70 470 || 500 202.5 2.89 19.03
0.5d-N.C.10.2 70 400 || 480 180 2.57 21.20
1.5d-N.C.10.2 70 390 || 480 177.5 2.54 21.50

2d-N.C.10.2 70 360 || 400 150 2.14 24.98
N.C.10.3 70 300 || 320 115 1.64 31.29
N.C.104 70 300 || 300 110 157 32.45

2d-N.C.54 70 450 || 450 185 2.64 20.70

N.C.5.6 70 360 || 380 145 2.07 25.73

N.C.5.8 70 330 || 360 132.5 1.89 27.83

H.C.0.0 70 520 || 520 220 3.14 17.64
0.5d-H.C.10.2 70 440 || 510 197.5 2.82 19.49
1.5d-H.C.10.2 70 400 || 500 185 2.64 20.70

2d-H.C.10.2 70 400 || 400 160 2.29 23.60
H.C.10.3 70 350 || 350 135 1.93 27.38
H.C.104 70 270 || 300 102.5 1.46 34.29

2d-H.C.54 70 400 || 400 160 2.29 23.60
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4.7 Prediction of Punching Shear Strength

Many codes and researchers have presented different formulas for predicting the
punching shear strength of slabs based on their understanding of punching shear
behavior. Most codes present formulas, where the design punching load is a
product of design nominal shear strength and the area of a chosen control
surface.

Generally, punching strength is predicted by considering a nominal shear
stress, a control perimeter and an effective depth. The main differences of
approaches depend on the assumed location of the different control perimeter,
concrete strength contribution, the size effect and the reinforcement ratio.
Depending on the method used, the critical section to check punching shear in
slabs is usually situated between 0.5 to 2 times the effective depth from the face
of the load. The provisions of three building codes, ACI 318-11Code [50], and
BS8110-1997[51], Eurocode 2 -2004[52], are considered. In this study also, the
influence of various parameters such as configuration, amount and spacing of
aluminum sheets on the predicted punching shear capacity of strengthened of
slabs by these models are included.

In the ACI Code, shear stress is expressed in term of a sguare-root
relationship with the concrete compressive strength, while the BS8110 and
Eurocode 2 consider a cubic-root proportion.

The Eurocode 2 and BS8110 consider reinforcement ratio and size effect
into consideration by different modification factor, while the ACI Code neglects
these effects.

The main difference in the results between the various design methods
appears to be due to different calculation approaches of punching pyramid
perimeter. The punching area calculation according to BS8110 assumes that
punching crack is inclined towards an angle of about 33.7° to slab plane, and

26° in the Eurocode 2, while the ACI Code assume this angle to be equal to 45°.
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Table (4.5) presents detailed calculations of the predicted punching shear
capacity of the slab specimens tested in the current study according to Equations
of (ACI, BS8110 and Eurocode 2). While these predicted values are compared
with the experimental result as givenin Table (4.5).

Table (4.5): Comparison between experimental and predicted punching shear
strength

Failure load(kN) . . :
Slab Exp. || ACI |/B.S81-10|f EC-2 Rﬁtz'o Rf}téo Rf}tf
(1) (2) 3 (4 2 w9

N.C.0.0 120 68 99 111 1.76 || 121 || 1.08
0.5d-N.C.10.2| 155 68 99 111 228 || 157 || 14
15d-N.C.10.2|| 152 68 99 111 224 || 154 || 137
2d-N.C.10.2 || 150 68 99 111 221 || 152 || 135
N.C.10.3 157 68 99 111 23 || 158 || 141
N.C.10.4 170 68 99 111 25 || 172 || 153
2-N.C.54 150 68 99 111 221 || 152 || 135
N.C.5.6 153 68 99 111 2.25 || 1.55 || 1.38
N.C.5.8 169 68 99 111 249 || 171 || 152
Average 225 || 155 || 1.38

standard deviation (SD) 021 |f 0.15 ) 013

H.C. 0.0 170 100 135 144 17 || 126 || 1.18
0.5d-H.C.10.2|| 192 100 135 144 1.92 || 142 || 133
1.50-H.C.10.2|| 186 100 135 144 1.86 || 1.38 || 1.29
2-H.C.10.2 || 180 100 135 144 18 || 1.33 || 1.25
H.C.10.3 195 100 135 144 1.95 || 144 || 135
H.C.10.4 220 100 135 144 22 || 163 || 153
2-H.C5.4 178 100 135 144 178 || 132 || 124
Average 189 || 14 |[ 131

Standard deviation (SD) 016 || 012 ) 0.11
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4.8 Results and Discussion of Predicted Punching Shear Strength

The experimental results are compared with design models of the ACI
318-11Code [50], the BS8110-1997 [51] and Eurocode 2-2004 [52] in
predicting the punching shear strength of slabs strengthened with aluminum
sheets. These equations have been applied to calculate the punching shear
strength for dlabs failing in punching shear. The relative shear strength values
(V1est/Verep) are found using these equations, as shown in Table (4.5). The
values of the average and standard deviation are calculated for each equation and
listed in Tables (4.5). From this Table, it can be observed that (Vtest/Vprep) Of
normal concrete slabs are greater than those of high strength concrete slabs for
al equations.

The design codes of ACI Code, B.S8110 and Eurocode 2provide
conservative predictions for the punching shear strength. It should be noted that
the code equations do not account the effect of aluminum sheets reinforcement.

The average ratio (Vriest/Verep) for norma  concrete are (2.25,
1.55and1.38) when using (ACI, B.S8110 and Eurocode 2) equations, and for
high strength concrete are (1.89, 1.40 and 1.31) when using (ACI, B.S8110 and
Eurocode 2) equations.

It can be noticed from Tables (4.5). The (SD) values for the high strength
concrete are smaller than those for the normal concert group, that means, the
variation in (V+est/Verep) for the slabs made with high strength concert are less
than those of slabs made with normal concrete, this may be attributed to that the
high strength concert more homogenous than normal concert. The lowest (SD)

values mean less dispersion in (Vtest/Verep)-
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CHAPTER FIVE
CONCLUSIONSAND RECOMMENDATIONS

5.1 Introduction

In this chapter, the conclusions drawn from the test results are described and

some recommendations for future work are presented.

5.2 Conclusions

The main conclusons drawn from the experimenta work can be

summarized as given below:

1-

2-

Using aluminum sheets to strengthen RC slabs is simple and easy to install,
and it effectively improves the overall properties of these members.

The strengthened slabs exhibited higher punching capacity compared with
the control dab. The increase in punching capacity is up to 41%.

The use of duminum sheets as external strengthening has a significant
effect on initiation of crack of the reinforced concrete two-way slabs by
delaying the crack appearance and reducing the crack width. The increase
in cracking loads is about (6.25 -53.57)% compared with the
unstrengthened (control) slab.

The external aluminum sheets attached to the tension faces of reinforced
concrete slabs lead to decrease of ultimate deflection of slabs. The
decrease in fina deflection is about (2-40.65) % for strengthening
specimens compared with that of unstrengthened (control) dlab.

Increasing the amount of aluminum sheets (plan area) significantly increase
the ultimate punching load of the slabs. The ultimate punching loads are
increased (25%, 29.1% and 41.6%) when using aluminum area of (0.16,
0.24 and 0.32) m? respectively for norma concrete slabs and (5.88%,
11.76% and 29.4%) respectively for slabs with high strength concrete.
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6-

For the same area of aluminum sheets (plan area), the ultimate punching
capacity of strengthened slabs is similar for both different widths of sheets
(200 or 50 mm).

Strengthening specimens by aluminum sheets placed at (0.5d) from
columns faces produces higher stiffness values and higher punching
capacity.

Increasing the concrete strength leads to increase the punching resistance of
all the tested slabs.

Strengthening by aluminum sheets for slabs made with normal concrete is

more effective than for slabs made with high strength concrete.

5.3 Recommendations for Future Work

A further investigation is required for better understanding the punching

behavior of reinforced concrete two-way slabs strengthened with aluminum

sheets. The areas, which are to be of a particular importance, are listed here:

1- Further studies should focus on expanding the experimental database of

reinforced concrete two-way slabs strengthened with aluminum sheets
through full scale experimental tests and on wide range of slab geometry.

2- Investigating the structural behavior of reinforced concrete dlabs

strengthened or repaired with aluminum strips under cyclic and dynamic

loading conditions.

3- Studying the structural behavior of lightweight concrete dlabs

strengthened or repaired with auminum sheets.

4- Studying the structural behavior of concrete dlabs with openings

strengthened or repaired with aluminum sheets.

5- Studying the structura behavior of edge dab-column connections

strengthened or repaired with auminum sheets.
Studying other parameters including slab thickness, column dimensions,

column shapes and aluminum sheets thickness.
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7- Studying long-term structural behavior of reinforced concrete slabs
strengthened or repaired with aluminum sheets.
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