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New reinforcement type (carbon fiber reinforce polymer bars) with
very high strength and advanced mechanical properties material have
appearedin the last few decades. Reactive powder concrete (RPC) is a
high strength, low porosity material with high cement and silfoane

contents and steel fibers.

The present research can be divided into two partdlas/fo
The first part is to study punching shear strength of reactive powder
concrete reinforced by carbon fiber reinforced polymer .bdfsurteen
reactive powder concrete slabs reinforced by CFRP bars were tested. The
studied variables were CFRP bars as a flexural reinforcement, slab
thickness, column area( loading area), and the arrangement of flexural
reinforcement. The effect of the above mentioned parameters on
deformation characteristics of tedt slabs including deflection, concrete
strains, failure angle, and ultimate loadse elaborately covered in this
study. Tests illustrate tha®% increasing in flexural reinforcemer(p;), the
ultimate punching shear capacity of RPC slab reinforced by CFRP bars
increased by meari8%, and by increasing the area of column about 20%
the ultimate punching shear capacity of RPC slab is increased by average
14.5%

The second part is to analyzéhe slabs which are tested using
nonlinear finite element program ANSYS eVl RPC slabs are
represented as smeared layers within the concrete elemsotsl @5
element) depending on the volume fraction in the mortar. An acceptable
agreement with the experimental tests is obtained in analysis otesited

slabs by ANSYS program. It is founded that, the ratio of numericalrdailu
[



load ﬁ%ﬁ@%ﬁ%‘?ﬂ}r&{?r‘;&éI%resi(l%ads ranging from (0.82-1.04) and the ratio
of maximum experimental deflection to maximum numerical deflection is
(1.178) A numerical parametricstudy is conducted on the effect of
increasing compressive strength of reactive powder concrete on the load-

deflection behavior of slabs reinforced by CRFP bars.
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Most commonly used symbols are listed below, these and ateers

defined where they appear in the research.

SYMBOLS:-

Symbol
b
bo

corr

Ec
Es

—h

cu

Gs
Ks

Description

Perimeter of the loaded area

Perimeter of critical section

Side length of the square column
Effective depth of the slab

Modulus of elasticity of concrete
Modulus of elasticity of steel

Concrete cylinder compressive strength
Yield stress of steel reinforcement
Concrete cube compressive strength
Strain gage factor

Size effect term

The span between centre to centre of column
Applied load

Applied pressure on the structure.
Applied force on the structure.

Strain gage resistance

Superplasticizer

Ultimate punching strength of the slab
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WIS Compress VLI 12,68ment ratio

N.C. Normal Strength Concrete

H.C. High Strength Concrete

D5, D7 Two Depth Effecte (band 70) mm

3c Ratio of long side to short side of the column

eo Bridge voltage

€ Strain

€o Strain of maximum compressive strength of
concrete

Strength reduction factor

p Steel reinforcement ratio

Db Balanced steel ratio

Pmax Maximum steel ratio at insure tension failure

v Poisson's ratio.

ARI Change in strain resistance

AV change in voltage (reading of the increment of
voltage
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INTRODUCTION

1.1 General

Reinforced concrete flat plates are chosen by architects and
engineers because they provide an elegant form of constructiorditiorad
they simplify and speed up site operation, allow easy andbRgexi

partitioning of space and reduce the overall height of buildihg

A flat plate is a reinforced concrete floor which is usually vath
without drops, supported generally without beams or girf#rsplate1-
1)[3]. It acts as a plate and is divided into column stripsraitttlile strips.
The steel reinforcement runs continuously in both directionsrder to

bring its load directly to the supporting columns[4]

One of the major problems in such slabs is the punching sheaefail
at the connection between slab and coluPuanching shear failure takes
place when a plug of concrete is pushed out from the slab iatekyd

above the columfb].

Punching shear failure of plates is usually sudden and leads to
progressive failure of flat plate structures. Therefore, caution is needed in the
design of slabs and attention should be given to av@dstiiden failure
condition. The catastrophic nature of the failure exhibited at theembion
between slab and column has taken engineers attentisnarBa, Figurél-

2), becomes the most critical area as far as the strength of fhat isla
concerned due to the concentration of high bending momentsherad
forceg6], see platél-2)
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platg1-1): Flat Plate Construction[3].

Column =

—

Failure surface

VL
]

-.—‘{\_h_,

platg1-2): Punching Failure Surfaces of Flat plate[6].

plate(1-3) showsatypical punching shear failure in Piper's Row Car
Park, Wolverhampton, UK, 1997 (built in 1965).
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Platg€1-3): Punching Shear Failure in Piper's Row Car Park, Wolverhampton,
UK, 1997 (built in 1965)[7].

Punching shear failure can also occur during construction, wieen th
weight of the fresh concrete and shoring are transferred to the adjacent lower
stories. These construction loads are sometimes larger thaesigaet! live
loads. If the shoring is removed too early, the concrete strefgtie lower

story may not be sufficient, resulting in lower punching shear cagatity

1.2 Fiber Reinforced Polymer (FRP)

Recently, composite materials made of fibers embedded in a

polymeric resin, also known as FRPs, have become an alternative to
steel reinforcement for concrete structures. Because FRP materials
are nonmagnetic and noncorrosive, the problems of electromagnetic

interference and steel corrosion can be avoided. Additionally, FRP
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matepigle o ByRibr BeMEVR]sipkoperties, such as high tensile strength,
that make them suitable for use as structural reinforcement [8].

Fiber Reinforced Polymer (FRP) composite reinforcement
was accepted in the construction industry as a promising sidstitu
for conventional steel reinforcement in the past decade. In the early
1990’s, the deteriorating state of the US infrastructure, particularly
highway bridges due to corrosion, forced structural engineers to find
alternative reinforcement types. The use of FRP compositesa as
replacement to steel reinforcement proved to be a promising solution
to this problem. FRP found an increasing number of applications in
construction either as internal or as external reinforcement for
concrete structures [9].

As the name implies, FRP composites are materials made of
fiber reinforcements, resin, fillers, and additives. The fibers exhibit
high tensile strength and stiffness and are the main load carrying
element. The resin offers high compressive strength and binds the
fibers into a firm matrix. The additives help to improve the
mechanical and physical properties as well as the workability of
composites. The most common types of fibers used in advanced
composites for structural applications are the glass (GFRP), aramid
(AFRP), and carbon (CFRP). The GFRP is the least expensive but
has lower strength and significantly lower stiffness compared to
other alternatives. CFRP is the stiffest, most durable, and the most
expensive one. AFRP has improved durability and excellent impact
resistance. FRP reinforcement is available in different forms such as:
bars, grids, pre-stressing tendons, and laminates to serve a wide

range of purposes [9].
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PDRTofiglatiR0r HRxe $St@Sbnreinforcement, FRP bars show limited
applicability due to the bending difficulties when producing ezith

stirrups or shaped pieces. Such elements can be manufactured
through molding in specific machineries. FRP bars are currently used

as straight bars or grids to build slabs, walls and diaphraths [

1.2.1Applications and Use

The material characteristics of FRP reinforcement need to be
considered when determining whether FRP reinforcement is suitable
or necessary in a particular structure. Table (1-1) lists some of the
advantages and disadvantages of FRP reinforcement for concrete

structures when compared with conventional, steel reinforcement.

1.2.2 Commercially Available FRP Reinforcing Bars
Commercially available FRP reinforcing materials are made

of continuous aramid FRP (AFRP), carbon FRP (CFRP), or glass
FRP (GFRP) fibers embedded in a resin matrix[9]. The bars have

various types of cross-sectional shapes (square, round, solid, and

hollow) and deformation systems (exterior wound fibers, sand
coatings, and separately formed deformations). A sample of

distinctly different FRP reinforcing bars is shown in Plate( 1-4).
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Advantages of FRP reinforcement | Disadvantages of FRP
reinfor cement
High longitudinal tensile strength No yielding before brittleupture

Corrosion resistance (not dependent 4 Low transverse strength
coating)

Nonmagnetic Low modulus of elasticity (varies wif
type of reinforcing fiber)

High fatigue endurance (varies with ty] Susceptibility of damage to polyme
of reinforcing fiber) resins and fibers under ultravio
radiation exposure

Lightweight (about 1/5 to 1/4 the Low durability of glass fibers in
density of steel) moist environment

Low thermal and electric conductivil Low durability of some glass ar
(for glass and aramid fibers) aramid fibers in an alkalin
environment

High coefficient of thermal expansig
perpendicular to the fibers, relative
concrete. May be susceptible foe
depending on matrix type and concr,
cover thickness

1.2.3History of Use
Up to the mid of 1990, the Japanese had the most FRP

reinforcement applications, with more than 100 demonstration or
commercial projects. FRP design provisions were included in the
design and construction recommendations of the JSCE (1997b). In
Asia, China has recently become the largest user of composite
reinforcement for new construction in applications that span from
bridge decks to underground works [9].

6
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P

Uncoated

Fabric Texture Coated
Sand Coated

Fabric Texture Coated
Sand Coated
Uncoated
Wrapped and Sand Coated

Wrapped and Sand Coated

Solid Hollow Solid Hollow

vt Ll N o A& ST b
i Y Y Y
#5 Glass #5 Carbon

Deformed Plain
Plate (1-4) : Sample FRP Reinforcement Configurations[9]

The use of FRP reinforcement in Europe began in Germany
with the construction of a prestressed FRP highway bridge in 1986.
Since the construction of this bridge, programs have been
implemented to increase the research and use of FRP reinforcement
in  Europe. The European BRITE/EURAM  Project, “Fiber
Composite Elements and Techniques as Nonmetallic
Reinforcement,” conducted extensive testing and analysis of the FRP
materials from 1991 to 1996. More recently, EUROCRETE has
headed the European effort to research and demonstration projects.

Canadian civil engineers had developed provisions for FRP
reinforcement in the Canadian Highway Bridge Design Code and
have constructed a number of demonstration projects. The
Headingley Bridge in Manitoba included both CFRP and GFRP
reinforcement. Additionally, the Kent County Road No. 10 Bridge

used CFRP grids to reinforce the negative moment regions [9].
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1 .2EarhendibarReiniesced Polymers (CERP)

CFRP has become an increasingly notable material used in

structural engineering applications over the past two decades.
Studied in an academic context, CFRP has proved itself cost-
effective in a number of field applications strengthening concrete,
masonry, steel, cast iron, and timber structures. Its use in industry
can be either for retrofitting to strengthen an existing structure or as
an alternative reinforcing (or prestressing material) instead of steel
from the outset of a project. Applied to reinforced concrete structures
for flexure, CFRP typically has a large impact on strength, but only a
moderate increase in stiffness (perhaps a 10% increase), because the
material used in this application is typically very strong (30@Pa
ultimate tensile strength, more than 10 times mild steel) but not
particularly stiff (150 to 250 GPa, a little less than steel, isci&pi

As a consequence, only small cross-sectional areas of the material
are used. Small areas of very high strength but moderate stiffness
material will significantly increase strength, but not stiffness.[10]

CFRP can also be applied to enhance the shear strength of
reinforced concrete by wrapping fabrics or fibers around the section
to be strengthened. Wrapping around sections (such as bridge or
building columns) can also enhance the ductility of the section,
greatly increasing the resistance to collapse under earthquake
loading. Such ‘'seismic retrofit' is the major application in
earthquake-prone areas, since it is much more economic than

alternative metbds[11].
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PDIMUsHpressaIcheseeqptinue to be done on using CFRP both for
retrofitting and as an alternative to steel as a reinforcing or

prestressing material. Some are concerned about the brittle nature of
CFRP, in contrast to the ductility of steel. Though design codes hav
been drawn up by institutions such as the American Concrete
Institute, there remains some hesitation among the engineering
community about implementing these alternative materials. In part,
this is due to a lack of standardization and the proprietary nature of

the fiber and resin combinations on the maréj. [

1.3 Obijective 6 the Study

CFRP systems have been increasingly used as materials for
strengthening or main reinforcememtf concrete structures, and the
development which is happened in concrete such as reactive mpowde
concrete for these reason, it is become necessary to study these materials
Punching shear strength of reactive powder concrete slab reinfortted wi
CFRP bars is studd

The main objectives of the present study are:

1-Experimental study and comparing the performance of reactive
powder concrete slab reinforced with CFRP bars with the ACI14#R40-

provision and other research wotks

2- Study the effect of CFRP bars as a flexural reinforcement, slab
thickness, column dimensions, and the arrangement of flexural

reinforcementon punching shear strength of the RPC slabs.

The establishment of a methodology is required for applgamgputer

modeling of reactive powder concrete slab reinforced by CFRP bars. So,



Chapter one ntroduiction

finitp retemgntssoedels Witkipg utilized to simulate the bebawf these
slabs by using three-dimensional finite element analy#&bdlSYS-11)

program.

1.4 Thesis Layout

In order to get an overview of this thesis the chapters are bstieav

with a short description of the content:

Chapter ae includes introduction and some general knowledge about
punching shear of reactive powder concrete slab reinforced with CRFP
bars. Chapter two, presents literature survey and a brief reviewilafldera
related researches and works that deal with the study andsianaly
punching shear of slab. Chapter three present the experimental fvork o
reactive powder concretad the parameters which are studied and the
tested slabs with the mechanism of test and the instrunmemt&hapter
four explains and discusses the results of tested slab. Chapterdsents
the finite element model for the tested slab. Chapter sixepiesa
modeling and analysis methodology and discussion ofrétieal results
and compared one case of study with the same case of experimaiital res
Chapter seven preserdsconclusions of this work and recommendations

for future work.
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REVIEW OF LITERATURE

2.1 General

Reinforced concrete slabs on columns were initially developed in U.S. and
Europe at the beginning of the 20th century. Their designs tiypinaluded large
mushroom-shaped column capitals to facilitate the local introdudtimnces from
the slab to the column. In 1950s, flat slabs without capitaltest to become
prevalent. Because of their simplicity, both for construction and for(sisgle
formwork and reinforcement, flat soffit allowing an easy placement of equtpmen
and installation underneath the slab), they have become very commoeadioinm
height residential and office buildings as well as for parking gab?jes

Flat plate slabs exhibit higher stress at the column connectiomastdlikely
fail due to punching shear rather than flexural failure, especially whenha hig
reinforcement ratio is used.h& punching shear failure is characterized by the
crushing of concrete in the column periphery before the steel reinforcement reache:
the yield strain. This type of failure is not desired for structuralineegng
systems and should be avoided in the design of concrete stryt@jres

An essential problem in the design of flat plate reinforced concrete fktre
slab-column connection, a region where the stress concentration dughto h
moment and shears is very high. But away from the column vicihigystress
concentration decreases rapidly due to the decrease of the radial moments unt
they become zero at a distance of (0.2 L to 0.22L) from the column where (L)
denotes the span length between the col{tdhs

Reinforcing against shear failuie traditionally accomplished by providing
reinforcement either at an angle or laterally to the main flexural reinforcement

This chapter is concerned with the literature related to the behavioal sl

11
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falum E% l%ggsty&gﬂ%gtggst{g%t affect shear strength of slab-colummrectans in
flat plate construction, types of punching shear failure, methodgasing the
punching shear strength, and researches concerning the punching shedr streng
with and without shear reinforcement. Punching shear and flexural sseoigth

fiber reinforced concrete flat slabs.

2.2 Types of Slabs

In reinforced concrete construction, slabs are used to provide flat, useful

surfaces. A reinforced concrete slab is a broad ,flat plate, usually horizontal, wit
top and bottom surfaces parallel or nearly s $upported by reinforced concrete
beams (and is usually cast monolithically with such beams), ayommy or
reinforced concrete walls, by structural steel members, directly by columns, or
continuously by the groufts].

Slabs may be supported on tapposite sides only ,Fige(2-1-a) in which case,
the structural action of the slab is essentially one-way, andalas karried by the
slab are in the direction perpendicular to the supporting beams. There may be
beams on all four sides, as shown in Figure(2-1-b), so that twyoslab actions
obtained. Intermediate beams may be provided, as shown in Figure(#-1he).
ratio of length to width of one slab panel is larger than about(@3t of the load is
carried in the short direction to the supporting beams and oneastayn is
obtained in effect, even though supports are provided on al[ktdes

Concrete slabs may in some cases be carried directly by columns, asishown
Figure(2-1-d), without the use of beams or girders. Such slabs are describad as Fl
plated16]. Flat slab construction, shown in Figure(2-1-e), is also beamiass b
incorporates a thickened slab region in the vicinity of the colunth aiten
employs flared column tops.

Both are means to reduce stresses due to shear and negative bendintharound
columns. They are referred to as drop panels and column capitals, respectively
Closely related to the flat plate slab is the two-way joist, atemwk as a gricr

12
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Wﬁﬁlﬁ 8'91?@5%%5?@2&%\% gsgglolluce the dead load of solid-slab construction, voids
areformed to resist moments and shears better in these areas.

In addition to the column-supported types of construction, nsalgs are
supported continuously on the ground, as for highways, airpoways and
warehouse floors. In such cases, a well-compacted layer of crushed stonesbr grav
Is usually provided to ensure uniform support and to allow fopgr sub-grade
drainage.

Reinforcing steel for slabs is primarily parallel to the slab surfaces. |Stizag
reinforcement is generally used, although ontinuous slahsbottom bars are
sometimes bent up to serve as negative reinforcement over the suppdsd W
wire reinforcement is commonly employed for slabs on the ground. Bar or rod mats
are available for the heavier reinforcement sometimes needed in highway slabs an
airport runways. Slabs may also be prestressed using high tensile strength strands

Reinforced concrete slabs of the types shown in Figure(2-1) are usually designet
for loads assumed to be uniformly distributed over one entire aiel and
bounded by supporting beams or column centerlines. Minor concentrated loads cal
be accommodated through two-way action of the reinforcefiemo-way flexural
steel for wo-way slab systems or One-way flexural steel plus lateral diswibuti
steel for One-way flexural steel plus lateral distribution steel foe-Way

systems). Heavy concentrated loads generally require supporting beams.

13
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2 ' 1anism

Yield line theory was developed primarily by Johah$éhin 1948 and used for
the ultimate flexural strength of reinforced concrete slabs. This theorpean
applied to slabs subjected to concentrated loads, provided that the flexural capacit
Is reached before a punching shear failure can take place.(RR2Yeshows the
typical slab failing in flexural.

This predication has been verified later by many experimental testge$aks
show that the calculated flexural load by the vyield line analysisarmally
underestimated by about ( 10-20% ) because of the effects of the tensile membran
action accompanying the large slab deflections and extension of thpasiathe
supporting columns. For this reason, designers can use the igelthéory in
calculating the ultimate flexural strength of slab-column connectiotis good
confidence as it gives a conservative estimate of strength.

The critical factors that must be considered when using yield lingsasalre
the distribution of the slab reinforcement, the ductility of the ,skfd the

conditions at the ultimate lofl].

Plate(2-2): Typical slab failing in flexurg6].
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g3 00 Punching Shear Resistancgf Two-Way

In the early 1900'dMorsch[18] of Germany made significant contributiotts
the understanding of the behavior of reinforced concrete structures witotks
on shear. In his 1906 and 1907 papers, Morsch presented an explafation

diagonal tension and proposed the following expression for thenabshearing

stressp:

U = == tiieeeeencccccsttcttcceccctscsseanes Eqg.(2-1)

where
V : is the applied shear force.
b : is the perimeter of the loaded

d: is the effective depth.

The shear stress fromdwkch’s equation is calculated along the perimeter,(b). of
the loaded area. Hence, for a uniformly loaded slab, the shear stress watedvalu

around the perimeter of the column.

In (1913) Talbot [19], published a report of 11#all footings and 83 column
footings tested to failurdwenty of these footings failed in shear. They exhibited
failure surfaces that were at an angle of approximately 45° to the verticdland
extended from the Ittom face of the slab at its intersection with the column,
reachng the level of the reinforcement at a distance d from the column face. From
these test findings, Talbot concluded that it would be reasotuatalke the vertical

section located at a distance (d) from the face of the column as tbal gftear
section.He proposed the following expression for the nominal shearing ,stress

which is similar to Morsch's equation, except that the critical eetias moved
from the face of the column to a distance (d) from the face.

16
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poRELSIBIRRL ROl Gaugllp 4(c+20).. giving

D = |4
T 4(c+2d)jd

.................................. (psi)Eq.(2-2)
where c¢ = side dimension of square column.

jd = internal moment arm of slab.

Harris, [20], also recognized that increased percentages of flexural
reinforcement resulted in an increase in the shear strength of the slabs.

In (1933),Graf [21], studied the shear strength of slabs loaded by concentrated
loads near the supports. From the test findings, he concludedhthahear
capacity decreases as the loathoved away from the supports and that flexural
cracking hasame influence on shear strength.

In (19